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Silk fibroin, a natural macromolecular protein without physiological activity, has been widely used in different fields, such as the
regeneration of bones, cartilage, nerves, and other tissues. Due to irrevocable neuronal injury, the treatment and prognosis of
neurological diseases need to be investigated. Despite attempts to propel neuroprotective therapeutic approaches, numerous
attempts to translate effective therapies for brain disease have been largely unsuccessful. As a good candidate for biomedical
applications, hydrogels based on silk fibroin effectively amplify their advantages. The ability of nerve tissue regeneration,
inflammation regulation, the slow release of drugs, antioxidative stress, regulation of cell death, and hemostasis could lead to a
new approach to treating neurological disorders. In this review, we introduced the preparation of SF hydrogels and then
delineated the probable mechanism of silk fibroin in the treatment of neurological diseases. Finally, we showed the application
of silk fibroin in neurological diseases.

1. Introduction

Silks, popularly known for their flexibility and degradability,
have been used as suture materials, and silk fibroin (SF) is a
natural nonphysiological macromolecular protein extracted
from boiling silk cocoons in an alkaline solution. SF is made
up of a light chain (25 kDa) and a heavy chain (391 kDa).
The heavy chain is the dominant component of 5263 amino
acid residues, most of which are glycine (G, 45.9%), alanine
(A, 30.3%), and serine (S, 12.1%). Because hydrophobic
regions of short side chain acids dominate in the primary
sequence, silk usually consists of β-sheet structures, which
allow for tight packing of stacked slices of hydrogen-
bonded antiparallel chains of the protein [1]. Based on these
structures, SF has impressive mechanical properties to assist
the development of functional tissues, especially SF from
silkworms and orb-weaving spiders. Excellent biocompati-
bility is the premise of its application as a biomaterial. Most
biomaterials should be degraded at a rate that matches the

formation of the new tissue to facilitate the deposition of
extracellular matrix and tissue regeneration. In addition, silk
fibroin can be modified with amino acid side chain chemis-
try to alter surface properties and impact cell proliferation. It
is also noteworthy that SF has versatility options for sterili-
zation compared with other fibrous proteins [2]. Under
high-temperature environmental conditions, it can maintain
its original form and structure [3]. In summary, SF is a rep-
resentative structural protein due to its features that suit a
wide range of biomedical applications.

Hydrogels are a sort of polymer material with a three-
dimensional (3D) network structure, which is formed by
chemical or physical cross-linking of hydrophilic polymer
chains in an aqueous solution [4]. It absorbs large amounts
of water molecules and swells but does not dissolve. Owing
to their excellent water solubility, biocompatibility, ductility,
and deformability, hydrogels are advanced material plat-
forms in biomedical therapies [5]. However, the single
cross-linking method and the lack of an effective energy
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dissipation mechanism make the mechanical properties of
traditional hydrogels poor, which limits their large-scale
applications. The structure and conformation of SF strongly
affect its mechanical properties, and the formation of β-
sheets in the structure of SF enhances its mechanical proper-
ties [6, 7]. Based on the adjustability of SF structure by phys-
ical or chemical treatment and cross-linking strategies of SF
hydrogels with other biological materials, not only did SF
hydrogels solve this problem but also the application value
of SF hydrogels in tissue regeneration and treatment of
tumors was found.

Neurological diseases are caused by a variety of factors
that lead to organic or functional disorders of the brain
and spinal cord. Because of the irreversibility of neurons,
the treatment and prognosis of related diseases are not satis-
factory. Despite attempts to propel neuroprotective thera-
peutic approaches, effective advances in neuroregeneration
have still not been reached. It has been suggested that silk
fibroin can promote neuroregeneration, and the develop-
ment of silk fibroin-based biomaterials indicates a new fron-
tier to apply in neuroregenerative therapies. This review is
aimed at introducing advances in SF hydrogels. Pathophysi-
ological mechanisms and applications of SF in neurological
disorders will also be examined.

2. Preparation of SF Hydrogels

Silk fibroin can be processed in versatile patterns, specifically
aqueous-based platforms, and hydrogels are examples.
When subjected to controllable physical factors such as tem-
perature, solution concentration, shear force, and ions, SF
can spontaneously aggregate or self-assemble into hydrogels
[8]. Chemical cross-linking can also accelerate the gel by
adding functional groups to form covalent bonds. There
are sundry methods to fabricate SF hydrogels, and these
techniques are important factors affecting their properties.

2.1. Physical Methods

2.1.1. Temperature. It has been shown that temperature
plays a critical role in influencing protein aggregation, which
depends to a large extent on the hydration of the system [9].
Increasing temperature can increase the average kinetic
energy of the particles in the system and then increase the
opportunity for effective collision, which is beneficial to the
assembly of macromolecules. On the one hand, the dense
accumulation of water around the protein encourages an
increase in dehydration in the hydrophobic region and
enhances hydrophobic interactions and cross-linking. On
the other hand, it can perturb the free energy state of macro-
molecules and promote protein unfolding and hydrophobic
region exposure [10]. These events work together to assem-
ble and aggregate proteins.

2.1.2. Shear Forces. Shear force is applied to silk protein solu-
tion to cause fluid rotation and stretching, which changes
the macromolecule orientation and polymer chain stretch-
ing [11]. It impacted the end-to-end distance and arrange-
ment of the polymer chain, propelling the fluctuation of
concentration and the intermolecular force [12]. The

extended vortex-induced method is an easy way to make
SF hydrogels with appropriate mechanical properties [13].
With increasing vortex time, the molecular conformation
and intermolecular self-assembly changed with increasing
protein β-sheet content, which may reflect the viscoelasticity
of SF hydrogels.

2.1.3. Ultrasound. Ultrasound can affect other physical stim-
uli, such as local temperature raising, shear force extension,
and changes in gas-liquid interface equilibrium, to promote
SF rapid gelation [14, 15]. Von et al. reported that ultrasoni-
cation is a more effective way to produce hydrogel composite
systems that are stable, homogenous, and well blended with-
out phase separation [16]. Noticeably, although the gel time
is controllable and it did not introduce other immunogenic
substances, it requires high preparation conditions and has
poor reproducibility.

2.1.4. Electric Field. Several studies are prospective on how to
apply an electric field to prepare electroactive SF hydrogels.
The extra electric field can indirectly affect the local pH by
increasing the proton concentration in the positive elec-
trode, thereby regulating the aggregation of silk proteins
[13]. Leisk et al. [17] discovered that in 8.4% SF solution,
25V direct current was inserted into the gel on the positive
electrode of platinum, and the gel had excellent adhesion.
This study also demonstrates that the self-assembly of SF
hydrogels is reversible. When the electrode is exchanged,
the SF hydrogel reaggregates on the new positive electrode.

2.2. Chemical Methods

2.2.1. Organic Solvent Induction. At present, classical precip-
itators mainly include salt, organic solvents, and surfactants.
Adding salt to SF aqueous solution can increase the ionic
strength of the solvent and enhance the ability to combine
with water, thus changing the interaction between the pro-
tein molecules to promote the internal binding of the protein
[18]. Numerous studies have confirmed that the formation
of SF hydrogels can be regulated by organic solvents. First,
the addition of an organic solvent can alter the dielectric
properties of the solvent and reduce the solubility of water,
thus promoting supersaturation of the solution [18, 19].
Simultaneously, organic solvents generally with strong
polarity destroy the intermolecular hydrogen bonds and
electrostatic bonding, increasing molecular chain unfolding
and β-sheet generation, and then the chain segments rear-
range and self-assemble [20]. Among those organic solvents,
alcohol is the most common [21, 22]. Besides, glycerol [23]
and ethylene glycol diglycidyl ether (EGDE) [24] are can
be used as well. Surface agents refer to making the interface
state of the solution change dramatically, such as poloxamer
407 [25] and sodium dodecyl sulfate (SDS) [26].

2.2.2. pH. pH is one of the crucial parameters to readjust SF
hydrogels. It can convert the ionization state of the amino
acid residues on the gel surface and can promote gel forma-
tion when the pH is on the brink of the isoelectric point (pI).
In a study, it was impressive to note that adjusting the pH
allows the solution to transform between gel and sol, but

2 Oxidative Medicine and Cellular Longevity



only under transient exposure conditions [27]. Mechanisti-
cally lowering the pH inhibits the ionization of the acidic
amino acid so that the balance between repulsion and attrac-
tion is crippled and the hydrophobic interaction is strength-
ened, resulting in a weaker bond [27]. Nevertheless, under
acidic conditions for long periods, the denaturation of SF
and extended intramolecular and intermolecular hydrogen
bonds promote the formation of large amounts of β-sheets,
forming stable gels [27, 28].

2.2.3. Carbon Dioxide. Carbon dioxide (CO2), as a volatile
acid, can be a novel way to prepare SF hydrogels without
surfactants or chemical cross-linking agents. Floren et al.
[29] obtained stable hydrogels under high-pressure CO2
treatment for less than 2 hours with tremendous physical
properties such as porosity, sample homogeneity, swelling
behavior, and compressive features. However, whether high
pressure has a promoting effect on gel formation is still com-
plex and worth exploring. Another study experimented with
low-pressure CO2, in which gel time was briefly within ten
minutes because of very small gas bubble-to-liquid path
lengths, significantly shorter than the high-pressure condi-
tion (120 minutes) [30]. Therefore, high pressure does not
seem to necessarily reduce the gel time.

2.2.4. Photocuring. Photocuring is a method of preparing
hydrogels by chemical cross-linking. The presence of light
energy, including ultraviolet (200-400 nm) and visible light

(400-800nm), provides photons to photoinitiators, and then
they absorb the energy of the photons to split into free rad-
ical molecules. These molecules react with the vinyl bonds in
the prepolymer, resulting in chemical cross-linking of the
polymer chain, namely, free radical-initiated chain polymer-
ization [31, 32]. Photooxidation is advantageous in main-
taining the protein structure and eliminating the need for
chemical modification. In contrast, methacrylate is better
in terms of photo-cross-linking efficiency by organic sol-
vents, such as acetone and ethanol [33].

2.2.5. Chemical Cross-Linking and Modification. Chemical
cross-linking agents, including glutaraldehyde, genipin, diep-
oxide, and horseradish peroxidase (HRP) enzyme plus hydro-
gen peroxide (H2O2), have been used in practice [8, 34–36].
Chemical cross-linking andmodification are fabricated to pre-
pare hydrogels by forming covalent bonds according to the
molecular structure of SF. Most of them are located in the
amino group of SF. Chemical modification can involve the
chemical properties of SF to achieve SF hydrogel functionali-
zation. Modifications such as sulfation of tyrosine, azo-
modified tyrosine, and arginine masking provide sites for
growth factors, cell-binding domains, and other polymers to
attach to SF, expanding the range of biomaterial applications
[37]. Herein, regulatory factors of SF hydrogels are diverse,
which interact with each other (Figure 1).

Silk fibroin hydrogels can be processed in versatile pat-
terns. The methods to fabricate SF hydrogels, including
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Figure 1: The preparation of SF hydrogels.
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physical and chemical methods, are important factors affect-
ing the properties of SF. SF hydrogels exhibited networks
morphology with β-sheet structure through the mutual
influence of each regulatory factor.

2.3. Blend Hydrogels. Poor elasticity, low water retention
ability, and lack of a cell attachment sequence limit the usage
of SF. As long as the materials have no vital negative biolog-
ical impact, both natural and synthetic polymers can be uti-
lized to fabricate hydrogels, which result in rapid gelation
and high biological activity. Natural polymers have higher
biocompatibility, excellent biodegradability, and no toxicity.
So far, collagen, chitosan, gelatin, silk fibroin, alginate, cel-
lulose, hyaluronic acid (HA), and starch, alone or in com-
bination, have been widely used in tissue engineering.
Polymerization with gelatin can improve biological activity,
such as cell attachment, diffusion, and proliferation [38]. In
recent years, tyramine modification catalysis by enzymes
has gradually become the emerging trend of HA involvement
in SF hydrogels. HA content can affect the extracellular
matrix and upregulate matrix protein expression, and HA-
Tyr-SF is suitable for tissue engineering and drug delivery
as an injectable biomaterial [39]. Apart from the above-
mentioned polymers, the combination of SF with cellulose,
alginate, and chitosan has exceptional ability in tissue regen-
eration engineering, drug delivery, wound healing, and other
fields [40–42]. SF can be mixed also with synthetic polymers.
Silk fibroin-based mixtures with poly (ethylene glycol), poly
(vinyl alcohol), polyacrylamide, polycaprolactone, poly (lac-
tic-co-glycolic acid), polyurethane, and polylactide have been
reported [43]. Adjusting the properties of macromolecular
polymers, such as molecular weight transitions or chemical
modifications, directly urges the mechanical, degradability,
and physical capabilities of synthetic polymers, all of which
afford functionality and task-specific biomaterial traits in tis-
sue regeneration and wound healing [44]. Designing SF
hydrogels with controllable mechanical properties, degrada-
tion rate, and biocompatibility per regenerated tissue is key
to regenerative therapies to better achieve individualized
therapeutic goals.

3. Pathophysiological Mechanisms of
SF Hydrogels

3.1. Neuroregeneration. Regeneration and repair of nerve tis-
sue after brain injury are difficulty in the treatment and
improvement of neurological diseases. Regenerative thera-
pies based on active biomaterials and encapsulated therapeutic
stem cells have profound therapeutic potential. As a naturally
energetic material, SF has nerve biocompatibility and can sup-
port cell adhesion, proliferation, and neural differentiation.
Hydrogels can modulate the mechanical stiffness of brain tis-
sue and replace the damaging environment, acting as cell car-
riers or growth factor delivery vehicles. Seed cells, such as
embryonic stem cells, neural stem cells, and mesenchymal
stem cells, completed cell adhesion, cell proliferation, and cell
differentiation in the ECM microenvironment mimicked by
SF hydrogels and achieved tissue regeneration under the
interaction of growth factors and nutrients [45–47]. The bio-

chemical factors fixed on the ECM regulate local concentra-
tions and influence cell proliferation and differentiation.
Although SF hydrogel scaffolds can mimic the 3Dmicroenvi-
ronment of natural ECM to facilitate nutrient exchange and
provide mechanical protection, the effects of the secretive
activity of encapsulated stem cells remain to be seen.
Martín-Martín et al. demonstrated that MSCs encapsulated
in SF hydrogels may induce the secretion of several neuro-
genic and angiogenic factors more than the nonencapsulated
group, such as brain-derived neurotrophic factor (BDNF),
vascular endothelial growth factor (VEGF), and SDF-1 pro-
tein [48]. Biomaterial surfaces can present nanoscale topo-
graphical cues which influence neuronal differentiation and
process outgrowth. Bai et al. designed SF nanofiber hydrogels
and complex three-dimensional (3D) porous structures to
mimic the elastic modulus and topography by altering the
annealing process [46]. They demonstrated that 50% metha-
nol promoted the differentiation of NSCs into astrocytes,
while 80% methanol inhibited this phenomenon, and the
number of caspase 3+ cells in the treatment groups was
decreased, suggesting that the topography and mechanical
evaluation brought by annealing treatments prevented or
delayed NSC apoptosis [46]. In this context, we briefly sum-
marize that SF hydrogels may play a 3D microenvironment
akin to natural ECM, facilitating mechanical protection and
nutrient exchange (Figure 2).

Recognition between the arginine sequence in SF and
integrin on the cell membrane mediates cell adhesion to
the ECM and then affects cytoskeletal motion. On the other
hand, growth factors, such as PDGF and FGF, combined
with receptors, induce cell proliferation through the MAPK
signaling pathway. In parallel, they also induce the differen-
tiation of encapsulated stem cells into the neuronal cells,
which then secrete related growth factors and nutritional
factors to accelerate nerve tissue regeneration and improve
tissue repair.

3.2. Regulating Inflammation. Active inflammatory activity
after brain injury causes irreversible damage to the brain,
which is not conducive to the treatment and postopera-
tive recovery of patients. SF hydrogels play an anti-
inflammatory role because they are regarded as mechani-
cal barriers to block the negative regulation of inflammatory
factors (such as TNF-α) interacting with anti-inflammatory
factors and neurotrophic factors. More importantly, it upre-
gulates the expression of the anti-inflammatory factor TGF-
β, which in turn allows microglia to differentiate into an
anti-inflammatory phenotype and repair brain damage
[48]. This may be linked to cytoskeletal abnormalities, oxida-
tive stress responses, and hypoxic microenvironments [48].
Some researchers have combined anti-inflammatory active
substances or drugs with SF hydrogels to exert anti-
inflammatory effects. After introducing biliverdin, a precur-
sor of bilirubin, into the SF hydrogel systems for incubation,
the expression of the inflammatory factors TNF-α and
interleukin-1 (IL-1) was significantly downregulated at 7
and 14 days [49]. In another study, betamethasone was
loaded into tyramine-modified gellan gum with silk fibroin
(Ty-GG/SF), hydrogel and the concentration of TNF-α was
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undoubtedly decreased [50]. In contrast to traditional drug
administration, this method can enhance the local concen-
tration of drugs in the inflammatory environment to exert
its efficacy, preventing normal tissues from the toxic effect
of drugs on cells and tissues.

3.3. Sustained Drug Release. Owing to its unique material
properties, stabilization effects, and tight controllability, silk
fibroin hydrogel represents a promising, controlled, sus-
tained drug release from fully degrading implants. Beta-
methasone has a short half-life, meaning that it needs to
inject with repeated doses to maintain the active drug con-
centration. Oliveira et al. designed composite Ty-GG/SF
hydrogels that have more β-sheet structures, better mechan-
ical properties, and more resistance to enzymatic degrada-
tion than pure SF hydrogels [50]. Thus, it can improve the
pharmacokinetic characteristics of the controlled release of
betamethasone over time, prolong the duration of treatment,
reduce the frequency of administration, and decrease the
toxicity of drugs. As a drug-loading platform, SF hydrogels
have the problem of initial drug release. However, this does
not necessarily lead to bad results. Some scholars have con-
cluded that the addition of SF can enable the rapid release of
hydrophobic drugs, providing a new technical means for the
rapid increase in local drug concentration in some diseases
[51]. Other studies have shown that adjusting SF and other
drugs/polymers ratios can lead to sustained-release capabili-

ties of risperidone. At ratios of 1 : 3 and 1 : 6, SF/methanol
hydrogels contained risperidone, which could be made pub-
lic for 25 days, but the former had better structural stability
[52]. In conclusion, SF-based platforms that permit both
sustained and local release of factors represent an attractive
approach for efficient delivery of the factor to the brain.
Therefore, emphasis should be placed on the combination
of material characteristics, drug effects, clinical therapeutic
purposes, and expected efficacy, and appropriate SF hydro-
gels should be selected as drug-loading vehicles.

3.4. Antioxidative Stress. Oxidative-antioxidant dynamic bal-
ance in the central nervous system (CNS) affects normal
brain function. Excessive production of endogenous or exog-
enous oxides and/or inadequate function of the antioxidant
response system will lead to the accumulation of adverse
reactive oxygen species (ROS), leading to oxidative stress
response and making brain tissue overly susceptible to dam-
age [53]. Oxidative stress is the main cause of neurodegener-
ative diseases due to the oxidation of DNA, lipids, and
proteins, thereby inducing a secondary cellular response.
Antioxidants can be used to scavenge free radicals, and SF
biomaterials can be regarded as good carriers of antioxi-
dants. In a study, SF nanoparticles (SFSNPs), which were
infiltrated into the antioxidant sulforaphane, effectively
reduced the increase of ROS levels caused by hydrogen per-
oxide- (H2O2-) mediated oxidative stress [54]. Based on the
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excellent mechanical properties and biocompatibility of SF
hydrogels, we speculated that SF hydrogels could form a
physical barrier to protect antioxidants from removal, pro-
long the preservation time, and exert a lasting antioxidant
stress effect. On the other hand, SF hydrogels equipped with
stem cells or growth factors and other active substances can
be developed to provide a living space for antioxidant
enzymes and simulate the physiological antioxidant system.

3.5. Regulating Cell Death. Cell death is important in both
physiological and pathological conditions. Cell death in the
brain contains the following characteristics: (1) neurons are
permanent cells with limited regenerative capacity; (2)
because of the various types of ion channels in nerve cells,
damage to them may result in various death patterns; and
(3) the high consumption of ATP in brain tissue and the
modest turnover of ATP may induce the death of ischemic
hypoxia stimulation [55]. Currently, cell death can be
divided into programmed and nonprogrammed cell death.
In general, except necrosis, apoptosis, autophagic cell death,
ferroptosis, and pyroptosis constitute programmed cell
death. The control and regulation of the apoptotic events
that occur through SF have been reported recently. Antican-
cer activity of SF peptides (SFPs) has been proven to be asso-
ciated with the inhibition of tumor cell proliferation,
induction of apoptosis, and cell cycle arrest [56]. NSCs
encapsulated by SF nanofiber hydrogels exhibited a reduced
number of caspase 3+ cells, suggesting that SF prevented or
delayed NSCs from undergoing apoptosis [46]. Our team is
currently investigating other cell death pathways. Overall,
we are positive about the SF prospect of regulating cell death,
including pyroptosis and ferroptosis.

3.6. Hemostasis. Bleeding is a common clinical symptom
caused by acute trauma. The amount of blood loss, timing,
and timely intervention are closely related to the patient’s
prognosis. Effective hemostasis and hemostatic materials
play an important role in controlling blood loss. Current
medical hemostatic materials have side effects, such as
wound infection, inflammatory injury, and body allergies
caused by gelatin [57]. Studies have begun to consider SF
an alternative material with good biocompatibility and
hemostatic properties. Visceral injury is very common in
trauma and is easily accompanied by blood loss. A team con-
structed an animal model of liver injury (wound size: 1:5
cm × 1:0 cm × 0:2 cm) to evaluate the hemostasis of SF by
hemostasis time and blood loss. The results showed that
the addition of SF, as part of the material composition,
improved hemostatic performance and was superior to the
gelatin group and the blank group [58]. SF can rapidly gel
to block the bleeding site as a physical barrier and induce
platelet adhesion and aggregation and enhance platelet and
fibrinogen interactions while maintaining platelet activity
[58]. This performance is similar to that of the endogenous
platelet agonist ADP, which induces blood coagulation and
has a hemostatic effect. Research on the hemostatic perfor-
mance of SF is just beginning, and the specific mechanism
of SF on physiological hemostasis, such as the mechanism
affecting the release of coagulation factors, still needs more

research explanation. The role of silk fibroin hydrogels in
brain hemostasis can be studied in the future.

4. Potential Roles of SF Hydrogels in
Neurological Diseases

Laboratory applications of SF cover a wide range of fields,
with outstanding performance in vivo and/or in vitro exper-
iments (Table 1). Clinical trials have been carried out in
some areas dabbling in neurological diseases, but the results
are less satisfactory than had been anticipated (Table 2). The
potential value of SF hydrogels in neurological diseases is
systematically described in Table 1.

4.1. Cerebral Stroke. Acute cerebral strokes, also known as
cerebrovascular accidents, are broadly classified as either
ischemic or hemorrhagic. The time window of treatment is
narrow after the onset of stroke, accompanied by severe
complications such as angioedema, intracranial hemorrhage,
or systemic massive hemorrhage, which is a leading cause of
serious long-term disability [73]. Therefore, early identifica-
tion and intervention affect the clinical evolution of stroke.
The safety of silk fibroin in the brain has been investigated.
Fernandez-Garcia et al. reported that the striatal injection
of SF hydrogel was reasonably well tolerated by the animals
because the survival rate exceeded 90% and was similar to
that of the saline group [74]. The authors also demonstrated
that SF hydrogel encapsulated stem cells reduced the dam-
aged cortical infected area and exerted progressive neuro-
protective effects in ischemic stroke [75]. Another study
explained the excellent spatial consistency of SF hydrogels
in filling the stroke cavity and provided a reliable matrix
for regeneration without significant inflammation mediated
by microglia/macrophage activation [76]. Lim et al. devel-
oped an injectable gelatin hydrogel containing epidermal
growth factor (Gtn-ECF), which can effectively repair the
defective tissue and restore nerve function after intracerebral
hemorrhage (ICH) [77]. However, the application of SF
hydrogel in hemorrhagic stroke is still in the theoretical
stage, and the role of SF hydrogel in ICH needs to be
investigated.

4.2. Traumatic Brain Injury. Traumatic brain injury (TBI),
also known as an intracranial injury, causes functional
impairment of key brain areas under the action of strong
external forces, which has brought a huge burden to families
and society and has become a major problem endangering
public health security [78]. After TBI, the microenvironment
of ischemia and hypoxia caused by glial hyperplasia, inflam-
mation, and lack of neurotrophic factors inhibits the regen-
eration and repair of brain tissue. The development of SF
hydrogel either alone or in combination with other therapies
will be a reasonable and innovative choice in the field of TBI
treatment. Moisenovich et al. reported that transplantation
of silk fibroin microparticles into the injury locus of the
brain resulted in a decrease in damage volume, as well as
the restoration of sensorimotor functions [79]. Tang-
Schomer et al. showed that silk fibroin films can be utilized
to evaluate drug actions in both in vitro and in vivo studies
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of brain injury with greater efficiency than existing
approaches [80]. Silk film-delivered necrostatin reduced cell
necrosis in the TBI model, which is consistent with intra-
cerebroventricular delivery of necrostatin in reducing histo-
pathology and improving functional outcomes [81]. A
combination of SF/collagen/human umbilical cord mesen-
chymal cells (hUMSCs) coculture (CB group) has been
implanted into TBI canine models, showing great potential
for treating TBI. Compared with the stem cells group (SC
group) and the collagen/SF group (CS group), the CB group
displayed a significant anti-inflammation effect and repair of
cerebral cortical motility after TBI [82]. Although the study
confirmed the potential of SF hydrogels and stem cells
regeneration therapies for clinical applications, questions
remain to be considered. For example, the regulation of stem
cells survival and targeted differentiation, the specific mech-
anism of injury repair, and the optimal time window for
implantation necessitated further exploration and discus-
sion [83].

4.3. Brain Tumors. Glioblastoma (GBM) is the most fre-
quent tumor in the central nervous system and has highly
diffuse malignant infiltration behavior. Chemotherapy, a
routine operation for the clinical treatment of GBM, lacks
the specificity of systemic administration, and side effects
that occur during chemotherapy treatment seriously affect
the homeostasis of the body in patients, which are not con-
ducive to treatment and recovery [84]. Moreover, hydropho-
bic chemotherapeutic drugs account for a large proportion
of chemotherapeutic drugs, and their solubility in water

medium is scant. SF contains more hydrophobic areas, and
cross-linking between SF and hydrogels can enhance hydro-
phobicity to directly transport hydrophobic drugs to the
tumor site. Xu et al. constructed indocyanine green-SF
nanoparticles (ICG-SFNPs) for photothermal therapy of
glioblastoma, which can form local high temperatures and
cause a large area of tumor necrosis [85]. Recently, Ribeiro
et al. reported that the crystalline SF hydrogels converted
into β-sheet structure induced the formation of TUNEL-
positive apoptosis in a human neuronal glioblastoma cell
line (U251) [86]. Wang et al. showed that a silk fibroin
microneedle (SMN) patch loaded with chemotherapeutic
agents (thrombin and temozolomide) and targeted drug
(bevacizumab) induces rapid drug delivery and results in
decreased tumor volume and increased survival rate in
GBM mice [87]. From the foregoing description, we boldly
assume that SF hydrogels can act as a physical barrier to
resist the degradation of encapsulated drugs. In parallel,
enhancement of hydrophobicity is beneficial for SF hydro-
gels as drug delivery systems for the targeted therapy of
GBM.

4.4. Neurodegenerative Diseases. Neurodegenerative diseases
are characterized by progressive loss of vulnerable popula-
tions of neurons and histopathological findings of abnormal
conformational change of self-proteins, including amyloid-
osis, tau protein, alpha-synuclein, and transactivation
response DNA binding protein 43 (TDP-43) [88]. The
highly repetitive GAGAGS in SF can be analogous in struc-
ture to VGGVV in amyloidosis β42 peptide and VGGAVV

Table 1: List of the applications of SF or SF blends.

Application Materials In vitro In vivo Cite

Cartilage tissue engineering GMA/SF Human chondrocytes Female athymic mice, rabbits [59]

Bone defect repair n-HA-GO/SF
Rabbit bone marrow mesenchymal

stem cells (BMSCs)
Male mice critical-sized bone

defect models
[60]

Ligament reconstruction SF/HA-SF Rat BMSCs Rabbit models of ACLR [61]

Wound healing CF@GO/SF Human fibroblast (L929) cells Rat models of wound [62]

Reconstitution of cardiac function SF Rat quiescent ventricular cardiomyocytes Left ventricles of rats [63]

Vascular remolding SF/GT Mouse BMSCs / [64]

Trachea reconstruction SF/CVM
Human-induced pluripotent stem

cells (hiPSCs)
Porcine tracheal defect models [65]

Artificial cornea engineering
PVA/SF/n-HA/

GP
Human corneal fibroblasts (HCFs) / [66]

Enamel regeneration SF/HA / / [67]

Hepatic tissue engineering SF
Stem cells from human exfoliated

deciduous teeth (SHED)
/ [68]

Bladder reconstruction SF Adipose-derived stem cells (ASCs) Rat bladder augmentation models [69]

Nucleus pulposus replacement SF/PU / Rabbits [70]

Nerve regeneration Collagen/SF
Human umbilical cord mesenchymal

stem cells (hUC-MSCs)
Rat models of SCI [71]

Tumor therapy Biliverdin/SF / Mice tumor models [49]

Drug delivery DEX/CSNPs/SF L929 fibroblast cell line / [72]

GMA: glycidyl methacrylate; n-HA: nanohydroxyapatite; GO: graphene oxide; ACLR: anterior cruciate ligament reconstruction; CF: ciprofloxacin; GT:
gelatin-tyramine; CVM: collagen vitrigel membrane; GP: genipin; PU: polyurethane; SCI: spinal cord injury; DEX: dexamethasone; CSNPs: chitosan
nanoparticles.
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AGV in alpha-synuclein [89]. Simultaneously, the silk I
structure (random coil and helix-like forms) turns into silk
II (beta-sheet and beta-sheet-like forms), a nucleation-
dependent conformation transition principle, that bears
extreme resemblance to that of neurodegenerative-related
proteins [90]. The antioxidant, neuroprotective, and acetyl-
cholinesterase inhibitory mechanisms of silk proteins could
prove promising in the treatment of neurodegenerative dis-
eases [91]. However, the application of SF hydrogel in neu-
rodegenerative diseases is still in the theoretical stage and
needs to be investigated.

4.5. Traumatic Spinal Cord Injury. Traumatic spinal cord
injury (TSCI) is a devastating central nervous system disease
and can be divided into primary injury (initial mechanical
injury) and secondary injury, including ischemia, oxidative
stress, axonal degeneration, and cell death triggered by
inflammatory processes [92]. The involvement of SF in
post-SCI has been demonstrated in several studies [71, 93,
94]. In vitro culture of human amniotic epithelial cells
(AECs) implanted with SF scaffolds showed active prolifera-
tion and migration, which improved motor function after
SCI [95]. Bone mesenchymal stem cells (BMSCs) implanted
in SF scaffolds confirmed the excellent performance in axo-
nal regeneration, myelination, and functional recovery in
SCI rat models [96]. Drug-loaded injectable SF scaffolds
for the treatment of SCI have also great potential for spinal

cord regeneration. Han et al. reported that metformin-
loaded silk fibroin microsphere could improve the growth
and spreading behavior of cortical neurons after SCI [97].
Taken together, the application of SF hydrogel in TSCI is
promising and worthy of further exploration.

5. Conclusion and Limitations

In summary, with in-depth research, the silk fibroin hydro-
gels have transformed from simple and independent struc-
tures to functionalized cross-linked forms with other
polymers by physical or chemical methods. It is widely
accepted that SF hydrogels loaded with cells and growth fac-
tors have great potential to address the challenge of regener-
ating neuronal cells. The prospects of using silk fibroin
hydrogels alone and their blends are quite exciting in neuro-
logical disease due to the positive results achieved in vitro
and in vivo. Despite the promising results mentioned earlier,
there are still some important issues to be addressed in the
future. First, the major disadvantages of silk fibroin hydro-
gels are their poor mechanical properties and swelling
behavior, which are very important parameters in biomedi-
cal applications. To improve the properties of SF hydrogels,
silk fibroin has been blended with various other polymers.
Therefore, the potential long-term toxicity and the nonbio-
degradability of blended SF hydrogel should be further
investigated. Second, the specific effects of SF hydrogel on

Table 2: List of the published clinical trials that highlight the application of silk-based materials.

No. Intervention/treatment Condition/disease
Number of
participants

Compete date Clinical trial identifier

1
Device: The SF patch or paper

patch
Diseases of the ear and mastoid

process
60 June 2012 KCT0000305

2
Device: HQ® matrix medical

wound dressing
Device: Sidaiyi® wound dressing

Donor site wound 71 September 2014 NCT01993030

3
Device: silk fibroin with bioactive

coating layer dressing

Late complication from skin graft;
infection of skin donor site; impaired

wound healing; pain, intractable
29 May 2015 NCT02091076

4
Bilayer scaffold composed of
amniotic membrane and silk

fibroin

Diabetes mellitus; Wagner ulcer
grade II

20 February 2018 IRCT2016071328903N1

5 Absorbable SF membrane
Alveolar ridge preservation after

tooth extraction
65 December 2018 ChiCTR1800016759

6
Autologous chondrocytes seeded in

SF scaffolds
Osteochondral defects 15 July 2019 IRCT2017062434731N1

7
SF membrane combined with

xenograft
K053-chronic periodontitis 15 December 2019 CTRI/2018/12/016509

8 SeriossÂ® (SF scaffold)
Patients undergoing surgery for bone

void filling
10 / CTRI/2021/01/030589

9 Device: Silk Bridge
Peripheral nerve injury digital nerve

hand
4 March 2021 NCT03673449

10 Silk sericin dressing with collagen
Wound heal; wound surgical; donor

site complication
30 December 2021 NCT04743375

11
Procedure: Silk microparticle filler

injection
Vocal cord paralysis unilateral;

dysphonia; dysphagia, oropharyngeal
100 September 2024 NCT03790956

Source: data retrieved from International Clinical Trials Registry Platform.
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http://cris.nih.go.kr/cris/en/search/search_result_st01.jsp?seq=1674
https://clinicaltrials.gov/show/NCT01993030
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http://en.irct.ir/trial/23344
http://www.chictr.org.cn/showproj.aspx?proj=28342
http://en.irct.ir/trial/26467
http://www.ctri.nic.in/Clinicaltrials/pmaindet2.php?trialid=29357
http://www.ctri.nic.in/Clinicaltrials/pmaindet2.php?trialid=49665
https://clinicaltrials.gov/show/NCT03673449
https://clinicaltrials.gov/show/NCT04743375
https://clinicaltrials.gov/show/NCT03790956


cells, tissues, or organs and their metabolic pathway in vivo
remain unclear and require further studies. Third, the cellu-
lar/molecular mechanisms behind the neuroprotective abil-
ity of SF hydrogel should be further investigated. It is
expected that the silk fibroin hydrogels loaded with or with-
out seed cells or drug agents may be the most effective treat-
ment for brain disease and are subject to future clinical trials.
However, at present, the functionalization of the silk fibroin
hydrogels in the neurological disease is still in its infancy;
thus, many aspects are still needed to be developed and
improved. In summary, silk fibroin hydrogels have great
prospects of expanding their niche in the field of brain tissue
regeneration, repairing damaged brain tissue, and improving
neurologic recovery after injury.
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Traumatic brain injury (TBI), known as mechanical damage to the brain, impairs the normal function of the brain seriously. Its
clinical symptoms manifest as behavioral impairment, cognitive decline, communication difficulties, etc. The pathophysiological
mechanisms of TBI are complex and involve inflammatory response, oxidative stress, mitochondrial dysfunction, blood-brain
barrier (BBB) disruption, and so on. Among them, oxidative stress, one of the important mechanisms, occurs at the beginning
and accompanies the whole process of TBI. Most importantly, excessive oxidative stress causes BBB disruption and brings
injury to lipids, proteins, and DNA, leading to the generation of lipid peroxidation, damage of nuclear and mitochondrial
DNA, neuronal apoptosis, and neuroinflammatory response. Transcription factor NF-E2 related factor 2 (Nrf2), a basic leucine
zipper protein, plays an important role in the regulation of antioxidant proteins, such as oxygenase-1(HO-1), NAD(P)H
Quinone Dehydrogenase 1 (NQO1), and glutathione peroxidase (GPx), to protect against oxidative stress, neuroinflammation,
and neuronal apoptosis. Recently, emerging evidence indicated the knockout (KO) of Nrf2 aggravates the pathology of TBI,
while the treatment of Nrf2 activators inhibits neuronal apoptosis and neuroinflammatory responses via reducing oxidative
damage. Phytochemicals from fruits, vegetables, grains, and other medical herbs have been demonstrated to activate the Nrf2
signaling pathway and exert neuroprotective effects in TBI. In this review, we emphasized the contributive role of oxidative
stress in the pathology of TBI and the protective mechanism of the Nrf2-mediated oxidative stress response for the treatment
of TBI. In addition, we summarized the research advances of phytochemicals, including polyphenols, terpenoids, natural
pigments, and otherwise, in the activation of Nrf2 signaling and their potential therapies for TBI. Although there is still limited
clinical application evidence for these natural Nrf2 activators, we believe that the combinational use of phytochemicals such as
Nrf2 activators with gene and stem cell therapy will be a promising therapeutic strategy for TBI in the future.
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1. Introduction

Traumatic brain injury (TBI) refers to the damage to the brain
structure and function caused by mechanical and external
forces, including two stages of primary injury and secondary
injury [1]. It is a global neurological disease and is the biggest
cause of death and disability in the population under 40 years
of age [2]. The current clinical treatments for TBI mainly
include interventional treatments such as hyperventilation,
hypertonic therapy, hypothermia therapy, surgical treatment,
drug therapy, hyperbaric oxygen therapy, and rehabilitation
therapy [3, 4]. In the past few decades, the main interventions
that have had the greatest impact and can reduce the mortality
rate of severe TBI by several times are immediate surgical
intervention and follow-up care by specialist intensive care
physicians [5]. Post-traumatic intracranial hypertension
(ICH) makes patient care more complicated, but new data
shows that hypertonic therapy is the use of hypertonic solu-
tions, such as mannitol and hypertonic saline (HTS) in the
early treatment of ICH after severe TBI, which can reduce
the burden of ICH and improve survival and functional out-
comes [6]. Hypothermia therapy can reduce the effects of
TBI through a variety of possible mechanisms, including
reducing intracranial pressure (ICP), reducing innate inflam-
mation, and brain metabolic rate. However, the results of a
randomized POLAR clinical trial showed that early preventive
hypothermia did not improve the neurological outcome at 6
months in patients with severe TBI [7]. Therefore, the effec-
tiveness of hypothermia for TBI remains to be discussed. Sur-
gical treatments include decompressive craniectomy (DC),
which is a method that removes most of the top of the skull
to reduce ICP and the subsequent harmful sequelae. However,
the treatment effects for TBI are not satisfactory [8]. Many
patients have a poor prognosis and will be left with serious dis-
abilities and require lifelong care [9]. In addition, chemicals
including corticosteroids, progesterone, erythropoietin, aman-
tadine, tranexamic acid, citicoline, and recombinant
interleukin-1 receptor (IL-1R) antagonist are used for the
treatment of TBI [2]. However, these drugs are less safe and
cannot work well, or may lead to unfavorable physiological
conditions [10]. Recently, many studies have begun to investi-
gate the possibility of using natural compounds with high
safety as therapeutic interventions after TBI [11]. The latest
evidence indicates that phytochemicals, including quercetin,
curcumin, formononetin, and catechin, exert neuroprotective
effects in TBI and other brain diseases via attenuating oxida-
tive stress [12]. It is known to us, transcription factor NF-E2
related factor 2 (Nrf2) plays an important role in the regula-
tion of heme oxygenase-1 (HO-1), NAD(P)H Quinone Dehy-
drogenase 1 (NQO1), glutathione peroxidase (GPx), and other
antioxidant proteins, which ameliorates oxidative damage in
TBI [13]. In this review, we discussed the critical role of oxida-
tive stress in the pathology of TBI and the regulation of Nrf2-
mediated oxidative stress response in TBI. In addition, we
summarized the study advances of phytochemicals, including
polyphenols, terpenoids, natural pigments, and otherwise, in
the activation of Nrf2 signaling and their potential therapies
for TBI in vivo and in vitro. Finally, we hope this review sheds
light on the study on the treatment of TBI using phytochemi-

cals as Nrf2 activators. Moreover, the combinational use of
phytochemicals such as Nrf2 activators with gene and stem
cell therapy will be a promising strategy for the treatment of
TBI.

2. TBI

TBI, also known as acquired intracranial injury, occurs in
the brain. It is caused by an external force, including a blow,
bump, or jolt to the head, and the sudden and serious hit of
the head by an object or the deep pierce of an object into the
skull through the brain tissue [14]. According to the data
from the Center for Disease Control and Prevention
(CDC) of Unite States (U.S.), the most common causes
mainly include violence, transportation, accidents, construc-
tion, and sports. In addition, there are about 288,000 hospi-
talizations for TBI a year, and males hold 78.8% [15, 16].
Usually, older adults (>75 years) have the highest rates of
TBI. Therefore, TBI brings serious economic and spiritual
burdens to the family and society [17].

TBI is classified in various ways, including type, severity,
location, mechanism of injury, and the physiological response
to injury [18]. In general, the Glasgow Coma Scale (GCS)
score and neurobehavioral deficits are extensively used, and
TBI is classified into mild, moderate, and severe types [19].
The clinical symptoms of TBI are greatly dependent on the
severity of the brain injury and mainly include perceptual loss,
cognitive decline, communication difficulties, behavioral
impairment, affective changes, and otherwise [20] (Figure 1).
The pathophysiology of TBI includes the primary injury,
which is directly caused by physical forces, and the secondary
injury referring to the further damage of tissue and cells in the
brain [21]. The physical forces on the brain cause both focal
and diffuse injuries. Emerging evidence indicates that patients
who suffer from moderate or severe TBI are found to have
focal and diffuse injuries simultaneously [22]. Most seriously,
secondary brain injury is followed owing to the occurrence
of biochemical, cellular, and physiological events during the
primary brain injury [23]. Mechanistic studies demonstrate
that several factors, including inflammation, oxidative stress,
mitochondrial dysfunction, BBB disruption, DNA damage,
glutamate excitotoxicity, complement activation, and neuro-
trophic impairment, are involved in the pathology and pro-
gression of TBI [24] (Figure 1). Currently, there is a growing
body of studies showing that increasingly abnormal proteins
or molecules are biomarkers closely associated with TBI,
which helps to better understand the mechanism of TBI
[25]. For example, the level of early structural damage bio-
markers, including S100B protein in cerebrospinal fluid or
blood nerve glial acidic protein, ubiquitin carboxyl-terminal
hydrolase L1 and Tau helps to determine whether the head
scan is required after TBI [26].

At present, the therapeutic strategies for TBI include
hyperbaric oxygen therapy (HBOT), hyperventilation and
hypertonic therapy, noninvasive brain stimulation, drug
therapy, and biological therapy [27]. Most importantly, the
combinational use of novel biological reagents (genes and
stem cells) and pharmacological intervention preparations
can decrease the complications and mortality of TBI [28].
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Stem cell therapy includes stem cells regeneration transplan-
tation and induction of endogenous stem cells activation
through pharmacological or environmental stimuli. Several
studies have shown that some drugs can not only improve
the survival rate of stem cells but also enhance their efficacy.
For example, the intravenous injection of mesenchymal stem
cells (MSCs) and atorvastatin or simvastatin 24 hours after
TBI could improve the recovery of modified neurological
severity score (mNSS) [29]. In addition, the administration
of calpain inhibitors 30 minutes after TBI followed by the
transplantation of MSCs 24 hours after TBI could reduce
the proinflammatory cytokines around the lesions, increase
the survival rate of MSCs, and improve mNSS [30]. More-
over, the pretreatment with minocycline for 24 hours could
protect transplanted stem cells from ischemia-reperfusion
injury by inducing Nrf2 nuclear translocation and increasing
the expression of downstream proteins [31]. Therefore, the
in-deep clarification of the mechanism of TBI and adopting
targeted methods for precise intervention will help the
recovery of post-traumatic neurological function and further
prevent the occurrence and development of complications,
and ultimately open up a new way for effective treatment
of TBI [32].

3. The Role of Oxidative Stress in TBI

Oxidative stress occurs owing to an imbalance of free radi-
cals and antioxidants in the body, which lead to cell and tis-
sue damage [32]. Therefore, oxidative stress plays a critical

role in the development of diseases. As is known to us, diet,
lifestyle, and environmental factors such as pollution and
radiation contribute to the induction of oxidative stress,
resulting in the excessive generation of free radicals [33].
In general, free radicals, including superoxide, hydroxyl rad-
icals, and nitric oxide radicals, are molecules with one or
more unpaired electrons [34]. It is well known that oxidative
stress is implicated in the pathogenesis of various diseases,
such as atherosclerosis, hypertension, diabetes mellitus,
ischemic disease, neurodegeneration, and other central ner-
vous system (CNS) related diseases [35, 36]. During normal
metabolic processes, although many free radicals are gener-
ated, the body’s cells can produce antioxidants to neutralize
these free radicals and maintain a balance between antioxi-
dants and free radicals [37]. A large body of evidence indi-
cates that the overgenerated free radicals attack biological
molecules, such as lipids, proteins, and DNA, ultimately
breaking this balance and resulting in long-term oxidative
stress [38]. However, oxidative stress also plays a useful role
in some cases, such as physiologic adaptation and the mod-
ulation of intracellular signal transduction [39]. Thus, a
more accurate definition of oxidative stress may be a state
in which the oxidation system exceeds the antioxidant sys-
tem owing to the occurrence of imbalance between them.
At present, the biomarkers of oxidative stress, which are
used to evaluate the pathological conditions of diseases and
the efficacy of drugs, are becoming popular and attract
increasing interest [40]. For example, lipid peroxides, 4-
hydroxynonenal (4-HNE), and malondialdehyde (MDA)
are the indicators of oxidative damage to lipids [41]. Thy-
mine glycol (TG) and 8-oxoguanine (8-oxoG) are the bio-
markers of oxidative damage to DNA [42]. In addition, a
variety of proteins and amino acids, including carbonyl pro-
tein, dehydrovaline, nitrotyrosine, and hydroxyleucine, are
oxidized and generate several products that are recognized
to be biomarkers of oxidative stress. Among them, lipid per-
oxide as one of the most important biomarkers was deter-
mined in clinical. Furthermore, oxidative stress plays a
pivotal role in the regulation of signaling transduction,
including the activation of protein kinases and transcription
factors, which affect many biological processes such as apo-
ptosis, inflammatory response, and cell differentiation [43].
For example, gene transcription factors include nuclear fac-
tor κB (NF-κB) and activator protein-1 (AP-1) sense oxida-
tive stress via oxidation and reduction cycling [44]. In
addition, the generation of active oxygen species leads to
the activation of NF-κB, resulting in proinflammatory
responses in various diseases such as neurodegenerative dis-
eases, spinal cord injury, and TBI [45]. Therefore, oxidative
stress is one of the important mechanisms that has been
implicated in the pathology of CNS-related diseases.

Although the initial brain insult of TBI is an acute and
irreversible primary damage to the parenchyma, the ensuing
secondary brain injury progressing slowly over months to
years seriously affects the treatment and prognosis of TBI
[46]. Therefore, therapeutic interventions during secondary
brain injury are essential. To date, many hallmarks are exhib-
ited during delayed secondary CNS damage, mainly includ-
ing mitochondrial dysfunction, Wallerian degeneration of
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Figure 1: The clinical symptoms and molecular mechanism of TBI,
an injury to the brain caused by an external force. The clinical
symptoms of TBI mainly manifest as perceptual loss, cognitive
decline, communication difficulties, behavioral impairment, and
affective changes. The molecular mechanisms of TBI include
inflammation, oxidative stress, mitochondrial dysfunction, blood-
brain barrier (BBB) disruption, DNA damage, glutamate
excitotoxicity, complement activation, and neurotrophic
impairment.
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axons, excitotoxicity, oxidative stress, and eventually neuro-
nal death and overactivation of glial cells [24]. Recently,
emerging evidence indicates that oxidative stress plays an
important role in the development and pathogenesis of TBI
[46]. In general, oxidative stress is resulted from or is accom-
panied by other molecular mechanisms, such as mitochon-
drial dysfunction, activation of neuroexcitation pathways,
and activated neutrophils [47]. Kontos HA et al. first
reported that superoxide radicals are immediately increased
in brain microvessels after injury in a fluid percussion TBI
model, while the scavengers of oxygen radicals including
superoxide dismutase (SOD) and catalase significantly
decrease the level of superoxide radicals and partly reverse
the injury of the brain [48]. During the beginning minutes
or hours after brain injury, a large number of superoxide rad-
icals are generated owing to the enzymatic reaction or autox-
idation of biogenic amine neurotransmitters, arachidonic
acid cascade, damaged mitochondria, and oxidized extrava-
sated hemoglobin [49]. Soon afterwards, the microglia are
overactivated and neutrophils and macrophages are infil-
trated, which also contribute to the production of superoxide
radicals [50, 51]. In addition, iron overload and its resultant
generation of several hydroxyl radicals and lipid peroxida-
tion induce oxidative stress and neuronal ferroptosis, which
significantly aggravate the pathogenesis of TBI from the fol-
lowing aspects, such as cerebral blood flow, brain plasticity,
and the promotion of immunosuppression [52]. In this
review, we focused on the research advance of the role of oxi-
dative stress in TBI. At neutral pH, the iron in plasma is
bound to the transferrin protein in the form of Fe3+, which
also can be sequestered intracellularly by ferritin, an iron
storage protein. Thus, iron in the brain is maintained at a rel-
atively low level under normal conditions. However, the
value of pH is decreased in the brain of TBI, which is accom-
panied by the release of iron from both transferrin and ferri-
tin. Then, the excessive levels of active iron catalyze the
oxygen radical reaction and induce oxidative damage and
ferroptosis [53]. Additionally, hemoglobin is the second
source that catalyzes the active iron after the mechanical
trauma of the brain [54]. Iron is released from hemoglobin
owing to the stimulation of hydrogen peroxide (H2O2) or
lipid hydroperoxides, and the level of iron can be further
increased as the pH decreases to 6.5 or even below [55].
Therefore, targeting the inhibition of iron levels by iron che-
lators may be a promising strategy for the treatment of TBI.
For example, deferoxamine (DFO), a potent chelator of iron,
can attenuate iron-induced long-term neurotoxicity and
improve the spatial learning and memory deficit of TBI rats
[56]. Moreover, nitric oxide (NO) is involved in the cascade
of injury triggered by TBI. The activity of nitric oxide syn-
thase (NOS) contributing to the generation of NO is
increased as the accumulation of Ca2+ in TBI secondary
injury. Then, NO reacts with free radical superoxide to gen-
erate “reactive nitrogen species” peroxynitrite (PN) in the
forms of 3-nitrotyrosine (3-NE) and 4-HNE, which are
found in the ipsilateral cortex and hippocampus of TBI ani-
mal models [24]. For example, N(omega)-nitro-L-arginine
methyl ester (L-NAME), a NO-synthase inhibitor, was
reported to attenuate neurological impairment in TBI and

reduce the formation of NE and the number of NE-positive
neurons [14]. Therefore, targeting the inhibition of oxidative
stress in the brain is a promising strategy for the treatment of
TBI.

4. Nrf2 Signaling-Mediated Oxidative
Stress Response

In 1995, Itoh, K. et al. first discovered and reported that Nrf2
was the homolog of the hematopoietic transcription factor
p45 NF-E2 [57]. To date, a total of 6 members including
NF-E2, Nrf1, Nrf2, Nrf3, Bach1, and Bach2 are identified
from the Cap “n” Collar (CNC) family [58]. Among them,
Nrf2 is a conserved basic leucine zipper (bZIP) transcription
factor. The literature reports that Nrf2 possesses seven
highly conserved functional domains from NRF2-ECH
homology 1 (Neh1) to Neh7, which are identified in multiple
species including humans, mice, and chicken (Figure 2) [59].
Of these domains, Neh2, located in the N-terminal of Nrf2,
possesses seven lysine residues and ETGE and DLG motifs,
which are responsible for the ubiquitin conjugation and
the binding of Nrf2 to its cytosolic repressor Keap1 at the
Kelch domain, then facilitating the Cullin 3 (Cul3)-depen-
dent E3 ubiquitination and proteasome degradation [60].
Both Neh4 and Neh5 domains with a lot of acidic residues
act as transactivation domains to bind to cAMP response
element-binding protein (CREB), which regulates the trans-
activation of Nrf2. Neh7 is a domain that interacts with the
retinoic X receptor (RXRα), which can inhibit CNC-bZIP
factors and the transcription of genes targeting Nrf2. Neh6
has two motifs including DSGIS and DSAPGS of β-trans-
ducing repeat-containing protein (β-TrCP) functioning as
a substrate receptor for the Cul3-Rbx1/Roc1 ubiquitin ligase
complex [61]. DSGIS is modulated by glycogen synthase
kinase-3 (GSK-3) activity and enables β-TrCP to ubiquiti-
nate Nrf2 [62]. The Neh1 domain has a Cap “N” Collar
Basic Leucine Zipper (CNC-bZIP) DNA-binding motif,
which allows Nrf2 to dimerize with small Maf proteins
including MAFF, MAFG, and MAFK [63]. The Neh3
domain in the C-terminal of Nrf2 protein regulates chro-
moATPase/helicase DNA-binding protein 6 (CHD6), which
is known as the Nrf2 transcriptional co-activator [64]. In
addition, Neh3 also plays a role in the regulation of Nrf2
protein stability.

Under normal conditions, Nrf2 is kept in the cytoplasm
by a cluster of proteins including Keap1 and Cul3, which
then undergoes degradation via the ubiquitin-proteasome
system (UPS) [65]. In brief, Cul3 ubiquitinates Nrf2 and
Keap1 act as a substrate adaptor to facilitate the reaction.
Then, Nrf2 is transported to the proteasome for its degrada-
tion and recycling, and the half-time of Nrf2 is only 20
minutes. Under the condition of oxidative stress or the treat-
ment of Nrf2 activators, the Keap1-Cul3 ubiquitination sys-
tem is disrupted. Then, Nrf2 is translocated from the
cytoplasm into the nucleus and forms a heterodimer with
one of the sMAF proteins, which binds with the ARE and
initiates the transcription of many antioxidative genes
including HO-1, glutamate-cysteine ligase catalytic subunit
(GCLC), SOD, and NQO1 (Figure 3). Emerging evidence
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indicates that Nrf2 is the most important protein that
induces various gene expression to counter oxidative stress
or activate the antioxidant response, which protects against
cell damage, and death triggered by various stimuli including
environmental factors such as pollution, lifestyle factors
such as smoking or exercise, and other factors. There is a

growing body of evidence showing that Nrf2 plays multiple
roles in the regulation of oxidative stress, inflammation,
metabolism, autophagy, mitochondrial physiology, and
other biological processes [64]. It has been reported that
Nrf2-KO mice are susceptible to suffering diseases, which
are associated with oxidative damage [66]. Therefore, Nrf2
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plays a critical role in cell defense and the regulation of cell
survival in various diseases such as TBI.

5. The Potential Therapy of Phytochemicals as
Nrf2 Activators in TBI

Because the primary injuries in TBI commonly result in
acute physical damage and irreversible neuronal death, the
therapies mainly aim at stabilizing the injury site and pre-
venting it from secondary damage. As described above, the
secondary damage of TBI is induced by various risks such
as oxidative stress and develops progressively. To date, mul-
tiple therapeutic manners are developed, including the inhi-
bition of excitotoxicity by glutamate receptor antagonists
such as dexanbionol, the improvement of mitochondrial
dysfunction using neuroprotective agents such as cyclospor-
ine A, and the inhibition of axonal degeneration by calpain
inhibitors such as MDL 28170 [67]. Emerging evidence indi-
cates that oxidative stress is not only one of the pathogenesis
of TBI but also the initiator and promoter of excitotoxicity,
mitochondrial dysfunction, neuroinflammation, and other
risks. Nrf2 plays a protective role in TBI via fighting against
oxidative damage and inflammatory response in TBI [68],
while the genetic deletion of Nrf2 delayed the recovery of
post-TBI motor function and the cognitive function [69].
Therefore, targeting the discovery of Nrf2 activators to alle-
viate oxidative damage is a promising therapeutic strategy
for TBI [70]. Recently, there are a lot of phytochemicals iso-
lated from natural plants such as fruits, vegetables, grains,
and other medicinal herbs and reported to activate the
Nrf2 signaling pathway to exert neuroprotective effects in
TBI [71]. In general, these natural phytochemicals as Nrf2
activators are used for the alleviation of the secondary dam-
age of TBI. In this review, we summarize the research
advances of phytochemicals, including polyphenols, terpe-
noids, natural pigments, and otherwise, in the activation of
Nrf2 signaling and their potential therapies for TBI during
secondary injury (Table 1).

5.1. Quercetin. Quercetin belonging to flavonoids is com-
monly found in dietary plants including vegetables and fruits
such as onions, tomatoes, soy, and beans [72]. Emerging evi-
dence indicates quercetin exerts a variety of pharmacological
effects mainly involving antioxidation, anti-inflammation,
antivirus, anticancer, neuroprotection, and cardiovascular
protection [73]. It is known to us that the inflammatory
response promotes oxidative damage in TBI [74]. In weight
drop injury (WDI)-induced TBI mice, quercetin was
reported to significantly inhibit neuroinflammation-
medicated oxidative stress and histological alterations as
demonstrated by the decreased lipid peroxidation and
increased activities of SOD, catalase, and GPx [75]. Mean-
while, quercetin could significantly reduce the brain water
content and improve the neurobehavioral status, which is
closely associated with the activation of the Nrf2/HO-1
pathway [74]. The impairment of mitochondria function
leads to an increase in reactive oxygen species (ROS) pro-
duction and damages mitochondrial proteins, DNA, and
lipids [72]. Quercetin was reported to significantly inhibit

mitochondrial damage of TBI male Institute of Cancer
Research (ICR) mice as evidenced by the decreased expres-
sion of Bax and increased levels of cytochrome c in mito-
chondria, as well as increased mitochondrial SOD and
decreased mitochondrial MDA content, and the recovery
of mitochondrial membrane potential (MMP) and intracel-
lular ATP content. The mechanistic study demonstrated that
quercetin promoted the translocation of Nrf2 from the cyto-
plasm to the nucleus, suggesting that quercetin exerts neuro-
protective effects in TBI mice via maintaining mitochondrial
homeostasis through the activation of Nrf2 signaling path-
way [76]. In moderate TBI rats, quercetin inhibited oxidative
nitrosative stress by reducing the activity of NOS including
inducible nitric oxide synthase (iNOS) and constructive
nitric oxide synthase (cNOS), as well as the concentration
of thiobarbituric acid (TBA)-lipid peroxidation in the cere-
bral hemisphere and periodontal tissues [77]. Therefore,
quercetin exerts neuroprotective effects in TBI via multiple
biological activities, including inhibition of oxidative dam-
age, nitrosative stress, and inflammatory response, as well
as the improvement of mitochondrial dysfunction and neu-
ronal function through the Nrf2 signaling pathway.

5.2. Curcumin. Curcumin, a polyphenol isolated from Cur-
cuma longa rhizomes, has been reported to possess multiple
biological activities, including antioxidative, anti-inflamma-
tory, and anticancer effects [78]. Most importantly, curcu-
min is also demonstrated to cross the BBB and exert
neuroprotection in various neurodegenerative diseases, such
as Alzheimer’s disease (AD), Parkinson’s disease (PD), and
amyotrophic lateral sclerosis (ALS), via the inhibition of
neuronal death and neuroinflammation [79]. In addition,
emerging evidence indicates that curcumin presents protec-
tive effects in TBI and activates the Nrf2 signaling pathway
in vivo and in vitro [78, 80–82]. In mild fluid percussion
injury (FPI)-induced TBI rats, curcumin significantly atten-
uated oxidative damage by decreasing the oxidized protein
levels and reversing the reduction in the levels of brain-
derived neurotrophic factor (DBNF), synapsin I, and cyclic
AMP (cAMP)-response element-binding protein 1 (CREB)
[81]. Meanwhile, curcumin improved the cognitive and
behavioral function of TBI rats [81, 83–85]. In addition,
the intraperitoneal administration of curcumin could
improve the neurobehavioral function and decrease the
brain water content in Feeney or Marmarou’s weight drop-
induced TBI mice. Furthermore, curcumin reduced the oxi-
dative stress in the ipsilateral cortex by decreasing the level
of MDA and increasing the levels of SOD and GPx, as well
as promoted neuronal regeneration and inhibited neuronal
apoptosis [80, 85]. Moreover, curcumin inhibited the neuro-
inflammatory response as demonstrated by the decreased
number of myeloperoxidase (MPO) positive cells and
increased levels of cytokines such as tumor necrosis factor-
alpha (TNF-α), interleukin 6 (IL-6), and interleukin-1beta
(IL-1β) [80]. The mechanistic study found that curcumin
promoted the nuclear translocation of Nrf2 and increased
the expression of downstream genes, including HO-1,
NQO1, and GCLC, while the neuroprotective effects of cur-
cumin including antioxidation, antiapoptosis, and anti-
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Table 1: Phytochemicals from various plants possess multiple pharmacological effects via the antioxidant mechanism in various in vitro and
in vivo models of TBI.

Phytochemicals Plants Models Pharmacological effects Detected markers
Antioxidant
mechanism

Ref

Polyphenol

Quercetin
Onions,

tomatoes, etc.
Weight drop-induced

TBI mice/rats,

Improved behavioral
function, neuronal

viability, and
mitochondrial

function; reduced brain
edema and

microgliosis, oxidative
damage and nitrosative

stress, neuronal
apoptosis,

inflammatory response

Motor coordination;
latency period; NSS;
brain water content;
MDA; SOD; catalase;

GPx; lipid
peroxidation; neuronal

morphology;
cytochrome c; Bax;
MMP; ATP; Iba-1;

TNF-α; iNOS; cNOS;
IL-1β; Nrf2; HO-1

Nrf2
pathway

[74–77]

Curcumin Curcuma longa

FPI-induced TBI rats;
Feeney or weight drop-

induced TBI WT,
Nrf2-KO or TLR4-KO
mice; LPS-induced
microglia or the co-
culture of neuron and

microglia

Improved cognitive
function; reduced

axonal injury, neuronal
apoptosis,

inflammatory response,
and oxidative damage

NSS; brain water
content; Tuj1; H&E;

Nissl; Congo red, silver,
TUNEL, MPO, and FJC
staining; caspase 3; Bcl-
2; NeuN/BrdU double
labeling; Iba-1; GFAP;
TNF-α; IL-6; IL-1β;
MCP-1; RANTES;

CD11B; DCX; TLR4;
MyD88; NF-κB; IkB;
AQP4; Nrf2; HO-1;
NQO1; PERK; eIF2α;
ATF4; CHOP; GSK3β;
p-tau; β-APP; NF-H

Nrf2
pathway;

PERK/Nrf2
pathway

[80, 81,
86–88]

Formononetin Red clover
Weight drop-induced

TBI rats

Reduced brain edema,
pathological lesions,

inflammatory response,
and oxidative damage,

NSS; brain water
content; H&E and Nissl

staining; neuronal
ultrastructural

organization; SOD;
GPx; MDA; TNF-α; IL-
6; COX-2; IL-10; Nrf2

Nrf2
pathway

[91, 95]

Baicalin
Scutellaria
baicalensis

Weight drop-induced
TBI rats

Improved behavioral
function and neuronal
survival; reduced brain

edema, oxidative
damage, BBB
disruption, and
mitochondrial
apoptosis

NSS; brain water
content; EB leakage,
Nissl, and TUNEL

staining, grip test score;
cleaved caspase 3; Bcl-
2, cytochrome c, p53,
SOD, MDA, GPx,
NeuN, Nrf2, HO-1,

NQO1, AMPK, mTOR,
LC3, Beclin-1, p62

Akt/Nrf2
pathway

[96, 97]

Catechin
Cocoa, tea,
grapes, etc.

CCI- or weight drop-
induced TBI rats

Improved long-term
neurological outcomes,
neuronal survival, and
white matter recovery;
reduced brain edema,
brain lesion volume,
neurodegeneration,

inflammatory response,
BBB disruption,

neutrophil infiltration,
and oxidative damage

NSS; brain water
content; brain infarct
volume; forelimb score;

Hindlimb score;
latency; quadrant time;
EB extravasation; ZO-1;
Occludin; TNF-α；IL-

1β；IL-6; iNOS;
arginase; TUNEL, PI,
FJB, Cresyl violet, and
MPO staining; myelin;
caspase 3; caspase 8;

Nrf2-
dependent
and Nrf2-
independent
pathways

[103, 104]
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Table 1: Continued.

Phytochemicals Plants Models Pharmacological effects Detected markers
Antioxidant
mechanism

Ref

Bcl-2; Bax; BDNF;
ROS; MMP-2; MMP-9;
Nrf2, Keap1, SOD1;
HO-1; NQO1; NF-κB

Fisetin

Cotinus
coggygria,
onions,

cucumbers, etc.

Weight drop-induced
TBI mice

Improved neurological
function; reduced

cerebral edema, brain
lesion, oxidative
damage, and BBB

disruption

NSS; brain water
content; grip score; EB
extravasation; lesion
volume; MDA; GPx
Nissl and TUNEL

staining; caspase 3; Bcl-
2; Bax; Nrf2, HO-1;
NQO1; TLR4; NF-κB;
NeuN; TNF-α；IL-1β；
IL-6; MPP-9; ZO-1; EB

leakage

Nrf2-ARE
signaling
pathway

[109, 110]

Luteolin
Carrots, green
tea, celery, etc.

Marmarou’s weight
drop-induced TBI
mice/rats; scratch
injury-induced TBI
primary neurons

Improved motor
performance, and

learning and memory;
reduced cerebral

edema, apoptosis index,
and oxidative damage

Latency time; brain
water content; grip
score; MDA; GPx;

catalase; SOD; TUNEL,
H&E, Cresyl violet, and
TB staining; ROS; LDH
release assay; Nrf2;

HO-1; NQO1

Nrf2-ARE
signaling
pathway

[116, 117]

Isoliquiritigenin

Sinofranchetia
chinensis,
Glycyrrhiza
uralensis, and
Dalbergia
odorifera

CCI-induced TBI mice/
rats; ODG-induced
SH-SY5Y cells

Improved motor
performance, cognitive

function, and cell
viability; reduced
cerebral edema,

neuronal apoptosis,
inflammatory response,

BBB damage, and
oxidative damage

Garcia neuroscore;
MWM test; beam-

balance latency; beam-
walk latency; brain
water content;

contusion volume; EB
extravasation;

apoptosis rate; MDA;
GPx; SOD; H2O2; H&E

and Nissl staining;
GFAP; NFL; AQP4;

caspase 3; Bcl-2; Bcl-xL;
Bax; Nrf2, HO-1;

NQO1; TNF-α; INF-γ;
IL-1β; IL-6; IL-10; Iba-
1; CD68; AKT; GSK3β;
P-120; Occludin; NF-
κB; IkB; CCK-8 assay

Nrf2-ARE
signaling
pathway

[121–123]

Tannic acid
Green and black
tea, nuts, fruits,
and vegetables

CCI-induced TBI mice/
rats; ODG-induced
SH-SY5Y cells

Improved behavioral
performance; reduced

cerebral edema,
neuronal apoptosis,

inflammatory response,
and oxidative damage

Grip test score; Rotarod
test; beam balance;
brain water content;
GSH; LPO; GST; GPx;

CAT; SOD; Nissl
staining; caspase 3; Bcl-
2; Bax; PARP; Nrf2;
PGC-1α; Tfam; HO-1;
NQO1; TNF-α; IL-1β;

4HNE; GFAP

PGC-1α/
Nrf2/HO-1
pathway

[133]

Ellagic acid
Various berries,
walnuts, and

nuts

Experimental diffuse
TBI rats; CCl4-induced

brain injury rats

Improved memory,
hippocampus

electrophysiology and
long-term potentiation

deficit; reduced
neuronal apoptosis,

inflammatory response,

Initial latency; step
through latency; EB
leakage; NSS; MDA;
GSH; CAT; caspase 3;
Bcl-2; NF-κB; PARP;
Nrf2; Cox-2, VEGF;
TNF-α； IL-1β; IL-6

Nrf2
signaling
pathway

[134, 135]
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Table 1: Continued.

Phytochemicals Plants Models Pharmacological effects Detected markers
Antioxidant
mechanism

Ref

oxidative damage, and
BBB disruption

Breviscapine Erigeron
Weight drop- or CCI-

induced TBI rats

Improved
neurobehavior; reduced
neuronal apoptosis,

inflammatory response,
and oxidative damage

NSS; TUNEL staining;
MDA; GSH; CAT;

caspase 3; Bcl-2; Bax;
IL-6; Nrf2; HO-1;

NQO1; GSK3β; SYP

Nrf2
signaling
pathway

[138–140]

Terpenoids

Asiatic acid Centella asiatica CCI-induced TBI rats

Improved neurological
deficits; inhibited brain

edema, neuronal
apoptosis, and

oxidative damage

NSS; brain water
content; TUNEL

staining; MDA; 4-HNE;
8-OhdG; Nrf2; HO-1

Nrf2
signaling
pathway

[149]

Aucubin
Eucommia
ulmoides

Weight drop-induced
TBI mice; H2O2-
induced primary
cortical neurons

Improved neurological
deficits, and cognitive
function; reduced brain

edema, neuronal
apoptosis and loss,

inflammatory response,
and oxidative damage

NSS; brain water
content; TUNEL and
Nissl staining; MWM
test; Bcl-2; Bax; CC3;
MAP2; MMP-9; MDA;
SOD; GSH; GPx; 8-
HdG; NeuN; Iba-1;
HMGB1; TLR4;

MyD88; NF-κB; iNOS;
COX2; IL-1β; Nrf2;

HO-1; NQO1

Nrf2
signaling
pathway

[155]

Ursolic acid

Apples,
bilberries,
lavender,

hawthorn, etc.

Weight drop-induced
TBI mice

Improved
neurobehavioral and

mitochondrial
function; reduced brain

edema, oxidative
damage, and neuronal

cytoskeletal
degradation

NSS; brain water
content; TUNEL and
Nissl staining; MDA;
SOD; GPx; AKT; 4-

HNE; 3-NE; ADP rate;
succinate rate; Spectrin;
Nrf2; HO-1; NQO1

AKT/Nrf2
signaling
pathway

[158]

Carnosic acid
Rosmarinus
officinalis and

Salvia officinalis.

CCI-induced acute
post-TBI mice;

Improved motor and
cognitive function, and

neuronal viability;
reduced brain edema,
neuronal apoptosis and
loss, inflammatory

response, and oxidative
damage

Duration of apnea;
mitochondrial

respiration; Barnes
maze test; novel object
recognition (NOR)
task; GFAP; Iba-1;

NeuN; MAP2; vGlut1;
HO-1

Nrf2-ARE
signaling
pathway

[157–159]

Natural pigments

Fucoxanthin
Rosmarinus
officinalis and
Salvia officinalis

Weight drop-induced
TBI mice; scratch
injury-induced TBI
primary cortical

neurons

Improved
neurobehavioral

function, and neuronal
viability; reduced brain

edema, neuronal
apoptosis, and

oxidative damage

NSS; grip test score;
brain water content;

lesion volume; TUNEL
staining; caspase 3;
PARP; cytochrome c;
MDA; GPx; ROS; LC3;
NeuN; p62; Nrf2; HO-

1; NQO1

Nrf2-ARE
and Nrf2-
autophagy

[170]

β-Carotene
Fungi, plants,
and fruits

Weight drop-induced
TBI mice

Improved neurological
function; reduced brain
edema, BBB disruption,
neuronal apoptosis,
and oxidative damage

Neurological deficit
score; wire hanging;

brain water content; EB
extravasation; MDA;
SOD; NeuN; Nissl and

TUNEL staining;
caspase 3; Bcl-2; Keap1;
Nrf2; HO-1; NQO1

Keap1-Nrf2
signaling
pathway

[174]
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Table 1: Continued.

Phytochemicals Plants Models Pharmacological effects Detected markers
Antioxidant
mechanism

Ref

Astaxanthin
Salmon, rainbow
trout, shrimp,
and lobster

CCI- or weight drop-
induced TBI mice;

H2O2-induced primary
cortical neurons

Improved neurological,
motor, and cognitive

function; reduced brain
edema, BBB disruption,
neuronal apoptosis,
and oxidative damage

NSS; Rotarod test time;
neurological deficit
scores; rotarod

performance; beam
walking score; wire
hanging test; MWM
test; brain water
content; 8-OhdG;
immobility time;

latency to immobility;
SOD1; MDA; H2O2;

GSH; ROS; CC3; Nissl,
Cresyl violet, and

TUNEL staining; Prx2;
SIRT1; ASK1; p38;
NeuN; Bax; Bcl-2;

caspase 3; Nrf2; HO-1;
NQO1

Nrf2
signaling
pathway;

SIRT1/Nrf2/
Prx2/ASK1/
p38 signaling
pathway

[172, 173]

Lutein

Calendula
officinalis,

spinach, and
Brassica oleracea

CCI-induced STBI
mice; H2O2-induced
primary cortical

neurons

Improved motor and
cognitive function;

reduced brain edema,
contusion volume,

inflammatory response;
and oxidative damage

Forelimb reaching test;
immobility time;

latency to immobility;
brain water content; 8-
OhdG; TNF-α; IL-1β;
IL-6; MCP-1; ROS;
SOD; GSH; ICAM-1;
COX-2 NF-κB; ET-1;
MDA; H2O2; CC3;

Nissl, Cresyl violet, and
TUNEL staining; Prx2;
SIRT1; ASK1; p38;
NeuN; Bax; Bcl-2;

caspase 3; Nrf2; HO-1;
NQO1

ICAM-1/
Nrf-2

signaling
pathway

[176, 177]

Others

Sodium
aescinate

Aesculus
chinensis Bunge
and chestnut

Weight drop-induced
TBI mice; scratch

injury-induced primary
cortical neurons

Improved neurological
function; reduced brain
edema, inflammatory
response; and oxidative

damage

NSS; brain water
content; lesion volume;
MDA; GPx; Nissl and
TUNEL staining; Bax;
Bcl-2; cytochrome c;
caspase 3; cell survival;
ROS; Nrf2; HO-1;

NQO1

Nrf2-ARE
pathway

[187]

Melatonin
Plants, animals,
fungus, and
bacteria

Marmarou’s weight
drop-induced TBI mice

Reduced brain edema,
neuronal degeneration
and apoptosis, and
oxidative damage

Brain water content;
MDA; 3-NT; GPx;
SOD; FJC staining;

NeuN; Beclin-1; Nrf2;
HO-1; NQO1

Nrf2-ARE
pathway

[193]

Sinomenine

Sinomenium
acutum (Thunb.)
Rehd. Et Wils.
and Sinomenium

acutum var.
cinereum Rehd.

Et Wils.

Marmarou’s weight
drop-induced TBI mice

Improved motor
performance; reduced
brain edema, neuronal

apoptosis, and
oxidative damage

Grip test score; brain
water content; NeuN
and TUNEL staining;
Bcl-2; caspase 3; MDA;
GPx; SOD; Nrf2; HO-1;

NQO1

Nrf2-ARE
pathway

[196]

Sulforaphane
Vegetable,
including
cabbage,

CCI-induced TBI mice
Improved motor
performance and
cognitive function,

MWZ test; EB
extravasation; brain

water content;

Nrf2
signaling
pathway

[158,
196–198]
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inflammation were attenuated in Nrf2-KO mice after TBI
[80]. In addition, the anti-inflammatory effect of curcumin
in TBI was also regulated by the TLR4/MyD88/NF-κB sig-
naling pathway [86] and aquaporin-4 (AQP4) [87]. Diffuse
axonal injury (DAI), a type of TBI, is recognized as an
important cause that results in long-term problems in motor
and cognition, while curcumin could ameliorate axonal
injury and neuronal degeneration of rats after DAI. In addi-
tion, curcumin overcame endoplasmic reticulum (ER) stress
via strengthening the ability of the unfolded protein
response (UPR) process and reducing the levels of plasma
tau, β-APP, and NF-H. The mechanistic study revealed that
curcumin activated the PERK/Nrf2 signaling pathway [88].
Most importantly, the combinational use of curcumin and
candesartan, an angiotensin II receptor blocker used for
the treatment of hypertension, showed better antioxidative,
antiapoptotic, and anti-inflammatory effects than curcumin

or candesartan alone [89]. In addition, tetrahydrocurcumin,
the metabolite of curcumin, could also alleviate brain edema
and reduce neuronal cell apoptosis, as well as improve neu-
robehavioral function via the Nrf2 signaling pathway in
weight drop-induced TBI mice [90]. Taken together, curcu-
min together with its metabolites are useful for the treatment
of TBI.

5.3. Formononetin. Formononetin, an O-methylated isofla-
vone phytoestrogen, is commonly found in plants such as
red clover [91]. Accumulating studies show that formonone-
tin has various biological activities, including the improve-
ment of blood microcirculation, anticancer, and
antioxidative [92]. In addition, formononetin exhibits neu-
roprotection in AD, PD, spinal cord injury, and TBI [93,
94]. It has been reported that the administration of formo-
nonetin could decrease the neurological score and cerebral

Table 1: Continued.

Phytochemicals Plants Models Pharmacological effects Detected markers
Antioxidant
mechanism

Ref

broccoli, and
cauliflower

reduced brain edema,
BBB permeability,
mitochondrial

dysfunction, and
oxidative damage

Occludin; Claudin-5;
RECA-1; vWF; EBA;
ZO-1; AQP4; GPx;

GSTα3; 4-HNE; ADP
rate; succinate rate;
NeuN; Nrf2; HO-1;

NQO1

Phytochemicals

BBB integrity BBB disruption

Phytochemicals
AstrocyteAstrocyte

Neuronal
deathNeuron

Microglial
overactivationMicroglia

Pathological conditionHealthy condition

Oxidative damage

Anti-
oxid

ati
ve 

eff
ect

Figure 4: The potential therapy of phytochemicals for TBI. Oxidative damage in TBI plays an important role in the pathology of TBI,
including BBB disruption and then neuronal death and microglial overactivation, while the treatment of phytochemicals with
antioxidative properties can improve BBB integrity and then recover neuronal viability and inhibit microglial overactivation.
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moisture content of TBI rats [91]. In addition, the HE stain-
ing images showed that formononetin attenuated the edema
and necrosis in the lesioned zones of the brain and increased
the number of neural cells. At the same time, the oxidative
stress was significantly reversed by formononetin as indi-
cated by the increased enzymatic activity of SOD and GPx
activity and decreased MDA content. The inflammatory
cytokines including TNF-α and IL-6 as well as the mRNA
level of Cyclooxygenase-2(COX-2) were also reduced by for-
mononetin. The mechanistic study revealed that formono-
netin increased the protein expression of Nrf2 [95].
Furthermore, the same research team found that
microRNA-155 (miR-155) is involved in the neuroprotec-
tion of formononetin in TBI. The pretreatment of formono-
netin significantly increased the expression of miR-155 and
HO-1, which is accompanied by the downregulation of
BACH1 [91]. All evidence suggests that formononetin pro-
vides neuroprotection in TBI via the Nrf2/HO-1 signaling
pathway.

5.4. Baicalin. Baicalin, known as 7-D-Glucuronic acid-5,6-
dihydroxyflavone, is a major flavone found in the radix of
Scutellaria baicalensis [96]. Emerging evidence indicates that
baicalin can cross the BBB and exert neuroprotective effects
in various CNS-related diseases including AD, cerebral
ischemia, spinal cord injury, and TBI [97]. In addition, bai-
calin was reported to activate the Nrf2 signaling pathway
and attenuate subarachnoid hemorrhagic brain injury [98].
In weight drop-induced TBI mice, baicalin significantly
reduced the neurological soft signs (NSS) score and the brain
water content, and inhibited neuronal apoptosis as evi-
denced by the decreased terminal deoxynucleotidyl transfer-
ase dUTP nick end labeling (TUNEL)-positive neurons, Bax/
Bcl-2 ratio, and the cleavage of caspase 3. Meanwhile, baica-
lin attenuated oxidative damage by decreasing MDA levels
and increasing GPx and SOD activity and expression. The
mechanistic study found that baicalin increased the expres-
sion of Nrf2 and promoted the nuclear translocation of
Nrf2, meanwhile upregulated the mRNA and protein
expression of HO-1 and NQO1, while the treatment of
ly294002 reversed the effect of baicalin on antiapoptosis,
antioxidation, and activation of the Nrf2 signaling pathway,
suggesting that baicalin exerts neuroprotective effects via the
Akt/Nrf2 pathway in TBI [96]. As is known to us, autophagy
plays a protective mechanism in neurodegenerative diseases.
Furthermore, the same research team found that baicalin
induced autophagy and alleviated the BBB disruption and
inhibited neuronal apoptosis of mice after TBI, while the
co-treatment of 3-MA partly abolished the neuroprotective
effect of baicalin. Therefore, baicalin provides a beneficial
effect via the Nrf-2 regulated antioxidative pathway and
autophagy induction.

5.5. Catechin. Catechin is a flavan-3-ol and belongs to a type
of natural polyphenols [99]. It is a plant secondary metabo-
lite and a potent antioxidant [100]. Structurally, it has four
diastereoisomers, including two isomers with trans configu-
ration called (+)-catechin and two isomers with cis configu-
ration called (-)-epicatechin [101]. They are commonly

found in food and fruits, such as cocoa, tea, and grapes.
The pharmacological activity of catechin mainly involves
antioxidative, anti-inflammatory, antifungal, antidiabetic,
antibacterial, and antitumor effects [102]. In addition, cate-
chin also exhibits neuroprotective effects in CCI-induced
TBI rats by inhibiting the disruption of BBB and excessive
inflammatory responses [103]. The expression of junction
proteins including occludin and zonula occludens protein-
1 (ZO-1) associated with BBB integrity was increased, while
the levels of proinflammatory cytokines including IL-1β,
iNOS, and IL-6 were decreased by catechin. At the same
time, catechin significantly alleviated the brain damage as
revealed by the decrease in the brain water content and brain
infarction volume, as well as improved motor and cognitive
deficits [103]. In addition, catechin inhibited cell apoptosis
and induced neurotrophic factors in rats after TBI [104].
In CCI-induced TBI mice, the administration of epicatechin
significantly attenuated the neutrophil infiltration and oxi-
dative damage. Specifically, epicatechin could reduce lesion
volume, edema, and cell death, as well as improve neurolog-
ical function, cognitive performance, and depression-like
behaviors. In addition, epicatechin decreased white matter
injury, HO-1 expression, and the deposition of ferric iron.
The mechanistic study found that epicatechin decreased
the Keap1 expression while increasing the nuclear transloca-
tion of Nrf2. Meanwhile, epicatechin reduced the activity of
Matrix metallopeptidase 9 (MMP9) and increased the
expression of SOD1 and quinone 1 [102]. Therefore, epicat-
echin exerts neuroprotective effects in TBI mice via modu-
lating Nrf2-regulated oxidative stress response and
inhibiting iron deposition.

5.6. Fisetin. Fisetin, also known as 3,3′,4′,7-tetrahydroxyfla-
vone, is a flavonol compound and was first extracted from
Cotinus coggygria by Jacob Schmid in 1886 [105], and its
structure was elucidated by Joseph Hergig in 1891. In addi-
tion, fisetin is also found in many vegetables and fruits, such
as onions, cucumbers, persimmon, strawberries, and apples
[106]. Emerging evidence indicates that fisetin acting as a
potent antioxidant possesses multiple biological activities,
including anti-inflammatory, antiviral, anticarcinogenic,
and other effects [107]. Fisetin also presents neuroprotective
effects via the antioxidative stress in AD, PD, etc. [108]. In
addition, fisetin also showed protective effects in weight
drop-induced TBI mice as shown by the decreased NSS,
brain water content, Evans blue (EB) extravasation, and
lesion volume of brain tissue, as well as the increased grip
test score. Meanwhile, the MDA level was decreased and
GPx activity was increased by fisetin, suggesting that fisetin
provides a neuroprotective effect via suppressing TBI-
induced oxidative stress [109]. In addition, the neuronal cell
outline and structure stained by Nissl solution showed that
fisetin improved neuronal viability, while neuronal apoptosis
was inhibited by fisetin as demonstrated by the decreased
TUNEL signals, and the reduced protein expression of
Bax/Bcl-2 and cleaved caspase-3. The mechanistic study
demonstrated that fisetin promoted the Nrf2 nuclear trans-
location and increased the expression of HO-1 and NQO1,
while the KO of Nrf2 abrogated the neuroprotective effect
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of fisetin including antioxidation and antiapoptosis [109].
Moreover, fisetin was reported to exert anti-inflammatory
effects in TBI mice via the TLR4/NF-κB pathway, and the
level of TNF-α, IL-1β, and IL-6 was significantly decreased.
Meanwhile, the BBB disruption of TBI mice was attenuated
by fisetin [110]. Therefore, fisetin exerts neuroprotective
effects in TBI via the Nrf2-regulated oxidative stress and
the NF-κB-mediated inflammatory signaling pathway.

5.7. Luteolin. Luteolin, belonging to flavonoids, is abundant
in fruits and vegetables such as carrots, green tea, and celery
[111]. Emerging evidence indicates luteolin has a wide vari-
ety of biological activities including antioxidative and anti-
inflammatory effects [112, 113]. In addition, several studies
have demonstrated the neuroprotective effect of luteolin in
multiple in vivo and in vitro models [114, 115]. For example,
luteolin could recover motor performance and reduce post-
traumatic cerebral edema in weight drop-induced TBI mice.
The oxidative damage was reduced by luteolin as demon-
strated by the decrease in MDA levels and the increase in
GPx activity in the ipsilateral cortex. The mechanistic study
found that luteolin promoted the nuclear translocation of
Nrf2 and increased the mRNA and protein expressions of
HO-1 and NQO1 [116]. In addition, luteolin significantly
improved TBI-induced learning and memory impairment
in rats after TBI, which was closely associated with the atten-
uation of oxidative damage indicated by the decreased MDA
level and increased SOD and CAT activity [117, 118]. There-
fore, the Nrf2-regulated oxidative stress response plays an
important role in luteolin against TBI.

5.8. Isoliquiritigenin. Isoliquiritigenin, a chalcone com-
pound, is often found in plants including Sinofranchetia chi-
nensis, Glycyrrhiza uralensis, and Dalbergia odorifera. [119].
Isoliquiritigenin has been reported to attenuate oxidative
damage, inhibit the inflammatory response, and suppress
tumor growth [120]. In addition, isoliquiritigenin activates
the Nrf2 signaling pathway to exert antioxidative and anti-
inflammatory effects in multiple cellular and animal models.
Isoliquirtigenin also exerts a neuroprotective effect in CCI-
induced TBI mice via the Nrf2-ARE signaling pathway
[121]. For example, isoliquiritigenin increased the Garcia
Neuro score and decreased the brain water content, as well
as the expression of aquaporin 4 (AQP4) and EB leakage.
The glia activation indicated by GFAP expression was inhib-
ited and the neuron viability showed by neurofilament light
(NFL) expression was increased by isoliquiritigenin. In addi-
tion, isoliquiritigenin increased the number of Nissl
staining-positive neurons and inhibited neuronal apoptosis
as evidenced by the decreased expression of cleaved
caspase-3. Furthermore, the oxidative damage was amelio-
rated by isoliquiritigenin as shown by the increased GPx
activity, SOD levels, and decreased H2O2 concentration
and MDA levels. However, the KO of Nrf2 significantly
attenuated the neuroprotective effect of isoliquiritigenin in
mice after TBI. The mechanistic study demonstrated that
isoliquiritigenin increased the nuclear translocation of Nrf2
and the protein and mRNA expression of NQO1 and HO-
1. In the in vitro study, isoliquiritigenin also activated the

Nrf2-ARE signaling pathway and increased the cell viability
in oxygen and glucose deprivation (OGD)-induced SH-
SY5Y cells. In addition, isoliquiritigenin inhibited shear
stress-induced cell apoptosis in SH-SY5Y cells, as well as
suppressed the inflammatory response and inhibited neuro-
nal apoptosis in CCI-induced TBI mice or rats via the PI3K/
AKT/GSK-3β/NF-κB signaling pathway [122, 123]. More-
over, isoliquiritigenin protected against BBB damage in mice
after TBI via inhibiting the PI3K/AKT/GSK-3β pathway
[123]. Therefore, isoliquiritigenin may be a promising agent
for the treatment of TBI via the inhibition of oxidative stress,
inflammatory response, and BBB disruption in TBI.

5.9. Tannic Acid. Tannic acid, a natural polyphenol, is com-
monly found in green and black teas as well as nuts, fruits,
and vegetables [124]. Emerging evidence indicates that tan-
nic acid possesses multiple biological activities such as anti-
oxidative, anti-inflammatory, antiviral, and antiapoptotic
effects [125–127]. In addition, tannic acid exhibits neuropro-
tective effects as shown by the improvement of behavioral
deficits and the inhibition of neurodegeneration [128].
Recently, tannic acid has been proven to ameliorate the oxi-
dative damage and behavioral impairments of mice after TBI
[128]. For example, tannic acid significantly increased the
score in the grip test and the motor coordination time as
well as decreased the stay time in the balance test. In addi-
tion, tannic acid inhibited neuronal damage and reduced
the brain water content of TBI mice. A further study found
that tannic acid could attenuate oxidative stress as evidenced
by increased glutathione (GSH) levels, 1-Chloro-2,4-dinitro-
benzene (CDNB) conjunction, NADPH oxidation, and
H2O2 consumption. In addition, apoptosis-related proteins
including cleaved caspase-3 and Poly (ADP-ribose) poly-
merase (PARP), as well as Bax/Bcl-2, were significantly
inhibited by tannic acid. Meanwhile, the inflammatory
response indicated by the increased levels of TNF-α and
IL-1β and GFAP immunofluorescence intensity was also
suppressed. The mechanistic study demonstrated that tannic
acid increased the protein expression of Nrf2, PGC-1α,
Tfam, and HO-1. Therefore, tannic acid exerts a neuropro-
tective effect in TBI via activating the PGC-1α/Nrf2/HO-1
signaling pathway.

5.10. Ellagic Acid. Ellagic acid, an innate polyphenol, is com-
monly found in various berries such as blueberries, straw-
berries, blackberries, together with walnuts and nuts [129].
Several studies show that ellagic acid exerts multiple biolog-
ical activities, including anti-inflammatory, antioxidative,
antifibrosis, antidepressant, and neuroprotective effects
[130]. In addition, ellagic acid also exhibits protective effects
in various brain injuries such as neonatal hypoxic brain
injury, cerebral ischemia/reperfusion injury, carbon tetra-
chloride (CCl4)-induced brain damage, and TBI [131–133].
Here, we summarize the neuroprotective effect of ellagic acid
in TBI and its mechanism of action. In experimental diffuse
TBI rats, the treatment of ellagic acid significantly improved
memory and hippocampus electrophysiology deficits [134].
Meanwhile, the inflammatory responses indicated by the ele-
vated TNF-α, IL-1β, and IL-6 levels were reduced by ellagic
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acid [134, 135]. In addition, ellagic acid could also decrease
the BBB permeability of mice after TBI [135]. In CCl4-
induced brain injury rats, ellagic acid decreased MDA levels,
increased GSH content, and CAT activity. The mechanistic
study demonstrated that ellagic acid inhibited the protein
expression of NF-κB and COX-2 while increasing the pro-
tein expression of Nrf2 [133]. Therefore, ellagic acid exerts
an antioxidative effect via activating the Nrf2 pathway and
exhibits anti-inflammatory effects via inhibiting the NF-κB
pathway in TBI.

5.11. Breviscapine. Breviscapine is an aglycone flavonoid and
is isolated from the Erigeron plant [136]. Modern pharma-
cological studies indicate that breviscapine can expand blood
vessels to assist in microcirculation, suggesting its potential
therapeutic role in cardiovascular and CNS-related diseases
[137]. In addition, breviscapine, acting as a scavenger of
oxygen-free radicals, is demonstrated to improve ATPase
and SOD activity. Recently, breviscapine is also reported to
improve neurobehavior and decrease neuronal apoptosis in
TBI mice, which is closely associated with the translocation
of Nrf2 from the cytoplasm into the nuclear and the subse-
quent upregulation of Nrf2 downstream factors such as
HO-1 and NQO1 [138]. In addition, the inhibition of glyco-
gen synthase kinase-3β (GSK-3β) and IL-6 by breviscapine
is associated with its neuroprotective effect in TBI [139,
140]. Therefore, breviscapine exerts neuroprotective effects
in TBI via antioxidation, antiapoptosis, and anti-
inflammatory responses.

5.12. Asiatic Acid. Asiatic acid belonging to pentacyclic tri-
terpene is isolated from natural plants such as Centella asia-
tica [141]. Studies have shown that asiatic acid exhibits
potent anti-inflammatory and antioxidative properties,
which contributes to its protective effects in spinal cord
injury, ischemic stroke, cardiac hypertrophy, liver injury,
and lung injury through multiple mechanisms [142]. For
example, the administration of asiatic acid could increase
Basso, Beattie, Bresnahan scores and the plane test score in
spinal cord injury (SCI) rats. Meanwhile, asiatic acid inhib-
ited the inflammatory response by reducing the levels of
IL-1β, IL-18, IL-6, and TNF-α, and counteracted oxidative
stress by decreasing ROS, H2O2, and MDA levels while
increasing SOD activity and glutathione production. The
underlying mechanisms include the activation of Nrf2/HO-
1 and the inhibition of the NLRP3 inflammasome pathway.
In addition, asiatic acid could alleviate tert-butyl hydroper-
oxide (tBHP)-induced oxidative stress in HepG2 cells. The
researchers found that asiatic acid significantly inhibited
tBHP-induced cytotoxicity, apoptosis, and the generation
of ROS, which attributed to the activation of Keap1/Nrf2/
ARE signaling pathway and the upregulation of transcrip-
tion factors including HO-1, NQO-1, and GCLC [143]. In
a CCI-induced TBI model, the administration of asiatic acid
significantly improved neurological deficits and reduced
brain edema. Meanwhile, asiatic acid counteracted oxidative
damage as evidenced by the reduced levels of MDA, 4-HNE,
and 8-hydroxy-2′-deoxyguanosine (8-OHdG). The mecha-
nistic study further found that asiatic acid could increase

the mRNA and protein expression of Nrf2 and HO-1
[144]. Taken together, asiatic acid improves neurological
deficits in TBI via activating the Nrf2/HO-1 signaling
pathway.

5.13. Aucubin. Aucubin, an iridoid glycoside isolated from
natural plants such as Eucommia ulmoides [145], is reported
to have several pharmacological effects including antioxida-
tion, antifibrosis, antiageing, and anti-inflammation
[145–147]. Recently, emerging evidence indicates that aucu-
bin exerts neuroprotective effects via antioxidation and anti-
inflammation [148]. In addition, aucubin also inhibited lipid
accumulation and attenuated oxidative stress via activating
the Nrf2/HO-1 and AMP-activated protein kinase (AMPK)
signaling pathways [147]. Moreover, aucubin inhibited lipo-
polysaccharide (LPS)-induced acute pulmonary injury
through the regulation of Nrf2 and AMPK pathways [149].
In H2O2-induced primary cortical neurons and weight
drop-induced TBI mouse model, aucubin was found to sig-
nificantly decrease the excessive generation of ROS and
inhibit neuronal apoptosis. In addition, aucubin could
reduce brain edema, improve cognitive function, decrease
neural apoptosis and loss of neurons, attenuate oxidative
stress, and suppress the inflammatory response in the cortex
of TBI mice. The mechanistic study demonstrated that aucu-
bin activated the Nrf2-ARE signaling pathway and upregu-
lated the expression of HO-1 and NQO1, while the
neuroprotective effect of aucubin in Nrf2-KO mice after
TBI was reversed [150]. Therefore, aucubin provides a pro-
tective effect in TBI via activating the Nrf2 signaling
pathway.

5.14. Ursolic Acid. Ursolic acid, a pentacyclic triterpenoid
compound, is widely found in various fruits and vegetables
such as apples, bilberries, lavender, and hawthorn. [151].
Ursolic acid has been reported to possess multiple pharma-
cological effects including anti-inflammatory, antioxidative,
antifungal, antibacterial, and neuroprotective properties
[152]. In addition, ursolic acid activates the Nrf2/ARE sig-
naling pathway to exert a protective effect in cerebral ische-
mia, liver fibrosis, and TBI [153]. In weight drop-induced
TBI mice, the administration of ursolic acid could improve
neurobehavioral functions and reduce the cerebral edema
of mice after TBI. In addition, ursolic acid inhibited neuro-
nal apoptosis as shown by the Nissl staining images and
TUNEL staining. Meanwhile, ursolic acid ameliorated oxi-
dative stress by increasing SOD and GPx activity as well as
decreasing MDA levels. The mechanistic study demon-
strated that ursolic acid promoted the nuclear translocation
of Nrf2 and increased the levels of transcription factors
including HO-1 and NQO1, while the KO of Nrf2 could
partly abolish the protective effect of ursolic acid in TBI
[153]. Therefore, ursolic acid exerts a neuroprotective effect
in TBI via partly activating the Nrf2 signaling pathway.

5.15. Carnosic Acid. Carnosic acid, a natural benzenediol
abietane diterpene, is found in Rosmarinus officinalis and
Salvia officinalis [154]. Carnosic acid and carnosol are two
major antioxidants in Rosmarinus officinalis [155].
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Emerging evidence indicates that carnosic acid is a potent
activator of Nrf2 and exerts a neuroprotective effect in vari-
ous neurodegenerative diseases [156]. In CCI-induced acute
post-TBI mice, carnosic acid could reduce TBI-induced oxi-
dative damage by decreasing the level of 4-HNE and 3-NE in
the brain tissues. A further study demonstrated that carnosic
acid maintained mitochondrial respiratory function and
attenuated oxidative damage by reducing the amount of 4-
HNE bound to cortical mitochondria [157, 158]. In addition,
carnosic acid showed a potent neuroprotective effect in
repetitive mild TBI (rmTBI) as evidenced by the significant
improvement of motor and cognitive performance. Mean-
while, the expression of GFAP and Iba1 expression was
inhibited, suggesting that carnosic acid inhibited the neuro-
inflammation in TBI [159]. Therefore, carnosic acid exerts a
neuroprotective effect via inhibiting the mitochondrial oxi-
dative damage in TBI through the Nrf2-ARE signaling
pathway.

5.16. Fucoxanthin. Fucoxanthin, a carotenoid isolated from
natural plants such as seaweeds and microalgae, is consid-
ered a potent antioxidant [160]. Several studies show that
fucoxanthin exerts various pharmacological activities such
as antioxidation, anti-inflammation, anticancer, and health
protection effects [161]. In addition, fucoxanthin exerts
anti-inflammatory effects in LPS-induced BV-2 microglial
cells via increasing the Nrf2/HO-1 signaling pathway [162]
and inhibits the overactivation of NLRP3 inflammasome
via the NF-κB signaling pathway in bone marrow-derived
immune cells and astrocytes [163]. In mouse hepatic BNL
CL.2 cells, fucoxanthin was reported to upregulate the
mRNA and protein expression of HO-1 and NQO1 via
increasing the phosphorylation of ERK and p38 and activat-
ing the Nrf2/ARE pathway, which contributes to its antiox-
idant activity [164]. Recently, it has been reported that the
neuroprotective effect of fucoxanthin in TBI mice was regu-
lated via the Nrf2-ARE and Nrf2-autophagy pathways [165].
In this study, the researchers found that fucoxanthin allevi-
ated neurological deficits, cerebral edema, brain lesions,
and neuronal apoptosis of TBI mice. In addition, fucoxan-
thin significantly decreased the generation of MDA and
increased the activity of GPx, suggesting its antioxidative
effect in TBI. Furthermore, in vitro experiments revealed
that fucoxanthin could improve neuronal survival and
reduce the production of ROS in primary cultured neurons.
A further mechanistic study revealed that fucoxanthin acti-
vated the Nrf2-ARE pathway and autophagy in vivo and
in vitro, while fucoxanthin failed to activate autophagy and
exert a neuroprotective effect in Nrf2−/− mice after TBI.
Therefore, fucoxanthin activates the Nrf-2 signaling path-
way and induces autophagy to exert a neuroprotective effect
in TBI.

5.17. β-carotene. β-carotene, abundant in fungi, plants, and
fruits, is a member of the carotenes and belongs to terpe-
noids [166]. Accumulating studies indicate that β-carotene
acting as an antioxidant has potential therapeutic effects in
various diseases, such as cardiovascular disease, cancer, and
neurodegenerative diseases [167, 168]. Meanwhile, the neu-

roprotective effect of β-carotene was also reported in CCI-
induced TBI mice; the administration of β-carotene signifi-
cantly improved neurological function and brain edema as
evidenced by the decreased neurological deficit score and
brain water content and increased time of wire hanging of
mice after TBI. In addition, β-carotene could maintain the
BBB permeability as indicated by the EB extravasation and
ameliorate oxidative stress as showed by the increased
SOD level and decreased MDA levels. The mechanistic study
demonstrated that β-carotene activated the Keap1-Nrf2 sig-
naling pathway and promoted the expression of HO-1 and
NQO1 [169]. Therefore, β-carotene provides a neuroprotec-
tive effect in TBI via inhibiting oxidative stress through the
Nrf2 pathway.

5.18. Astaxanthin. Astaxanthin is a carotenoid and is com-
monly found in certain plants and animals, such as salmon,
rainbow trout, shrimp, and lobster [170]. Emerging evidence
indicates that astaxanthin exhibits multiple biological activi-
ties, including antiageing, anticancer, heart protection, and
neuroprotection [171]. Recently, astaxanthin was reported
to present neuroprotection in CCI-induced TBI mice, such
as increasing NSS score and immobility time and increasing
rotarod time and latency to immobility. In addition, astax-
anthin increased SOD1 levels and inhibited the protein
expression of cleaved caspase 3 and the number of
TUNEL-positive cells, suggesting that astaxanthin exerted
antioxidative and antiapoptotic effects. The mechanistic
study demonstrated that astaxanthin increased the protein
and mRNA expressions of Nrf2, HO-1, NQO1, and SOD1
[172]. Moreover, in weight drop-induced TBI mice, astax-
anthin significantly reduced brain edema and improved
behavioral functions including neurological scores, rotarod
performance, beam walking performance, and falling latency
during the hanging test. In addition, astaxanthin improved
neuronal survival indicated by Nissl staining. Furthermore,
astaxanthin exerted an antioxidative effect by increasing
the SOD1 protein expression and inhibited neuronal apo-
ptosis by reducing the level of cleaved caspase 3 and the
number of TUNEL-positive cells. The mechanistic study
revealed that astaxanthin promoted the activation of the
Nrf2 signaling pathway as demonstrated by the increased
mRNA levels and protein expressions of Nrf2, HO-1, and
NQO1, while the inhibition of Prx2 or SIRT1 reversed the
antioxidative and antiapoptotic effect of astaxanthin. There-
fore, astaxanthin activated the SIRT1/Nrf2/Prx2/ASK1 sig-
naling pathway in TBI. Moreover, astaxanthin also
provided a neuroprotective effect in H2O2-induced primary
cortical neurons by reducing oxidative damage and inhibit-
ing apoptosis via the SIRT1/Nrf2/Prx2/ASK1/p38 signaling
pathway [173]. Therefore, astaxanthin exerts a neuroprotec-
tive effect including antioxidation and antiapoptosis via acti-
vating the Nrf2 signaling pathway in TBI.

5.19. Lutein. Lutein, a natural carotenoid, is commonly
found in a variety of flowers, vegetables, and fruits, such as
Calendula officinalis, spinach, and Brassica oleracea [174].
Accumulating studies demonstrate that lutein is a potent
antioxidant and exhibits benefits in various diseases,
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including ischemia/reperfusion injury, diabetic retinopathy,
heart disease, AD, and TBI [175]. In severe TBI rats, the
administration of lutein significantly increased the inhibi-
tion of skilled motor function and reversed the increase in
contusion volume of TBI rats. In addition, lutein suppressed
the inflammatory response by decreasing the levels of TNF-
α, IL-1β, IL-6, and Monocyte chemoattractant protein-1
(MCP-1). Meanwhile, lutein decreased ROS production
and increased SOD and GSH activity, suggesting that lutein
attenuated TBI-induced oxidative damage. Moreover, the
mechanistic study found that lutein inhibited the protein
expression of intercellular adhesion molecule-1 (ICAM-1),
COX-2, and NF-κB, while increasing the protein expression
of ET-1 and Nrf2. Therefore, the neuroprotective effect of
lutein in TBI may be regulated via the NF-κB/ICAM-1/
Nrf2 signaling pathway [176]. It is known that zeaxanthin
and lutein are isomers and have identical chemical formulas.
Recently, it is reported that lutein/zeaxanthin exerted a neu-
roprotective effect in TBI mice induced by a liquid nitrogen-
cooled copper probe, and the brain infarct and brain swell-
ing were remarkably declined by lutein/zeaxanthin. The pro-
tein expression of Growth-Associated Protein 43 (GAP43),
ICAM, neural cell adhesion molecule (NCAM), brain-
derived neurotrophic factor (BDNF), and Nrf2 were
increased, while the protein expression of GFAP, IL-1β, IL-
6, and NF-κB was inhibited by lutein/zeaxanthin [177].
Therefore, lutein/zeaxanthin presents antioxidative and
anti-inflammatory effects via the Nrf2 and NF-κB signaling
pathways.

5.20. Sodium Aescinate. Sodium aescinate (SA) is a mixture
of triterpene saponins isolated from the seeds of Aesculus
chinensis Bunge and chestnut [178]. Amounting studies
show that SA exerts anti-inflammatory, anticancer, and anti-
oxidative effects [179–181]. In addition, SA has been
reported to exhibit neuroprotective effect in 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD
mice and mutant huntingtin (mHTT) overexpressing
HT22 cells [182, 183]. A recent study reported that SA could
attenuate brain injury in weight drop-induced TBI mice
[182]. The intraperitoneal administration of SA significantly
decreased NSS, brain water content, and lesion volume of
mice after TBI. A further study found that SA suppressed
TBI-induced oxidative stress as evidenced by the decreased
MDA levels and increased GPx activity. The Nissl staining
images displayed that SA increased the viability of neurons,
and the TUNEL staining showed that SA inhibited neuronal
apoptosis. Meanwhile, SA decreased the ratio of Bax/Bcl-2
and the cleaved form of caspase-3, while increasing the
release of cytochrome c from mitochondria into the cyto-
plasm. The mechanistic study demonstrated that SA pro-
moted the translocation of Nrf2 from the cytoplasm into
the nuclear and subsequently increased the expression of
HO-1 and NQO1. Moreover, the neuroprotective effect
and mechanism of action of SA have been confirmed in
scratch injury-induced TBI primary neurons and Nrf2-KO
mice after TBI. Therefore, SA exerts a neuroprotective effect
in TBI via activating the Nrf2 signaling pathway.

5.21. Melatonin. Melatonin, commonly found in plants, ani-
mals, fungi, and bacteria, plays an important role in the reg-
ulation of the biological clock [184]. Melatonin as a dietary
supplement is widely used to treat insomnia. Emerging evi-
dence indicates that melatonin exerts neuroprotection in
various diseases including brain injury, spinal cord injury,
and cerebral ischemia [185]. In addition, melatonin is dem-
onstrated to be a potent antioxidant with the ability to
reduce oxidative stress, inhibit the inflammatory response,
and attenuate neuronal apoptosis [186]. In craniocerebral
trauma, melatonin showed a neuroprotective effect due to
its antioxidative, anti-inflammatory, and inhibitory effects
on activation adhesion molecules [187]. In Marmarou’s
weight drop-induced TBI mice, melatonin significantly
inhibited neuronal degeneration and reduced cerebral
edema in the brain. Meanwhile, melatonin also attenuated
the oxidative stress induced by TBI as evidenced by the
decreased MDA levels and 3-NE expression, as well as
increased GPx and SOD levels. The mechanistic study dem-
onstrated that melatonin increased the nuclear translocation
of Nrf2 and promoted the protein expression and mRNA
levels of HO-1 and NQO1, while the KO of Nrf2 could
partly reverse the neuroprotective effect of melatonin,
including antioxidation, inhibition of neuronal degenera-
tion, and alleviation of cerebral edema in mice after TBI.
Therefore, melatonin provides a neuroprotective effect in
TBI via the Nrf-ARE signaling pathway [188]. Due to the
complex pathophysiology of TBI, the combinational use of
melatonin and minocycline, a bacteriostatic agent reported
to inhibit neuroinflammation, did not exhibit a better neuro-
protective effect than either agent alone. The dosing and/or
administration issues may attribute to this result [189].
Therefore, the optimal combination should be explored for
the treatment of TBI.

5.22. Sinomenine. Sinomenine is an alkaloid compound that
is isolated from the roots of climbing plants including Sino-
menium acutum (Thunb.) Rehd. et Wils. and Sinomenium
acutum var. cinereum Rehd. et Wils [190]. Sinomenine has
been demonstrated to exhibit an antihypertensive and anti-
inflammatory effect and is commonly used to treat various
acute and chronic arthritis, rheumatism, and rheumatoid
arthritis (RA). In addition, sinomenine provides a neuropro-
tective effect in Marmarou’s weight drop-induced TBI mice.
The administration of sinomenine significantly increased the
grip test score and decreased brain water content. In addi-
tion, the neuronal viability was increased by sinomenine as
shown by the increased NeuN-positive neurons and
decreased TUNEL-positive neurons. Meanwhile, sinome-
nine increased Bcl-2 protein expression and decreased
cleaved caspase-3 expression. Furthermore, sinomenine
attenuated oxidative stress by decreasing MDA levels and
increasing SOD and GPx activity. The mechanistic study
revealed that sinomenine promoted the nuclear transloca-
tion of Nrf2 and increased the mRNA and protein expres-
sion of HO-1 and NQO1 in mice after TBI [191].
Therefore, sinomenine, acting as a potent anti-
inflammatory agent, provides antiapoptotic and antioxida-
tive effects in TBI via the Nrf2-ARE signaling pathway.
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5.23. Sulforaphane. Sulforaphane, also known as isothiocya-
nate, is commonly found in certain kinds of vegetables,
including cabbage, broccoli, and cauliflower [192]. Emerging
evidence indicates that sulforaphane is widely used to treat
prostate cancer, autism, asthma, and many other diseases
[193–195]. In addition, sulforaphane also showed a neuro-
protective effect in TBI. For example, sulforaphane
decreased BBB permeability in CCI-induced TBI rats as evi-
denced by the decreased EB extravasation and the relative
fluorescence intensity of fluorescein [196]. Meanwhile, the
loss of tight junction proteins (TJs) including occluding
and claudin-5 was attenuated by sulforaphane. The mecha-
nistic study found that sulforaphane increased the mRNA
level of Nrf2-driven genes including GST-alpha3(GSTα3),
GPx, and HO-1, as well as enhanced the enzymatic activity
of NQO1 in the brain and brain microvessels of TBI mice,
suggesting that sulforaphane activated the Nrf2-ARE signal-
ing pathway to protect BBB integrity. Furthermore, sulfo-
raphane could reduce brain edema as evidenced by the
decrease in brain water content, which was closely associated
with the attenuation of AQP4 loss in the injury core and the
further increase of AQP4 level in the penumbra region
[197]. Moreover, the Morris water maze (MWZ) test showed
that sulforaphane improved spatial memory and spatial
working memory. Meanwhile, TBI-induced oxidative dam-
age was significantly attenuated by sulforaphane as demon-
strated by the reduced 4-HNE levels [198]. In addition,
sulforaphane also attenuated 4-HNE induced dysfunction
in isolated cortical mitochondria [158]. Taken together, sul-
foraphane provides a neuroprotective effect in TBI via the
activation of the Nrf2-ARE signaling pathway.

6. Conclusions and Perspective

It is known to us that TBI causes irreversible primary
mechanical damage, followed by secondary injury. Studies
have shown that multiple mechanisms contribute to the
development of TBI during secondary injury, mainly includ-
ing inflammatory response, oxidative stress, mitochondrial
dysfunction, BBB disruption, and otherwise. Among them,
oxidative stress leads to mitochondrial dysfunction, BBB dis-
ruption, and neuroinflammation. Therefore, oxidative stress
plays a central role in the pathogenesis of TBI. Nrf2 is a con-
served bZIP transcription factor, and the activation of the
Nrf2 signaling pathway protects against oxidative damage.
Under stress conditions or the treatment of Nrf2 activators,
Nrf2 is translocated from the cytoplasm into the nucleus
where it protects against oxidative damage via the ARE-
mediated transcriptional activation of genes, including
HO-1, NQO1, and GCLC, thereby inhibiting mitochondrial
dysfunction, apoptosis, inflammation, and oxidative dam-
age. Therefore, targeting the activation of the Nrf2 signaling
pathway is a promising therapeutical strategy for TBI. To
date, increased Nrf2 activators were reported to exert neuro-
protective effects in various neurodegenerative diseases,
cerebral ischemia, cerebral hemorrhage, and TBI [199,
200]. Phytochemicals are rich and isolated from fruits, vege-
tables, grains, and other medicinal herbs. In this review,
polyphenols, terpenoids, natural pigments, and other phyto-

chemicals were summarized. They exhibit potent neuropro-
tective effects, including the improvement of BBB integrity,
recovery of neuronal viability, and inhibition of microglial
overactivation via the Nrf2-mediated oxidative stress
response (Figure 4).

Although a large number of studies have demonstrated the
neuroprotective effect of most of the phytochemicals in vivo
and in vitro models of TBI, there is a lack of effective clinical
application evidence. In addition, little is known about the
safety and pharmacokinetics of these phytochemicals. There-
fore, increasing studies are needed to be performed to acceler-
ate the process of phytochemicals entering the clinic. In the
later period of TBI recovery, the selective permeability of
BBB also gradually recovered. At this time, BBB is a big obsta-
cle, which greatly limits the neuroprotective effect of drugs,
and the use of drugs based on nanomaterials effectively
improves the BBB permeability of drugs, bringing new hope
for these phytochemicals. In addition, the combinational use
of phytochemicals targeting multi-targets such as Nrf2, NF-
κB, NADPH oxidase-2 (NOX-2) with gene, and stem cell ther-
apy will be a promising strategy for the treatment of TBI.
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Microtubules (MTs) are highly dynamic polymers essential for a wide range of cellular physiologies, such as acting as directional
railways for intracellular transport and position, guiding chromosome segregation during cell division, and controlling cell
polarity and morphogenesis. Evidence has established that maintaining microtubule (MT) stability in neurons is vital for
fundamental cellular and developmental processes, such as neurodevelopment, degeneration, and regeneration. To fulfill these
diverse functions, the nervous system employs an arsenal of microtubule-associated proteins (MAPs) to control MT
organization and function. Subsequent studies have identified that the disruption of MT function in neurons is one of the most
prevalent and important pathological features of traumatic nerve damage and neurodegenerative diseases and that this
disruption manifests as a reduction in MT polymerization and concomitant deregulation of the MT cytoskeleton, as well as
downregulation of microtubule-associated protein (MAP) expression. A variety of MT-targeting agents that reverse this
pathological condition, which is regarded as a therapeutic opportunity to intervene the onset and development of these
nervous system abnormalities, is currently under development. Here, we provide an overview of the MT-intrinsic organization
process and how MAPs interact with the MT cytoskeleton to promote MT polymerization, stabilization, and bundling. We also
highlight recent advances in MT-targeting therapeutic agents applied to various neurological disorders. Together, these findings
increase our current understanding of the function and regulation of MT organization in nerve growth and regeneration.

1. Introduction

A multitude of cellular processes rely on the cytoskeleton, a
filamentous scaffold of proteins that is essential for cell mor-
phogenesis and division and intracellular transport. In
eukaryotic cells, the cytoskeleton consists of three types of
polymers: microtubules (MTs), actin filaments, and interme-
diate filaments. All three polymers provide a complex inter-
nal structure that maintains cellular homeostasis and fulfills
different physiological functions. In general, actin filaments
and MTs exhibit structural and regulatory interactions and

such cytoskeletal crosstalk allows rapid intracellular reorga-
nization, shape maintenance, and intracellular organelle
movement [1, 2]. Additionally, all three polymers undergo
dynamic assembly and disassembly through whole cellular
processes [3]. This dynamic instability generates forces that
drive changes in cell shape and motility [4].

In many cells, MTs are created through the spontaneous
assembly of alpha/beta-tubulin dimers into polarized fila-
ments, which allows them to act as structural scaffolds and
signaling platforms for cellular behavior. During nervous sys-
tem development, MTs are abundant in axons and dendrites
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and have a nearly uniform polarity orientation [5]. This ori-
ented array allows the directional transport of cargoes to be
properly orchestrated. Given the distinct polarity, organiza-
tion, and posttranslational modifications, it is not surprising
that microtubule (MT) organization and orientation are one
of the most essential and earliest developmental differences
between axons and dendrites [6]. In axons, MTs are uniformly
orientated with their plus-ends towards the axon tip, whereas
in dendrites, MTs are either oriented in the same manner or
the opposite manner, depending on neuronal type and organ-
ism [7, 8]. ProperMT function as well as proper functioning of
their assortment of interacting and regulatory proteins and
regulatory pathways is particularly important in neurons.
Abnormalities of the MT system in axons and dendrites, i.e.,
MT depolymerization, loss, or dysfunction or disorganized
MT arrays, are a common insult during the pathogenesis of
nerve traumatic disorders [9, 10].

Here, we summarize our current understanding of the
basic biological features of MT organization within the cell,
focusing on MT self-assembly and the direct participation
of microtubule-associated proteins (MAPs) in MT nucle-
ation, stabilization, and postmodification. We also discuss
the current state of microtubule-stabilizing agents (MSAs),
a new pharmacological intervention for treating central ner-
vous system disorders, and address several microtubule-
destabilizing agents (MDAs) as therapeutic strategies for
suppressing cancer activity and vasculogenesis. Such diversi-
fied MT functions may provide us with new insights into
MT-targeting therapies that mitigate structural and func-
tional alterations linked to nervous system disorders.

2. MT Organization and Dynamic Regulation in
Eukaryotic Cells

MTs are hollow cylindrical tubes consisting of repeating α-
tubulin and β-tubulin heterodimers that play central roles
in cellular morphogenesis, division, and development. The
α-tubulin subunit is the minus-end in MT networks and
exhibits slow growth rates and fast dissociation rates. The
β-tubulin subunit is the plus-end and exhibits opposite
growth and dissociation rates relative to the α-tubulin sub-
unit. Within eukaryotic cells, tubulin dimers can form het-
erogeneous and dynamic protofilaments by aligning head
to tail; approximately 13 protofilaments of MT are needed
to form a hollow tube. During the process of MT polymeri-
zation, it usually exhibits dynamic instability, i.e., assembly
and disassembly occur simultaneously, which is essential
for normal functioning of the MT cytoskeleton [11]. The
mechanism of such behavior is governed by the presence
of two distinct states of GTP-GDP shafts at the β-tubulin
end [12]. When tubulin dimers are free in solution, MT at
the β-tubulin end is under the GTP-bound state and can
be exchanged [13]. After incorporation of the tubulin dimers
into the MT, β-tubulin hydrolyzes the GTP to GDP [14].
Thus, as long as subunits of GTP-bound β-tubulin form a
GTP-tubulin cap at the plus-end [15], MTs can grow, but
when GTP at the exchangeable site (E-site, located at the
α/β-tubulin dimer of the plus-end) becomes hydrolyzed to
GDP due to the GTPase activity of β-tubulin, the MT enters

a state of shortening. With the help of the GTP-tubulin cap
and E-site, MT polymerization and depolymerization occur
primarily at the plus-ends.

During the initial stage of MT formation (also termed
MT nucleation, Figure 1), α/β-tubulin dimers need a tem-
plate to guide assembly and elongation. This template is
named the gamma-tubulin ring complex (γ-TuRC), which
consists of numerous γ-tubulin molecules with various types
of gamma-tubulin complex proteins (GCPs) [3]. GCPs at the
N-terminal regions can interact directly with mitotic spindle
organizing protein 1 (MZT1), a key regulator of the centro-
mere structure [16]. The MZT1 protein is capable of binding
to the N-terminal centrosomin motif 1 (CM1) domain of
CDK5RAP2, a tethering protein that can recruit and bind γ-
TuRC to diverse microtubule organizing centers (MTOCs),
including the centrosome, Golgi apparatus, or mitotic chro-
matin [17, 18]. After forming the γ-TuRC ring structure, γ-
tubulin molecules can anchor the minus-end of α/β-tubulin
dimers to support a lateral association between α/β-tubulin
dimers and polymerize into MTs with parallel orientations
[19]. Thus, MT nucleation plays a crucial role in regulating
MT self-assembly in various eukaryotic cells.

3. Types of MT Regulatory Proteins

MT stability, predominantly its mass and conformation, is
controlled by the activities of several MAPs. They participate
in a plethora of cellular processes, including cellular division,
polarization, and intracellular transport, and can be catego-
rized into MT-stabilizing proteins and MT-destabilizing
proteins. The former group including MAP2, Tau, and
Doublecortin (DCX), can interact with different MT-
binding domains to bundle neighboring MTs [20]. MT-
destabilizing proteins, on the other hand, perturb specific
interaction nodes within the MT minus-end by accelerating
the frequency of MT depolymerization. Different MAPs may
regulate the stability and dynamics of MTs by creating dif-
ferent assembly patterns, either by altering the stability of
lateral bonding tip extensions or altering the delivery of
tubulin subunits to the tip [21, 22]. This regulation creates
spatial and temporal patterns in the MT network within cells
that are particularly important for cell morphogenesis, divi-
sion, and physiology [23]. Although some MAPs remain
poorly understood due to their high degree of homology, a
huge number of mammalian MAPs have been characterized
using proteomics and the construction of transgenic animal
models [24, 25]. Here, we highlight some typical MAPs
involved in their features and physiological functions as well
as in the molecular mechanisms of stabilizing MTs.

MAP2, a microtubule-associated protein (MAP) family
member, produces four different isoforms (MAP2A-D)
according to alternative splicing of the same transcript. Gen-
erally, these four isoforms are highly expressed in differenti-
ated neuronal dendrites, resulting in their utilization for
labeling mature neurons. In addition, MAP2C and MAP2D
are also widely distributed in glial cells. During the stages of
neuronal development, MAP2 modulates MT-mediated cel-
lular transport to participate in nucleation and stabilize MTs
and bundling [26]. In particular, MAP2 is expressed in
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mature dendrites and is critically essential for protein syn-
thesis and organelle biogenesis, as it controls cargo sorting
at the predendritic filtering zone [27, 28].

Another MAP, Tau, also supports the stability and
dynamics of the cytoskeleton but is mainly enriched in
axons [29, 30]. While MTs and Tau share a conserved
carboxy-terminal domain that can specifically interact under
physiological conditions, the amino-terminal non-MT-
binding domain, another region of the Tau protein, provides
a large area for interacting with other cellular components,
such as actin, kinesin, and dynein, thus ensuring the move-
ment of cargo packages from the cytoplasm to the distal
end of the axon [31, 32]. Over the last several years, a larger
number of studies have revealed that the Tau protein is
encoded by the MAPT gene and can interact with MTs in
a “kiss-and-hop” fashion, namely, temporarily dwelling on
a single MT before hopping to the adjacent MT, regulating
MT dynamics [33, 34]. This dynamic MT Tau interaction
is maintained mainly through electrostatic interactions
between the positively charged MT-binding region and the
negatively charged acidic glutamate-rich C-terminal regions
of the tubulin surface [35, 36]. In addition to these electro-
static interactions, posttranslational modifications of Tau,
mainly phosphorylation and acetylation, strongly affect
MT-Tau binding and thereby have the potential to modulate
the organization of MTs [37, 38].

DCX is a unique MAP that has been shown to be
involved in MT assembly, turnover, and posttranslational

modification of α- and β-tubulin proteins [39]. Binding of
DCX to tubulin increases MT homeostasis in neurons,
which can be disturbed via knockout of the DCX gene
sequence using an inducible transgenic mouse approach
[40]. Additionally, DCX is expressed in various regions of
the developing nervous system and is regarded as a gold
standard biomarker for identifying neuronal precursors
and migration during adult neurogenesis [41, 42].

In addition, fibroblast growth factor 13 (FGF13) acts as
an intracellular MAP that promotes axonal development,
neuronal polarization and migration, and brain develop-
ment [43]. It is rich in the central nervous system, especially
for the developing brain. The regulatory mechanism by
which FGF13 induces MT polymerization and stabilization
is through binding to a tubulin-binding domain to directly
interact with tubulin and colocalize with MTs in the growth
cone [44]. Accumulating evidence suggests that overexpres-
sion of FGF13 enhances axonal regeneration and functional
recovery by maintaining MT stabilization following spinal
cord injury (SCI) and FGF13 deficiency causes cognitive
impairment due to delayed neuron migration in both the
cortex and hippocampus [44, 45]. Overall, these MT-
stabilizing proteins are essential for cytoskeletal reorganiza-
tion, growth orientation, and intracellular organization.

Several regulatory proteins can interact with dynamic
MT minus-ends to catalyze the removal of tubulin subunits.
These MT-destabilizing proteins are mainly MT depoly-
merases or the members of the calmodulin-regulated

𝛾-tubulin

GCPs

𝛼-tubulin

𝛽-tubulin
Protofilament

𝛾TuRC

Unstable protofilament assembly

Minimum stable
microtubule seed

Rapid microtubule
growth

MTOCs MTOCs MTOCs MTOCs MTOCs

Mzt1

CM1
domain
CDK5RAP2

Figure 1: The process of γ-TuRC-mediated MT nucleation. The formation of the γ-TuRC ring structure and its interaction with α/β-tubulin
dimers are described above. Briefly, the γ-TuRC complex can be recruited to various MTOCs via linking other accessory proteins to form a
ring-like structure. Such structure allows the rapid growth of complex MT networks via γ-tubulin molecules interacting longitudinally with
the MT minus-ends. It should be noted that MTs have the characteristic of dynamic instability, which allows MTs to spontaneously switch
between assembly and disassembly phases. If there are sufficient tubulin dimers, MT polymerization can progress rapidly.
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spectrin-associated protein (CAMSAP) family. MT depoly-
merases, also known as kinesin family proteins, have been
reported to break the lateral links of protofilaments and tear
off the tubulin monomer from the spindle by attaching to
the minus-end of MT [46]. Currently, over 40 known kine-
sins have been identified in mammalian cells and are consti-
tutively expressed in neurons [47]. Kinesins are known to
modulate various cellular functions, including energy trans-
port, spindle elongation during cell division, and alteration
of the MT dynamics [48]. Some studies have indicated that
kinesins that regulate neuronal behavior and function are
closely associated with the MAPK cascade. For instance,
kinesin-8 connects and interacts with the MAPK pathway
to induce neuronal migration and differentiation [49].
Meanwhile, kinesin-5-induced MAPK signaling activation
regulates myelination of the nervous system and promotes
neuronal polarization and morphogenesis in cortical
pyramidal neurons [50, 51]. Similar to the functions of the
kinesin family, the CAMSAP family also binds to free
minus-ends of MTs to slow tubulin addition, leading to the
arrest of their growth at minus-ends [52]. This family of pro-
teins, including CAMSAP1-3, contains an amino-terminal
CH domain. In worms and mammals, CAMSAPs are local-
ized to the outermost tips of the minus-ends, which play a
crucial role in transporting new MTs into an axon or a den-
drite in neuron differentiated from neural stem cells (NSCs)
[53, 54]. A study by Cao et al. recently proposed that CAM-
SAP2 was capable of slowing minus-end polymerization and
facilitating polarized cargo trafficking, which strengthened
MT organization [55]. Additionally, Pongrakhananon et al.
revealed that CAMSAP3 was required to retain a dynamic
pool of MTs as it prevented αTAT1-mediated acetylation
and thus maintained neuronal polarity [56]. Depletion of
neuronal CAMSAP3 reduced dynamic MTs, resulting in
supernumerary axon formation [56].

4. MT Organization in Neurons

A vertebrate neuron is an exquisitely polarized cell whose
structure is composed of a cell body, a single elongated axon,
and several dendrites [57]. In neuronal networks, axons play
the major role in transmitting information and transporting
macromolecules, while dendrites form numerous spine
apparatuses for receiving information [58, 59]. During neu-
ronal development, the cell body initially produces several
short motile lamellipodia (stages 1-2); one of these lamelli-
podia rapidly becomes the axon (stage 3), while the remain-
ing neurites transform into dendrites and gradually mature
to build neural networks (stages 4–5) [60]. At stages 1-2, a
fan-shaped structure is found at the tip of the growing axon;
this growth cone can perceive the surrounding environment
changes and regulates the rate and direction of axon exten-
sion, guiding axons over long distances to connect their spe-
cific targets [61]. If axons fail to grow due to a hostile local
environment (e.g., hemorrhages, ischemia, the accumulation
of inflammatory factors, myelin debris, or axonal inhibitory
molecules), the tips of growing neurites form retraction
bulbs. According to the cytoskeletal organization, the growth
cone can be separated into three regions: peripheral (P-) and

central (C-) regions as well as the transitional zone (T-zone).
The P-region contains actin-rich lamellar protrusions, and
its surface stretches out many lamellipodia and filopodia,
which are pivotal to control the extension and retraction of
the growth cone [62]. The C-region, located at the base of
the growth cone, is the MT-rich region contiguous with
the axonal shaft that shapes the morphology of the growth
cone and orchestrates cytoskeletal remodeling. The T-zone
is located between the P- and C-regions. Such domain
encompasses actin arcs, a dense meshwork of actin filaments
that creates a barrier to hinder MT forward from the C-
region to the P-region [63, 64]. For the growth cone to
advance, a dense MT array from the C-region must pene-
trate the T-zone to reach the P-region, preferentially poly-
merizing after incorporation of GTP to the β-tubulin
subunit [65]. Axonal protrusion, retraction, and turning in
response to signaling cascades require the coordination of
the neuronal MT network and the actin cytoskeleton within
the growth cone [66]. Specifically, recent studies have shown
that growth cone steering and advancement in response to
environmental cues depend on MT assembly and dynamics
[67, 68]. Thus, understanding the intrinsic regulatory mech-
anisms of MT dynamics and function within the growth
cone may provide therapeutic targets for interventions that
improve axon growth and guidance during neurodevelop-
ment and neuroregeneration following injury.

Neuronal MTs are arranged in a specific orientation [9,
69]. In axons, MTs have an almost exclusive plus-end-out
orientation, whereas in dendrites, MTs have an antiparallel
organization with equal proportions of plus-end and
minus-end towards the soma [70]. This distinct orientation
is partially regulated by kinesin and dynein, two molecular
motor proteins that cooperate with protofilaments to drive
MT elongation from the C-region to the P-region [71, 72].
Moreover, these proteins also act as vectors for transporting
organelles and other cargo towards axons or dendrites [73].
Kinesins have been determined to move cargo to axon ter-
minals, whereas MTs of mixed polarity allow dynein motors
to drive cargoes, such as that from the Golgi apparatus and
ribosomes, specifically into dendrites [74]. Such distinct
MT polarity patterns and cargo sorting are essential for dis-
tinguishing neurons into axons or dendrites (Figure 2).

The overall appearance and arrangement of the MT net-
work within neurons are variable and depend on their mat-
uration stage [75, 76]. At the early stages of initial neurite
outgrowth, MTs are of mixed polarity as short mobile poly-
mers are rapidly released to be used by other MTs for their
elongation. However, at the later stages of development,
i.e., adult neurons, MTs have minus-end-out orientation
with hundreds of micrometers in length and act as major
long-distance railways for organelle transport. During devel-
opment, MT orientation according to a network of feedback
loops is essential for maintaining proper neuronal shape and
inducing neuronal polarization [77, 78]. Upon neuronal
polarization, posttranslational modifications of MTs in the
nascent axon provide selective transport routes that increase
the neurite length-dependent feedback and anterograde
transport [79, 80]. The establishment of a normal feedback
loop network is required for the activation of various
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signaling cascades and for modulation by several molecules
[81, 82]. For instance, Shootin1 is a brain-specific cytoplas-
mic molecule that can be detected in the MT-associated pro-
tein fraction [83]. It is highly expressed in axonal growth
cones and plays the central role for promoting neuronal
polarity and axon outgrowth through a self-promoting feed-
back loop involving the Rac1/Pak1 signaling cascade [84,
85]. This facilitatory effect provides the driving force to
induce one neurite under the growing state, while the
remaining neurites are still in a pause state, ultimately driv-
ing neuron-autonomous neuronal polarization to generate a
long signal-sending axon and several shorter signal-
receiving dendrites.

5. MT Modifications in Nervous System Injury

Injury to the central nervous system (CNS) induces severe
neurological complications for individuals with traumatic
brain injury (TBI) or SCI because various inhibitory factors
secreted by oligodendrocytes and scar-forming cells and
the poor intrinsic growth ability upon neuronal maturation
hamper axon regeneration and functional recovery [86,
87]. A growing number of studies have recently identified
MTs as promising targets for coaxing regeneration of
injured adult axons [88, 89]. The functions of MTs include
(1) providing a structural backbone to maintain axon-
specialized morphologies [57], (2) acting as the major
long-distance railways for substrate transport in both direc-

tions [90], (3) ensuring the growth and steering of develop-
ing axons [91], and (4) regulating the extent of regeneration
in injured axons [9]. Accordingly, moderate stabilization of
MTs by Taxol enables MT polymerization and cytoskeleton
organization, which transform the nongrowing retraction
bulbs into growing axons [92]. Conversely, adding the MT-
depolymerizing drug nocodazole to cultured dorsal root
ganglia (DRG) neurons disturbs cytoskeleton organization
and dynamics and increases the number of retraction
bulbs [93].

TBI involves trauma to the CNS with characteristics of
hypotension, hypoxia, and behavioral/cognitive abnormali-
ties [94]. A common characteristic of TBI is loss of axonal
integrity and cytoskeletal derangement, which are intrinsi-
cally associated with MT deficits and axonal dysfunction.
Recently, MT disruption and loss, manifesting as MT depo-
lymerization and the decrease of related proteins, such as
Tau, p-Tau, and acetublin, were found to be key ultrastruc-
tural hallmarks of brain damage [95]. Thus, inducing MT
stabilization is a novel therapeutic strategy to protect the
damaged brain from high intracranial pressure and ische-
mia. A previous study reported that maintaining MT stabili-
zation by local administration of FGF13 promoted neuronal
migration and axon formation; in contrast, suppression of
FGF13 expression delayed neuron migration and brain
development [44]. Further studies revealed that administra-
tion of an MT-stabilizing drug, epothilone D, altered synap-
tic plasticity and dampened detrimental neuroglial responses

~100% plus-end out

MT orientation

~50% plus-end out

MT orientation

+

+

+

+

+–

–

+

+–

–

–

+

–

–

–

Axon

Dendrites

Axonal transport

Somatodendritic transport

Cargo

Kinesin Myosin Dynein

Polarized
neuron

Figure 2: Basic mechanisms of MT organization during the differentiation of neurons into axons or dendrites. In axons, MTs display
uniform polarity orientation with their plus-ends out. This array is essential to drive cargo transport through the proximal-end to the
distal-end by kinesins, whereas in dendrites, MTs are mixed polarity with half of their minus-ends pointing to the soma, which allows
dynein motors to selectively transport cargoes across this mixed MT arrays.
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after mild TBI of mice for 1 week [96]. However, intraperi-
toneal injections of low doses of exogenous nocodazole after
TBI destroyed MT assembly and triggered a degenerative
response characterized by loss of synapses and abnormal
cytoskeletal rearrangement, as well as impairments in learn-
ing and memory [97]. While stabilizing the MT cytoskeleton
is vital for ameliorating damage from TBI, there is still much
to learn about the potential mechanisms involved in control-
ling this process.

SCI induces severe neurological deficits causing MT
disorganization and deregulation of the MT cytoskeleton.
Accumulating evidence has demonstrated that MT forma-
tion and stabilization are important for maintaining
cytoskeletal integrity and axonal transport, as well as pre-
venting detrimental gliotic responses [98]. Remodeling axo-
nal MTs through genetic intervention or pharmacological
treatment significantly enhanced axon regrowth and exten-
sion and reduced scar formation in an in vivo model of trau-
matic SCI, whereas the inhibition of MT stabilization by
nocodazole weakens this beneficial effect [99]. Duan et al.
demonstrated that systemic administration of epothilone B,
an MT-stabilizing agent, reconstructed neovascularization
by facilitating apoptosis and the migration of endothelial
cells and pericytes and promoting their proliferation after
SCI [100]. Moreover, regulation of MT dynamics by upreg-
ulating FGF13 expression is essential for promoting growth
cone initiation, neuronal polarization, and regeneration of
damaged axons following SCI [45]. Further studies found
that MSAs also prevented fibroblast migration and pro-
longed the retention of MAPs, reducing inhibitory fibrotic
scarring and improving intrinsic growth capacity, ultimately
improving spinal cord restoration after injury [101–103]. In
addition, recent studies on the relationship between autoph-
agy and MT dynamics revealed that autophagy activation
increased the expression of acetylated MT, a key modification
for controlling MT stability and growth, thus attenuating axo-
nal retraction and consequently enhancing locomotor recov-
ery after SCI [104, 105]. Overall, stabilizing MTs in damaged
neuron plays a pivotal role in determining their regenerative
capacity after SCI.

6. MT-Targeting Agent

MT-targeting agents can be classified into two main catego-
ries: MSAs and MDAs. The former, including paclitaxel,
docetaxel, epothilones, and laulimalide, can bind to the
tubulin heterodimer at the plus-end to promote the poly-
merization of tubulin to MTs. The latter induces MT dys-
function at the end of the mitotic spindle by preventing
tubulin polymerization on both plus- and minus-ends of
MT, leading to the arrest of mitosis. Representative examples
of MDAs include vincristine, vinblastine, colchicine, and
combretastatin. The regulatory mechanism by which MT-
targeting agents influence MT dynamics depends on which
MT domain they bind to [106] (Figure 3). According to their
binding affinities to tubulin, these binding domains can be
categorized as Taxol-binding domain, colchicine-binding
domain, and vinca-binding domain [107]. MSAs are able
to target the cytoskeleton and inhibit cell division by binding

to β-tubulin of inner surface of MT lumen, which is gen-
erally described as the Taxol-binding domain [108]. Taxol-
binding drugs, such as laulimalide, are shown to increase
MT polymerization and assembly by allosterically stabiliz-
ing the Taxol-site M-loop [109]. MDAs depolymerize MTs
by interacting with the vinca-binding domain or colchicine
binding domain. Vincristine and vinblastine are two typi-
cal vinca-binding analogues. They induce mitotic arrest
and block cell division by blocking tubulin polymerization
at the interdimer interface, which is named the vinca-
binding domain [110]. Colchicine and combretastatin are
colchicine-binding analogues. They bind to the Cys241
residue of β-tubulin (termed colchicine-binding domain)
via hydrogen bonding to induce mitotic arrest and chro-
mosome missegregation [111].

MT-targeting agents were traditionally used as antican-
cer agents for the treatment of various solid tumors [112].
To date, some of these agents are commonly approved for
clinical anticancer chemotherapy for many types of solid
tumors. However, recent work has shed light on their
potential for treating traumatic nerve damage and neurode-
generative diseases, including Alzheimer’s disease (AD),
Parkinson’s disease (PD), amyotrophic lateral sclerosis
(ALS), and SCI (Table 1). This dual treatment ability
aroused our curiosity. MTs are found in all characterized
eukaryotic organisms, but exert diverse cellular functions
in different cell types [113]. In cancer cells, MTs are one of
the important components of the mitotic spindle and are
capable of pulling sister chromatids towards opposite poles
[114]. Thus, MT assembly and disassembly are critical for
determining the proliferative capability of cancer cells. As
mentioned in the previous passage, MT-targeting agents
can interfere with the corresponding binding domains of
tubulin to block their polymerization. This event impairs
the ability of spindle MTs to capture chromosomes and
interferes with the G2/M phase of the cell division, leading
to mitotic arrest and even death in cancer cells [115]. In neu-
rons, MTs, as one of the major longitudinal cytoskeletal fila-
ments, are abundant in axons and dendrites [116].
Additionally, adult neurons or permanent differentiated
neurons lack high proliferative capacity, resulting in few
concerns and studies that are focused on MT-regulating
neuronal division after damage or degeneration. Based on
this fact, current studies are concentrated on the role of
MT stability in regulating axon growth and steering as well
as the intracellular trafficking of cargos during neuronal
development [9, 116]. Following neuronal injury or neuro-
degenerative diseases, MTs become disassembled and gradu-
ally lose mass, leading to axonal atrophy and degeneration
[117]. MSAs, such as Taxol and epothilones, promote the
polymerization of tubulin to MTs during disease and/or
injury [106, 118]. Thus, MSAs are regarded as potential can-
didates for treating neuronal disorders. However, the precise
mechanism of MSAs for treating cancer and neuronal dis-
eases needs to be explored in future research. In this section,
we will introduce some background information on these
therapeutic compounds and elucidate their application.

MSAs have been used as cancer therapeutic drugs for
more than 20 years [130]. They were originally derived from
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natural resources. For instance, paclitaxel (Taxol®) was the
first MSA to be isolated (derived from the Pacific yew tree
in 1971) and approved by the FDA for the treatment of
breast cancer, with an optimal therapeutic concentration of
260mg/m2 [131]. This is decomposed into 6α-hydroxy-pac-
litaxel by activating CYP2C8 enzyme in human liver micro-
somes [132]. Due to the difficulty of obtaining paclitaxel
from the plant, various analogues, such as docetaxel, cabazi-
taxel, larotaxel, and TPI-287, have been synthesized through
modification of its side chains and have exhibited encourag-

ing clinical efficacy for treating breast cancer [133, 134].
Recent studies have shown that paclitaxel can maintain spe-
cialized neuronal morphology and support axonal and den-
dritic transport by resisting MT dynamic instability. For
instance, Hellal et al. found that stabilizing the MT network
with Taxol hindered the formation of scarring and pre-
vented axonal retraction and swelling after SCI in rodents
[119]. In another work, paclitaxel encapsulated in a collagen
microchannel was shown to enhance neuronal differentia-
tion of NSCs in vitro and improve axonal transport and
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Figure 3: Diagram of MAPs, MSAs, and MDAs involved in the regulation of MT dynamics within neurons. MT organization and dynamics
are regulated by MT proteins, MSAs and MDAs. MT-targeting agents can interfere with the dynamic equilibrium of MT polymerization and
depolymerization. According to their mechanisms of action, MT-targeting agents can be divided into two groups: MSAs and MDAs. The
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binding domain and colchicine-binding domain. These MT-targeting agents influence the polymerization and depolymerization of MTs
and are patterned by a variety of MAPs, including MAP2, Tau, dynein, and kinesin. These MAPs play the critical roles in mediating a
plethora of cellular processes such as cell division and motility, intracellular transport, axonal specification, and neuronal development.

Table 1: Summary of various MT-targeting agents applied to protect the nervous system.

Classification Compound Pathological model Outcome Ref.

MSAs

Paclitaxel
(Taxol)

SCI Enhancement of nerve regeneration and functional recovery [119, 120]

Retinal nerve injury Increased MT numbers and stabilization to restore axonal transport [121]

AD Improvements in axonal transport, tissue, and motor function [122]

Epothilones

SCI
Decreased scarring, increased axon regeneration, and

improved motor function
[102, 103]

PD Rescued MT defects and attenuated nigrostriatal degeneration [123]

AD
Reduced axonal dystrophy, increased axonal MT density,

improved speed of axonal transport, and
improved cognitive performance

[124, 125]

Davunetide
(NAP)

AD, ALS
Prevented axonal transport disruption, synaptic

defects, and behavioral impairments
[126, 127]

MDAs
Vincristine

iPSC-derived neurons
from HSP patients

Ameliorated axonal swelling [128]

Okadaic
acid

Hyperphosphorylated
Tau to model AD

Reduced the growth of the rat cortical neuron axons [129]
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axonal functional recovery in a complete spinal transsection
injured models of rats [135].

Epothilones are another class of MSAs that include a 16-
membered macrocyclic lipid compound [136]. To date, six
natural epothilone variants, i.e., epothilones A-F, can be eas-
ily obtained at a large scale by isolation from soil bacteria or
by chemical synthesis [137]. Compared with paclitaxel,
epothilones are more soluble in water and have better tumor
resistance, which make them a viable alternative to paclitaxel
in facilitating antitumor activity [138]. Data from phase III
clinical trials revealed that ixabepilone, a semisynthetic ana-
logue of epothilone B, effectively improved the survival rate
of patients with metastatic breast cancer to 70% with an
intravenous infusion dose of 30mg/m2 every 3 weeks
[139]. In addition to treating cancer, a series of studies have
shown that epothilones possess therapeutic potential for
repairing neurological disorders. For instance, in a Tau
transgenic mouse model of tauopathies characteristic of
AD, intraperitoneal injections of 3mgkg-1 epothilone D
once weekly for a 3-month period were demonstrated to
support MT assembly and axon extension as well as reduce
brain cognitive deficits [140]. In addition, this compound
also exhibited beneficial effects on neuronal differentiation
of cultured NSCs in vitro and improved axonal sprouting
and functional recovery in vivo following SCI [103, 141].
Additionally, epothilones are easier to administer than pac-
litaxel due to their higher water solubility, which endows
epothilones with the capability to cross the blood-brain bar-
rier [138]. In short, compared to paclitaxel, epothilones
show several physicochemical advantages including (1)
increased water solubility for direct delivery without solvent,
(2) a lack of intracellular toxicity and strong antineoplastic
activity, and (3) the capacity of easily crossing the blood-
brain barrier. In addition, the chemical structure of epothi-
lones exhibits 16-membered macrocyclic lactones, which
can produce synthetic analogues during clinical drug design
[142]. It has been shown that systemic administration of
epothilone B moderates MT stabilization to reduce fibrotic
scarring and increase axon growth after SCI [102]. Addition-
ally, epothilones augmented axonal growth and improved
skilled limb function after cortical stroke in the brain
[143]. Thus, both paclitaxel and epothilones are regarded
as attractive therapeutic compounds for promoting the func-
tional and structural recovery from neurodegenerative dis-
eases and disorders.

MDAs, also called polymerizing inhibitors, possess the
ability to promote the depolymerization of MTs by interfer-
ing with the colchicine-binding domain and vinca-binding
domain to block cell division and interfere with the forma-
tion of a normal mitotic spindle. Thus, they have shown a
strong antiangiogenic and antivascular activity and offer a
pharmaceutical opportunity for treating different tumor
types, including breast, lung, ovarian, and hematologic
tumors [144]. According to their tubulin-binding domains,
MDAs can be further divided into two groups: vinca-
binding analogues and colchicine-binding analogues [145].
The representative example in the former is vinca alkaloid
(VA), a natural chemotherapy agent obtained from the
Madagascar periwinkle plant in 1950. It was first approved

by the FDA for the clinical treatment of lung cancer and
breast cancer, but provoked severe neurotoxicity [146]. To
overcome this defect, other VA analogues, including natural
(vinblastine and vincristine) and semisynthetic (vinorelbine,
vindesine, and vinflunine) analogues, have gained attracted
attention in cancer treatment [147]. Data on clinical phar-
macokinetics revealed that the terminal half-lives of VA
and its derivatives range from 18 to 85 h [148]. Furthermore,
they were found to be first metabolized within the liver
through the action of cytochrome P450 CYP3A4 and then
subjected to biliary elimination and finally excreted into
the feces [148, 149]. It should be addressed that VA and its
derivatives can rapidly enter the peripheral tissues, including
the peripheral nervous system; thus, administration of these
antimitotic agents probably causes characteristic peripheral
neurotoxicity [150]. To overcome this defect, researchers
have identified three beneficial strategies to reduce these
adverse effects, i.e., combination with other drugs, investiga-
tion of novel drug delivery platforms, and the synthesis of
new VA analogues [147].

Colchicine, an alkaloid derived from the meadow saffron
plant, belongs to the group of colchicine-binding analogues
and is used as a therapeutic drug for anticancer treatment,
such as lung, breast, and gynecological cancers [151]. Similar
to VA metabolism, colchicine is broken down by the
CYP3A4 enzyme within liver microsomes [152]. However,
colchicine may cause toxicity in normal cell proliferation.
A phase II clinical trial established that the safe dose of col-
chicine was 0.015mgkg-1, a higher dose of 0.1mgkg-1

resulted in intoxication, and the maximum fatal dose was
0.8mgkg-1 [153–155]. Due to colchicine’s low therapeutic
index and severe cytotoxicity, various colchicine analogues
have been synthesized by modifying the tricyclic-membered
rings. Urbaniak et al. synthesized 16 novel colchicine deriva-
tives, namely, double- (4-7) or triple-modified (17-28) ure-
thanes, and found that these novel colchicine derivatives
(IC50 range of 1.1-6.4 nM) had higher antiproliferative activity
than colchicine (IC50 = 8:6 nM) by testing the viability of pri-
mary breast cancer cells [156]. Recently, the colchicine ana-
logue combretastatin was found to promote anticancer
activity by inhibiting the elongation of MTs [157]. Moreover,
its synthetic derivatives show strong antioxidant activity and
anti-inflammatory activity. For instance, Huang et al. demon-
strated that the combretastatin derivatives NTU-228 and HK-
72 exhibited significant leukocyte inflammatory responses by
quantifying N-formyl-Met-Leu-Phe- (fMLF-) induced reac-
tive oxygen species production in human leukocytes [158].
Evidence from antioxidant studies in a subcutaneous dorsal
CaNT tumor model revealed that combretastatin A-4, a com-
bretastatin analogue, had strong protective effects against
hydroxyl radicals and radical-based DNA damage [159].

7. Concluding Remarks and
Future Perspectives

As briefly summarized here, MTs are dynamic cytoskeletal
filaments that carry out the distinct functions of cellular
physiology, such as cell division and motility, organelle posi-
tioning, and intracellular transport. Generally, MTs exhibit
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extensive dynamic instability, i.e., constant transition
between phases of growing and shrinking. This allows them
to enhance tubulin–tubulin interactions, create pushing and
pulling forces, and direct cell locomotion via crosstalk with
the actin cytoskeleton [160]. In vitro, the dynamic state of
MTs can be recorded by measuring their rate of growth
and shrinkage or by quantifying their mass [161]. The most
common and reliable way to track MT dynamics is using
high-resolution imaging methods, including fluorescent
speckle microscopy and cryo-electron microscopy [162].
Additionally, MT acetylation is a common posttranslational
modification that can protect MTs against mechanical
stresses by polarizing the centrosome or the mitotic spindle
within the cell [163]. Eliminating MT acetylation by reduc-
ing the activity of α-tubulin acetyltransferase 1 enzyme does
not impair protofilament organization but does cause a
reduction in MT dynamics [164]. In brief, understanding
the role of MT dynamics in cargo transportation and cyto-
skeletal reorganization has provided further insights into
the biophysics and biochemistry of MT function involved
in neuronal development, disease, and injury.

Given the importance of MT dynamics in cytoskeleton
reconstruction, designing novel compounds that facilitate
MT polymerization or upregulate MT acetylation has
received increasing attention, due to the applications for dif-
ferent neurotraumatic diseases [57]. Encouragingly, some
works have achieved positive therapeutic effects in cellular
and animal models. For instance, systematic administration
of epothilone B, a kind of MT-stabilizing agent, not only
facilitated the growth of both sensory and motor axons in
an unfavorable environment in vitro but also demonstrated
dual effects on improving intrinsic neuron growth and
reducing fibrotic scar in an in vivo SCI model [101, 102,
165]. While some natural MSAs can cause significant
adverse side effects, including neutropenia, chemotherapy-
induced peripheral neuropathy, and alopecia when used in
cancer treatment at a high concentration [106, 166],
researchers have proposed alternative and beneficial strate-
gies, including synthesis of new MSA analogues, design of
novel drug delivery platforms, and combinations with other
drugs, to reduce these adverse effects [147]. Additionally,
application of these therapeutic strategies can reduce the
dosage of MSAs and their analogues; thus, administration
at low concentrations can significantly enhance axonal
regeneration and functional recovery in neuronal injury
models. Further studies addressing the mechanisms that reg-
ulate the dynamic remodeling of MT networks will greatly
increase our understanding of the intricacies of MT organi-
zation in various cell types.
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Inflammation is one of the crucial mechanismsmediating spinal cord injury (SCI) progress. Sesamol, a component of sesame oil, has anti-
inflammatory activity, but its mechanism in SCI remains unclear. We investigated if the AMPK/SIRT1/NF-κB pathway participated in
anti-inflammation of sesamol in SCI. Sesamol could inhibit neuronal apoptosis, reduce neuroinflammation, enhance M2 phenotype
microglial polarization, and improved motor function recovery in mice after SCI. Furthermore, sesamol increased SIRT1 protein
expression and p-AMPK/AMPK ratio, while it downregulated the p-p65/p65 ratio, indicating that sesamol treatment upregulated the
AMPK/SIRT1 pathway and inhibited NF-κB activation. However, these effects were blocked by compound C which is a specific
AMPK inhibitor. Together, the study suggests that sesamol is a potential drug for antineuroinflammation and improving locomotor
functional recovery through regulation of the AMPK/SIRT1/NF-κB pathway in SCI.

1. Introduction

Spinal cord injury (SCI) is severe central nervous system
(CNS) damage, and more than 250000 patients suffer from
it every year [1]. However, there are few effective treatments
for SCI. As a grievous neurological disease, SCI seriously
destroys the function of motor and sensory neurons; paraly-
sis caused by SCI brings huge medical and economic burden
to the patients and their families [2, 3].

Traumatic SCI involves primary mechanical insult and
the secondary injury [4]. The primary insult makes a direct
crash to the spinal cord and damages cells, which also leads
to a series of complex secondary injury molecular events,
including toxic oxidative stress, excessive microglial activa-
tion, continuous inflammation, and rampant apoptosis [2,
5]. Neuroinflammation is one of the dominating mecha-
nisms mediating secondary SCI progress. Microglia, the

CNS-resident immune cells, maintain a resting state under
control condition and become activated in response to local
CNS injury [6]. There are two phenotypes of microglia
called M1 and M2 after activation [7, 8]. M1 microglia are
detrimental and can generate a lot of proinflammatory cyto-
kines, including TNF-α and IL-6, while the M2 phenotype is
protective and upregulates anti-inflammatory cytokines,
including IL-10, which contribute to tissue regeneration
and wound healing [9]. The resident microglia are activated
after SCI, and then, a lot of inflammatory cytokines pro-
duced in the early stage of SCI, which will cause neuronal
apoptosis, aggravate the injury and make recovery more dif-
ficult [10–12]. Therefore, it is especially important to allevi-
ate inflammatory response in the early stage of injury.

Sesamol, a component of sesame oil [13], has been
proven to have effects of anti-inflammation and neuropro-
tection [13–15]. As a member of the sirtuin (SIRTs) family,
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SIRT1 has been proven to have positive impacts on antiag-
ing, anti-inflammation, and reducing oxidative stress dam-
age [16–19]. AMP-activated protein kinase (AMPK) is a
critical modulator of cellular energy, which coordinates
numerous pathways to maintain energy homeostasis [20].
A number of evidences have indicated that AMPK upregu-
lates protein expression of SIRT1 and inhibits inflammation
under pathological conditions [16, 21, 22]. SIRT1, as a
downstream protein of the AMPK signaling pathway, also
plays a part in anti-inflammation via inhibiting NF-κB
[23–25]. The previous studies have proven that sesamol
plays roles in anti-inflammation by suppressing NF-κB acti-
vation and upregulating AMPK signaling [26, 27] and atten-
uating oxidative stress via activation of SIRT1 [28].

Sesamol has potential therapeutic use in SCI, but the
underlying mechanism of sesamol in SCI remains poorly
understood. This study confirmed the effect and mechanism
of sesamol in anti-inflammation in mice following SCI and
provided evidence for the potential clinical use of sesamol
in SCI.

2. Materials and Methods

2.1. Animals. Healthy 8~10-week-old male C57BL/6J mice
(weighing 20~25 g) were used in this study. All mice lived
in standard housing conditions and can drink and eat
freely. Animal experimental operations were performed
according to protocols authorized by the Laboratory Animal
Ethics Committee of Wenzhou Medical University (no.
wydw2018-0043).

2.2. SCI and Drug Treatments. The SCI protocol for adult
mice under sterile conditions is described previously.
Shortly, animals were anesthetized with 1% pentobarbital
sodium (50mg/kg, i.p.) before surgery. Skin and muscles
near spinous processes were incised to expose the dorsal
cord in mice. After a laminectomy at the T9-T10 level, a
10 g weight from 20mm height was fallen onto the exposed
spinal cord by a modified New York University impactor to
induce a moderate SCI [29]. As a control, mice in the sham
group did not suffer from SCI after laminectomy and did not
receive medication. After SCI surgery, the mouse bladders
were manually emptied every morning and evening until
bladder function returned to normal.

All mice are randomly assigned, and mice suffering from
SCI were randomly arranged to two groups: SCI and SCI+sesa-
mol. Mice in the SCI+sesamol group were administrated daily
with sesamol (10mg/kg, i.p.) dissolved in saline for 28 days,
and animals in the SCI group received the same volume of nor-
mal saline every day.Mice were sacrificed, and the damaged spi-
nal cord was taken out for analysis at the corresponding time
point after SCI. The time points of administration and experi-
mental arrangement for mice are shown in Figure 1(a).

2.3. Cell Culture and Intervention. BV2 cells were cultivated
in DMEM supplemented with 10% fetal bovine serum and
1% penicillin and streptomycin mixture in a humidified
incubator with 5% CO2 at 37°C. BV2 cells were arranged
to control, lipopolysaccharide (LPS), LPS+sesamol, and

compound C (LPS+sesamol+compound C) groups. Cells
were incubated with 10μM sesamol dissolved in PBS for
2 h and then suffered from LPS (1μg/mL) for 24 h to stimu-
late inflammation. To explore whether the AMPK pathway
participates in anti-inflammation of sesamol, cells were pre-
treated with compound C (a specific AMPK inhibitor) for
2 h before sesamol treatment.

2.4. Cell Viability Test. BV2 cells were incubated in a 96-well
cell culture plate with 10000 cells per well for 24h and then
administrated with LPS combined with different concentra-
tions of sesamol. The cell viability was detected with Cell
Counting Kit-8 (CCK-8) according to the instructions.
Shortly, after incubation, cells were further cultured for 2 h
in 90μL of fresh DMEM supplemented with 10μL of
CCK-8 solution. At last, optical density (OD) values at
450 nm were measured using a microplate reader. Six repli-
cate wells of cells were arranged in each group.

2.5. Western Blot. After transcardial perfusion of saline,
approximately 1 cm length of the spinal cord adjacent to
the injury center was collected. Tissues and BV2 cells were
lysed with a protein extraction reagent containing protease
inhibitors and then centrifuged to get proteins. Whole tissue
lysate (60μg) or cell lysate (20μg) was separated by 8%~12%
SDS-PAGE, and then, proteins were blotted onto the PVDF
membrane. Blocked with 5% (w/v) nonfat milk, the mem-
brane was incubated at 4°C overnight using primary anti-
bodies corresponding to these proteins: TNF-α, IL-6, Bax,
CD86, CD206, p-AMPK (Thr172), AMPK, Bcl-2, SIRT1,
p-p65 (S536), p65, and cleaved caspase-3, and further
immersed in the corresponding HRP-conjugated secondary
antibody for 1.5 h at room temperature (RT). At last, signal
was visualized by using the ChemiDoc™ XRS+ imaging sys-
tem (Bio-Rad), and the band intensity was analyzed by using
Image Lab 5.2 software (Bio-Rad).

2.6. Immunofluorescence. For immunofluorescence,
haematoxylin-eosin (HE), and Nissl staining, animals under-
went transcardial perfusion with 4% (w/v) paraformaldehyde
(PFA), and then, the injured spinal cord tissue was taken out
and fixed with 4% PFA overnight. BV2 cell climbing slices were
also fixed with 4% PFA for 15min. The tissues were then dehy-
drated and immersed in paraffin. Next, tissues were sliced up to
5μm thickness of sections, and then, the slices were dewaxed
using xylene and hydrated with 100, 90, 80, and 70% ethanol.
After high-pressure antigen retrieval, tissue slices or BV2 cell
climbing slices were blocked with 5% (w/v) BSA for 30min at
37°C. Next, the slices were treated with primary antibodies at
4°C overnight as follows: NeuN, cleaved caspase-3, Iba1,
CD206, SIRT1, and p65. Next, the sections or cell climbing
slices were further incubated with a proper fluorescence-
conjugated secondary antibody at RT for 1h. Finally, DAPI
was used for cellular nuclear staining. The images were visual-
ized by using a Nikon ECLIPSE80i microscope.

2.7. HE Staining and Nissl Staining. Injured spinal cord sec-
tions were successively dewaxed and hydrated according to
protocols described above. A part of tissue slices was used
for HE staining with an HE kit, and other slices were stained
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with cresyl violet acetate for Nissl body staining according to
the instructions. After staining, the slices were successively
dehydrated and transparentized using 95% alcohol for
2min and xylene for 5min, respectively. Finally, the film
was sealed with neutral resin. The damage area was photo-
graphed by an optical microscope (Olympus, Tokyo, Japan).

2.8. Locomotor Function Recovery Assessment. The hind limb
locomotor function of mice was evaluated by the Basso Mouse
Scale (BMS) scoring [30] and inclined plane test at 0, 1, 3, 7,
14, 21, and 28 days after injury (dpi). In short, animals were
allowed to move freely a period of time in an empty room,
and the BMS scores of mice were recorded according to the
observation of paw posture, posterior ankle joint mobility,
trunk stability, tail posture, and coordination. The BMS score
of mice ranges from 0 (completely paralysis) to 9 (normal
locomotion). For the inclined plane test, mice were placed
on a rubber board, and then, the angles at which the mice
could not hold its position for 5 sec were defined as the maxi-
mum angles, which could be used to evaluate the hind limb
strength of mice [31]. The results of mouse hind limb move-
ments were blindly recorded by two trained investigators.

2.9. ELISA. BV2 cells were coincubated with LPS combined
with or without sesamol. IL-6 and TNF-α produced from cells
were detected by using a commercial ELISA kit according to
the instructions. The OD values at 450nm and 630nm were
determined by using the SpectraMax microplate reader.

2.10. Statistical Analysis. Results are expressed as the mean
± SEM. The significant difference comparison of two groups
was carried out by two-tailed Student’s t-test. The statistical
significance comparison of multiple groups was conducted
by one-way analysis of variance (ANOVA) test with Tukey’s
multiple comparison test. All statistical analyses were con-
ducted by using GraphPad Prism 8 software. P < 0:05 was
regarded significant.

3. Results

3.1. Sesamol Improves Locomotor Functional Restoration in
Mice after SCI. The BMS score and inclined plane test were
applied to assess locomotor functional restoration, and HE
staining as well as Nissl staining was carried out to evaluate
histological outcomes in mice suffering from SCI. Prospec-

tively, BMS scores of both injury groups were distinctly
lower than that of the sham group, while injured mice
treated with sesamol exhibited a distinct amelioration of
posterior limb motor function with higher BMS scores and
better coordinated crawling at 14, 21, and 28 dpi relative to
mice suffering from SCI alone (Figures 1(b) and 1(c)). Cavity
of necrotic tissue was detected by HE staining, and neuronal
survival was measured using Nissl staining at 7 dpi, respec-
tively. Result of HE staining displayed that sesamol treat-
ment decreased SCI-induced cavity of necrotic tissue
(Figure 1(f)). Similar to the result, sesamol reduced SCI-
induced neuron loss; in other words, dramatically more sur-
vival neurons existed in the sesamol-treated group than in
mice suffering from SCI alone detected by Nissl staining
(Figure 1(g)). Collectively, the above data indicate that sesa-
mol has a neuroprotective role in locomotor function recov-
ery in mice after SCI.

3.2. Sesamol Attenuates Neuronal Apoptosis following SCI.
To confirm whether sesamol could reduce apoptosis induced
by SCI, the level of apoptosis was measured by western blot
and immunofluorescence at 7 dpi. Our results showed that
traumatic SCI upregulated cleaved caspase-3 and Bax
(markers of proapoptotic proteins) protein expression and
weakened the protein level of Bcl-2 (an antiapoptotic protein),
which were dramatically reversed by sesamol administration
(Figures 2(a)–2(d)). These above data were confirmed by
immunofluorescence staining of NeuN (marker for neuron)
and cleaved caspase-3. Similarly, SCI increased cleaved
caspase-3-positive neurons, but that was decreased by sesamol
(Figure 2(e)). These results indicate that sesamol can prevent
neuron apoptosis after SCI in vivo.

3.3. Sesamol Reduces Proinflammatory Cytokine Release and
Regulates Phenotypic Polarization of Microglia. Accumulat-
ing evidences have revealed that inflammatory responses
play key roles in secondary SCI. Therefore, levels of IL-6
and TNF-α were determined using western blot in vivo at
3 dpi and by ELISA in LPS-mediated BV2 cells. Compared
with uninjured mice, acute SCI induced dramatic increase
protein level of IL-6 and TNF-α in the damaged spinal cord,
while the level of cytokines was significantly decreased by
sesamol (Figures 3(a)–3(c)). Consistent with the result,
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HE
(4×)

(f)

Nissl
(20×)

(g)

Figure 1: Sesamol evaluates histological outcomes and promotes locomotor functional restoration in mice suffering from SCI. (a) Time
schedule of experimental design and analysis in mice. (b) The BMS scores of mice in each group at 0, 1, 3, 7, 14, 21, and 28 dpi. (c)
Result of the inclined plane test of mice from different group at 28 dpi. (d, e) Quantitative analysis of the BMS score and incline angle at
28 dpi from (b) and (c), respectively (n = 6 per group). (f) H6istological assessment of the injured spinal cord by HE staining at 7 dpi. (g)
Nissl staining of the injured spinal cord to evaluate the neuronal survival in each group at 7 dpi. Results are represented as mean ± SEM.
#P < 0:05, ##P < 0:01, ###P < 0:001, and ####P < 0:0001.
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increase in TNF-α and IL-6 was also distinctly overturned by
sesamol in LPS-induced BV2 cells (Figures 3(d) and 3(e)).

To further understand the anti-inflammation role of
sesamol in mice after SCI, phenotypic polarization of
microglia was determined at 3 dpi. The data obtained by
western blot analysis showed that sesamol administration
prevented M1 microglia-related protein (CD86) expression
and increased protein levels of M2 microglial mediators,
including CD206 and arginase 1 (Arg1) (Figures 3(a) and
3(f)–3(h)). Consistent with the results, immunofluorescence
analysis also verified that sesamol improved the CD206 pro-
tein expression in IBA1+ microglia after SCI (Figure 3(i)).
These above data indicate that sesamol inhibits production
of proinflammatory factors and induces M2 phenotype
microglial polarization.

3.4. Effect of Sesamol on AMPK/SIRT1/NF-κB Pathways in
SCI. To understand the underlying mechanism of sesamol
alleviating inflammation and promoting SCI restoration,
effects of sesamol on regulating AMPK/SIRT1/NF-κB path-
ways at 3 dpi were evaluated. Compared with uninjured
mice, SCI resulted in significant decreases in SIRT1 protein
expression and the p-AMPK/AMPK ratio, which was
reversed by sesamol treatment (Figures 4(a)–4(c)). Activa-
tion of NF-κB is connected with proinflammatory factor
secretion and phenotypic changes of microglia [32]; thus,
protein level of NF-κB p65 and its phosphorylation level
(p-p65) were determined by western blot analysis. The result
exhibited that the ratio of p-p65/p65 was remarkably
increased in mice following SCI relative to uninjured mice,
which was dramatically inhibited by sesamol administration

(Figures 4(a) and 4(d)). Similar to the result, SIRT1 was
upregulated and P65 was downregulated in Iba1+ microglia
after SCI with sesamol administration (Figures 4(e) and 4(f
)). These above data indicate that sesamol may activate
AMPK/SIRT1 and suppress activation of NF-κB pathways
in mice after SCI.

3.5. AMPK Participates in Sesamol Alleviating Inflammation
in LPS-Stimulated Microglia. To further confirm whether
sesamol inhibited inflammation by activating the AMPK
pathway following SCI, a specific AMPK inhibitor (com-
pound C) was applied in LPS-induced BV2 cells. Then, pro-
tein expression of proinflammatory cytokines was examined
by western blot and ELISA. Results in Figures 5(a)–5(e)
showed that sesamol (10μM) significantly reduced the pro-
tein expression of IL-6 and TNF-α in LPS-induced BV2 cells,
which was reversed by compound C (5μM). Collectively,
these results reveal that AMPK may participate in anti-
inflammation of sesamol in microglia stimulated by LPS.

3.6. AMPK Activation Participates in Sesamol-Induced M2
Microglial Polarization. M1 phenotype microglia have been
proven to be neurotoxic and induce inflammation response,
while M2 microglia perform anti-inflammation. In this
study, western blot and immunofluorescence were applied
to further determine whether AMPK activation participates
in sesamol-induced M2 microglial polarization in vitro.
The results showed that both CD86 (a M1 microglia indica-
tor) and CD206 (an established marker for M2 microglia)
were significantly increased in LPS-stimulated BV2 cells.
However, sesamol administration decreased dramatically
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Figure 2: Sesamol protects neurons from apoptosis in mice after SCI. (a) Western blot images exhibiting apoptosis-related protein levels in
the injured spinal cord of mice from each group at 7 dpi. (b–d) Quantitative analysis of the expression these proteins from (a) normalized to
GAPDH. n = 3 per group. (e) Sesamol reduced the fluorescence degree of cleaved caspase-3 (green) in neurons (established by NeuN, red),
and DAPI (blue) is for the nuclear staining (scale bar = 50μm). (f) Quantitative analysis of the fluorescence degree of cleaved caspase-3.
Results are expressed as mean ± SEM (n = 3 per group). ##P < 0:05, ###P < 0:001, and ####P < 0:0001.
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CD86 protein level and further induced CD206 protein
expression, which were significantly reversed by the AMPK
inhibitor compound C (Figures 6(a)–6(e)). Consistent with
the result, fluorescence intensity of CD206 in LPS-mediated
BV2 cells was also remarkably increased by sesamol treatment,
which was notably reduced by compound C (Figure 6(f)).
These results confirm that sesamol promotes M2 polarization
in BV2 cells partly regulated by the AMPK pathway.

3.7. Sesamol Alleviating Inflammation Response in Microglia
Is Regulated via the AMPK/SIRT1/NF-κB p65 Pathway.
Evidences have shown that SIRT1 is a downstream target
of the AMPK signaling pathway and participates in anti-
inflammation via suppression of NF-κB p65 activation
[23–25]. To further verify sesamol playing an anti-
inflammatory role in microglia via the AMPK/SIRT1/NF-
κB pathway, compound C was applied in BV2 cells, and
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Figure 3: Sesamol attenuates inflammation and induces M2 phenotype microglial polarization in mice suffering from SCI. (a) Western blot
images showing protein levels of IL-6, TNF-α, CD86, Arg-1, and CD206 in the injured spinal cord of mice at 3 dpi. (b, c) Quantification of
TNF-α and IL-6 from (a), respectively (n = 3). (d, e) Statistical analysis of IL-6 and TNF-α concentrations determined by ELISA in BV2 cells
suffering from LPS (n = 4 per group). (f–h) The quantitative analysis of CD86, CD206, and Arg-1 from (a) (n = 3 per group). (i) Sesamol
increased the fluorescence degree of CD206 (green) in activated microglia (established by IBA1, red), and DAPI (blue) is for the nuclear
staining (scale bar = 50 μm). Values are represented as the mean ± SEM. #P < 0:05, ##P < 0:01, ###P < 0:001, and ####P < 0:0001.
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then, protein expression of SIRT1, AMPK, and NF-κB was
analyzed using western blot. Results from Figures 7(a)–
7(d) showed that the SIRT1 protein level and p-AMPK/
AMPK ratio increased significantly while the p-p65/p65
ratio reduced remarkably in sesamol-treated BV2 cells
compared with cells exposed to LPS only. However, these
trends caused by sesamol were apparently overturned by
compound C. Moreover, sesamol also resulted in distinct
enhancement of fluorescence intensity of SIRT1 and a
remarkable reduction of p65 fluorescence intensity, which

were reversed by compound C (Figures 7(e) and 7(f)).
Combined with data from Figure 5, these data further
confirm that sesamol prevents inflammation through regu-
lation of the AMPK/SIRT1/NF-κB pathway.

4. Discussion

Secondary SCI is accompanied by long-term neuroinflam-
mation, oxidative stress, and apoptosis [33]. Sesamol is a
kind of excipient used in food and medicine and plays roles
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Figure 4: Sesamol regulates AMPK/SIRT1/NF-κB pathways in mice following SCI. (a) Western blot images showing protein expressions of
p-AMPK, AMPK, SIRT1, p-p65, and p65 in the spinal cord of mice from uninjured, SCI, and sesamol-treated group at 3 dpi. (b–d)
Quantitative analysis of western blot results from (a) (n = 3 per group). (e) Representative images showing that sesamol increased the
fluorescence degree of SIRT1 (green) in activated microglia (established by IBA1, purple), and DAPI (blue) is for the nuclear staining
(scale bar = 50μm). (f) Sesamol reduced the fluorescence degree of p65 (red) in activated microglia (scale bar = 50μm). (g, h)
Quantification of the fluorescence degree of SIRT1 and p65 in activated microglia from (e) and (f), respectively. Data are represented as
the mean ± SEM (n = 3 per group). ##P < 0:01, ###P < 0:001, and ####P < 0:0001.
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in antioxidant stress, antiaging, and anti-inflammation
[34–36]. Nevertheless, the protective roles and the underly-
ing mechanism of sesamol in SCI repair remain poorly
understood. The current study examined the neuroprotec-

tive, antineuroinflammatory, and antiapoptotic roles of sesa-
mol in mice following SCI and further explored the
underlying mechanisms both in mice and in BV2 cells.
Our results indicate that sesamol can ameliorate neuronal
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Figure 5: Sesamol-reduced proinflammatory cytokine secretions are reversed by compound C in LPS-mediated BV2 cells. (a) Quantification
cell viability of BV2 cells incubated with LPS or (and) sesamol determined by using the CCK-8 kit. (b) Western blot images showing protein
expressions of TNF-α and IL-6 in BV2 cells exposed to different conditions. (c, d) Quantitative assessment of TNF-α and IL-6 from (a),
respectively (n = 3 per group). (e, f) Statistical analysis of IL-6 and TNF-α concentrations determined using ELISA in BV2 cells suffering
from different conditions (n = 4 per group). Values are expressed as mean ± SEM. #P < 0:05, ##P < 0:01, ###P < 0:001, and ####P < 0:0001.
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apoptosis, reduce inflammatory response, promote M2
microglial polarization, and improve neurological function
restoration in mice after SCI. Furthermore, our data provide
mechanistic evidence for the hypothesis that the AMPK/
SIRT1/NF-κB pathway might be important to the antineur-
oinflammatory ability of sesamol in microglia.

SCI leads to direct or indirect damage to neurons, caus-
ing rampant neuronal apoptosis at early stages of injury,
which is one of key obstacles to the SCI restoration. Thus,
preventing neuron against apoptosis is believed to be an
effective approach to promote neural restoration after SCI.
In the current study, sesamol could promote locomotor
functional recovery and histological outcomes in mice after
SCI. Our further results demonstrated that sesamol caused
dramatic reduction of cleaved caspase-3 and Bax but a sig-
nificant upregulation of Bcl-2, particularly within neurons
in mice after SCI. Ample evidences indicate that Bax and
cleaved caspase-3 participate in proapoptosis, while Bcl-2
has an antiapoptotic role [29, 37]. This work provides novel
evidence that sesamol plays an important role of antiapopto-
sis within neurons in mice suffering from SCI.

Immune response is activated after SCI, and NF-κB
(p65) is one of the important regulators participating in
infiltration of monocytes, neutrophils, and activated microg-
lia into the damaged site and secretion of a lot of proinflam-
matory cytokines, including IL-6 and TNF-α [38, 39]. Ample
evidences have demonstrated that microglia in CNS contrib-
ute to neuroinflammation progress [40, 41]. Our results
revealed that sesamol significantly reduced TNF-α and IL-6
protein levels in mice suffering from SCI and in LPS-
mediated microglia. This is consistent with the previous

study showing that sesamol inhibits dextran sulphate
sodium-induced inflammation in colitis mice [35]. After
CNS injury, microglia are activated and polarized to the
M1 phenotype with proinflammatory function and the
M2 phenotype with anti-inflammatory effect [42, 43]. How-
ever, whether sesamol alleviates neuroinflammation related
to regulating polarization of the microglial phenotype is still
unknown. In our study, the protein level of CD86, an indi-
cator of M1 microglia, was significantly increased after SCI
and then dramatically reduced after sesamol administra-
tion. In contrast, the protein levels of Arg-1 and CD206
specially expressed in M2 microglia were increased at early
days after SCI and further increased after sesamol adminis-
tration. These data indicate that sesamol treatment
decreases the proportion of M1 but increases M2 pheno-
type cells in activated microglia, which may contribute to
antineuroinflammation.

Sesamol is extracted from sesame oil and can be used as
an antioxidant in foods and medicines [44]. Several studies
have revealed that sesamol protects the body from various
disease conditions such as obesity, hyperlipidemia, and dia-
betic foot ulcer mainly through regulating lipid as well as
energy metabolism and reducing inflammatory cell infiltra-
tion [45–47]. Ample previous studies have also documented
that sesamol has anti-inflammatory effects via upregulating
AMPK signaling and inhibiting NF-κB activation [26, 27].
Moreover, sesamol can activate SIRT1 signaling to attenuate
oxidative stress which will lead to cell apoptosis [28]. It is
well known that AMPK is a key energy sensor that mediates
cellular energy balance in the body [48]. AMPK also is found
to be an important regulator participating in the
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Figure 6: AMPK participates in sesamol-stimulated M2 microglial polarization. (a) Western blot images showing that compound C
reversed effects of sesamol on protein levels of CD86, iNOS, Arg-1, and CD206 in BV2 cells. (b–e) Quantitative analysis of CD86,
CD206, Arg-1, and iNOS from (a) normalized to GAPDH. (f) Compound C overturned fluorescence intensity of CD206 (green)
increased by sesamol in microglia (scale bar = 50μm). (g) Quantification of the fluorescence degree of CD206 from (f). Results are
represented as the mean ± SEM (n = 3 per group). #P < 0:05, ##P < 0:01, ###P < 0:001, and ####P < 0:0001.
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macrophage phenotype [49]. SIRT1, a member of the SIRT
family, has antiaging and anti-inflammatory effects [50].
SIRT1 acts as a downstream target of the AMPK pathway,
and it also inhibits the activation of NF-κB [27]. Many evi-
dences verify the inhibitory effect of the AMPK/SIRT1/NF-
κB pathway on inflammation [22, 25, 48]. In the present
study, compound C, a specific inhibitor of AMPK, was used
in BV2 cells suffering from LPS. Our results reveal that
AMPK participates in inhibitory effect of sesamol on inflam-
mation. Moreover, our data found that sesamol reduced pro-
tein levels of CD86 and iNOS which established M1
microglia, while it increased M2 phenotype microglial pro-
tein (CD206 and Arg-1) expressions in BV2 cells exposed

to LPS, but these results could be reversed by compound
C. Microglia are activated as M1-type microglia after SCI
and then secrete proinflammatory factors, which aggravate
neuronal apoptosis in an inflammatory environment and
make tissue repair difficult [51]. Excitingly, sesamol can
promote M2 phenotype polarization and decrease proin-
flammatory cytokine secretion, sequentially improve the
inflammatory environment around the tissue, and conse-
quently inhibit neuronal apoptosis and exert a neuroprotec-
tive role in mice following SCI. Finally, this study
confirmed that sesamol could activate the AMPK/SIRT1
pathway and inhibit NF-κB activation in vitro (Figure 7).
Therefore, this study indicates that sesamol attenuates
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Figure 7: Sesamol regulates the AMPK/SIRT1/NF-κB pathway in BV2 cells suffering from LPS. (a) Western blot images showing that
compound C reversed p-AMPK, AMPK, SIRT1, p-p65, and p65 protein expression regulated by sesamol in BV2 cells incubated with
LPS. (b–d) Quantification of p-AMPK/AMPK ratio, SIRT1, and p-p65/p65 ratio data from (a) (n = 3 per group). (e) Representative
images showing that compound C counteracted fluorescence intensity of SIRT1 (green) increased by sesamol (scale bar = 20 μm). (f)
Representative images showing that sesamol decreased fluorescence intensity of nuclear p65 (red) while it was reversed by compound C
(scale bar = 50μm). (g, h) Quantification of the fluorescence degree of SIRT1 and p65 in BV2 from (e) and (f), respectively (n = 3 per
group). Results are represented as the mean ± SEM. #P < 0:05, ##P < 0:01, ###P < 0:001, and ####P < 0:0001.
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neuroinflammation and improves neuron survival partly
through regulating the AMPK/SIRT1/NF-κB pathway in
mice following SCI.

5. Conclusion

This study suggests that sesamol promotes polarization of
M2 phenotype microglia, inhibits neuroinflammation, alle-
viates neuronal apoptosis, and improves locomotor func-
tional recovery by activating the AMPK/SIRT1 pathway
and inhibiting NF-κB activation in mice after SCI. Our
results support the antineuroinflammatory effect of sesamol
in SCI, and sesamol may be a potential therapeutic agent for
the treatment of SCI.
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Central nervous system (CNS) injury is divided into brain injury and spinal cord injury and remains the most common cause of
morbidity and mortality worldwide. Previous reviews have defined numerous inflammatory cells involved in this process. In the
human body, neutrophils comprise the largest numbers of myeloid leukocytes. Activated neutrophils release extracellular web-like
DNA amended with antimicrobial proteins called neutrophil extracellular traps (NETs). The formation of NETs was
demonstrated as a new method of cell death called NETosis. As the first line of defence against injury, neutrophils mediate a
variety of adverse reactions in the early stage, and we consider that NETs may be the prominent mediators of CNS injury.
Therefore, exploring the specific role of NETs in CNS injury may help us shed some light on early changes in the disease.
Simultaneously, we discovered that there is a link between NETosis and other cell death pathways by browsing other research,
which is helpful for us to establish crossroads between known cell death pathways. Currently, there is a large amount of
research concerning NETosis in various diseases, but the role of NETosis in CNS injury remains unknown. Therefore, this
review will introduce the role of NETosis in CNS injury, including traumatic brain injury, cerebral ischaemia, CNS infection,
Alzheimer’s disease, and spinal cord injury, by describing the mechanism of NETosis, the evidence of NETosis in CNS injury,
and the link between NETosis and other cell death pathways. Furthermore, we also discuss some agents that inhibit NETosis
as therapies to alleviate the severity of CNS injury. NETosis may be a potential target for the treatment of CNS injury, so
exploring NETosis provides a feasible therapeutic option for CNS injury in the future.

1. Introduction

Neutrophils, which originate from hematopoietic stem cells,
account for almost 50-70% of all white blood cells. Neutro-
phils are the primary line of defence of the innate immune
system to fight against infection. These inflammatory cells
are extensively involved in all kinds of inflammatory reac-
tions. Once the host is infected by microorganisms, neutro-
phils immediately move from the bloodstream to the target
of infection, serving as a “first line” of defence against
foreign invaders. This process is called innate immunity.
Neutrophils display antimicrobial functions through phago-
cytosis, degranulation, and NETs (neutrophil extracellular
traps). NETs contain modified chromatin with histones
and granular proteins, which kill microbes through oxidative

or nonoxidative mechanisms and propagate inflammatory
and immune responses [1]. The formation of NETs accom-
panied by cell death is called NETosis, which was first
reported by Takei et al. [2]. NETosis is produced by immune
complexes, microcrystals, antibodies, chemokines, cytokines,
and physiological factors [3]. In recent studies, two different
types of NETosis have been discovered: suicidal NETosis
and vital NETosis [1]. Suicidal NETosis will cause cell death
after the release of NETs, while cells remain alive in vital
NETosis. These two different types of NETosis have their
own functions and play an important role in immune
defensive reactions.

CNS injury is one of the most serious organ injuries and
has been very common worldwide in recent years [4].
According to clinical need, CNS injury comprises many
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types. CNS injury even causes paralysis in severe cases,
seriously influencing individuals’ physical and psychological
health. Therefore, understanding with the mechanisms of
neurotrauma and inventing effective pharmaceutical thera-
pies are vital to improve patients’ quality of life. Many cells
are involved in the process of CNS injury, including menin-
geal cells, Schwann cells, endothelial cells, astrocytes,
fibroblasts, pericytes, microglia, and other glia cells, which
collectively attenuate damage or prompt repair [5]. CNS
cells release DAMPs (damage-associated molecular patterns)
after injury, which are sensed by macrophages or microglia.
Admittedly, injury is a cause of inflammation activation.
Damage of the CNS results in inflammatory responses from
peripheral immune cells (such as T cells, monocytes, and
neutrophils), macrophages, and resident microglia [6]. In
addition, the migration of macrophages to injured areas
and microglial activation are due to stimulation by chemo-
kines, proinflammatory cytokines, or CNS environmental
alterations [7]. Activation of macrophages and microglia
has been proven to be related to CNS injury [8]. Neuroin-
flammation is a sign of spinal cord and brain injury. A large
number of endogenous microglia and systemic macrophages
migrate to injury sites to assist in clearing cellular debris
after stroke, SCI, or TBI. In addition, CNS macrophages
have the capability to dichotomously facilitate repairs while
concurrently causing injury deterioration [8]. Neutrophils
are the earliest inflammatory cells arriving at the injured
region, and they possess a variety of toxic compounds. Stud-
ies show that CNS infiltration induced by neutrophils under
different pathological conditions, such as brain ischaemia,
trauma, neurodegeneration, infection, and autoimmunity,
is a prominent phenomenon [9]. Previous studies have
reported that classic cell death types, including autophagic
cell death [10], apoptosis [11], necrosis [12], and pyroptosis
[13], are involved in the process of CNS trauma. Macro-
phages are now widely researched in pyroptosis, while
apoptosis occurs in neurons during invasion by viruses or
other pathogens. In autophagy and necroptosis, we found
neurons, astrocytes, and microglia implicated after CNS
trauma [7]. Many cells mediated by various pathways of cell
death have been identified in injury diseases, but the role of
NETosis by neutrophils in CNS trauma remains unclear. We
reasonably assume that NETosis probably regulates the
mechanism of injury during inflammation. In this review,
we summarize recent studies of NETosis in CNS trauma to
provide a feasible future therapeutic method for CNS injury.

2. Mechanism of NETosis

As a specific type of cell death, NETosis is characterized by
the release of web-like DNA structures decorated with his-
tones and cytotoxic proteins from activated neutrophils
[14]. This substance called NETs is triggered by microcrys-
tals, cholesterol, antibodies, specific cytokines, and pharma-
cological stimuli containing calcium, potassium ionophores,
and PMA [15]. The formation of NETs needs a variety of
substances, such as NADPH oxidase, myeloperoxidase
(MPO), c-Raf, MEK, ERK, and ROS (reactive oxygen spe-
cies) [16]. NETosis is divided into suicidal NETosis and vital

NETosis. In both, the nuclear membrane dissolves and
decondensed chromatin exits the cell mixed with granular
antimicrobial factors under the influence of all kinds of
enzymes, which collectively form NETs [17]. After that,
NETs trap almost all pathogens, even those that cannot be
phagocytosed (such as viruses, yeasts, and protozoan para-
sites), killing them with a cocktail of bactericidal enzymes
[3, 18]. Suicidal NETosis extrudes NETs accompanied by
cell death; in vital NETosis, the cell is viable and retains its
effector functions. Moreover, vital NETosis is induced by
bacterial-specific molecular features identified by individual
pattern recognition receptors (PRRs), whereas suicidal
NETosis is typically attributed to PMA [19]. With regard
to this newly described form of NETosis, we lack corre-
sponding studies detailing its exact mechanism.

2.1. Suicidal NETosis. In 1996, Takei et al. found a new
method of cell death, differing from necrosis and apoptosis,
that is caused by phorbol 12-myristate 13-acetate (PMA) [2].
Subsequently, this method of cell death has been named
suicidal NETosis [14]. This form of suicide includes nuclear
swelling, chromatin decondensation, membrane perfora-
tion, and spilling of the nucleoplasm into the cytoplasm
(Figure 1). In vivo, many kinds of pathogens trigger suicidal
NETosis. First step is formation of NETs. Recent studies
revealed the mechanism of NET formation. Fuchs et al.
[20] speculated that ROS (including superoxide anions,
dioxygen, and hydrogen peroxide) produced by NADPH
oxidase may participate in NET formation and by using
detailed cellular experiments in vitro. In his research, inhibi-
tion of NADPH oxidase by diphenylene iodonium (DPI)
impaired the formation of NETs normally induced by PMA
and live bacteria [20]. In addition, hydrogen peroxide was
exogenously generated by glucose oxidase (GO) and used to
stimulate neutrophils downstream of NADPH oxidase. The
results indicated that the stimulation of hydrogen peroxide
(membrane permeable) could produce NETs. In addition,
studies have demonstrated that the Raf-MEK-ERK pathway
activates protein kinase C (PKC), leading to membrane
assembly with NADPH oxidase (Figure 1) [21, 22]. Another
activation mechanism of NADPH oxidase in neutrophils
relates to the ROS-dependent relationship between the
p47phox subunit and the disulfide isomerase protein, which
results in its migration onto the membrane to induce the
release of NADPH oxidase [23]. In addition to ROS induced
by NADPH oxidase, researchers also noticed an interest-
ing phenomenon in which chronic granulomatous disease
(CGD) patients, who lack NADPH oxidase to produce ROS,
still demonstrate NET formation caused by A23187 but not
PMA [15]. A23187 is a calcium ionophore that increases
the intracellular Ca2+ concentration. Further studies indi-
cated that Ca2+ overload induced by A23187 leads to
increased mitochondrial ROS (mtROS) generation, while
mtROS is not only cause NETosis by activating NADPH
oxidase but also other pathways that do not involve NADPH
oxidase, and mtROS is produced under the influence of
the mitochondrial permeability transition pore (mPTP)
(Figure 1) [15, 20, 24, 25]. These discoveries explain why
CGD patients are able to also demonstrate NETosis.
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Generation of ROS leads to tubulin and actin glutathionyla-
tion regulated by glutaredoxin 1 (Grx1) [26]. Grx1 is a
required enzyme during the process of microtubulin and
actin deglutathionylation [26, 27]. Stojkov et al. and Amini
et al. [26, 27] thought that an intact cytoskeleton is required
for the formation of NETs. Lack of Grx1 leads to impaired
cytoskeletal dynamics and causes defective degranulation.
Additionally, active cytoskeletal rearrangements and glyco-
lytic ATP production through an entire cytoskeleton are
required elements in the formation of NETs. Successful
NET formation requires energy from ATP released by glycol-
ysis in the cytoplasm; since OPA1, as an inner mitochondrial
membrane protein, maintains the supply of NAD+, NET
formation also is indirectly regulated by OPA1 [26, 27].
The shortage of OPA1 leads to a decrease in mitochondrial
electron transport complex I activity in neutrophils and
consequently reduces ATP generation via glycolysis because
of the lack of NAD+ [26, 27]. NET formation and the
active assembly of the cytoskeletal network require OPA1-
dependent ATP production (Figure 1) [26, 27]. Additionally,
ROS participate in the dissociation of azurosomes, which are

from Azurophil granules [28]. Azurosomes contain 8 catego-
ries of proteins. Three types of the proteins are serine
proteases with high homology, namely, cathepsin G and
azurocidin, neutrophilic elastase (NE), and myeloperoxidase
(MPO) [28]. MPO and NE are associated with NETosis
because they are implicated in the decondension of chroma-
tin and the breakdown of cytoskeletal elements [28]. Under
the influence of various mechanisms, NE in cytoplasmic
granules migrates to the nucleus, incites nuclear envelope
damage, and degrades chromatin by histone cleavage
(Figure 1). Furthermore, myeloperoxidase (MPO) plays a
role in decondensing nuclear DNA, but NET formation is
independent of its enzymatic activity at this stage. It has been
reported that the decondensation of chromatin is induced
by MPO through enhancing the uncoiling of chromatin;
however, the molecular mechanism is still unclear [29].
In addition, posttranslational modification may also con-
tribute to the process of chromatin decondensation. Since
posttranslational modifications occur in histone proteins
(e.g., methylation, acetylation, and phosphorylation), vari-
ous chromatin functions are altered, such as DNA damage
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Figure 1: Mechanism of suicidal NETosis and induction of NETosis. PMA or bacteria combine with receptors and activate Ras and then
activate PKC through the Raf-MEK-ERK pathway. PKC induces production of ROS by NADPH oxidase. ROS trigger rupture of
azurephil granules and release azurosomes, which include NE and MPO. NE and MPO implicated in decondensation of chromatin.
Finally, NETs are released through formation of GSDMD. A23187 induces an increase in Ca2+ concentration in mitochondria, which
activate the opening of mPTP and produce mtROS. PAD4 moves into the nucleus and catalyses citrullination of histones (H3, H2A, and
H4), through which it induces chromatin decondensation. OAP1 maintains the supply of NAD+, which later turns into NADH under
the influence of glycolysis, and finally, NADH transfers electrons in the mitochondrial electron transport complex, which provides ATP
for NET formation.
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repair, transcription, and the condensation/decondensation
of chromatin [30, 31]. Through an HL-60 cell model, Wang
et al. [32] indicated that peptidylarginine deiminase 4
(PAD4) in the cytoplasmmigrates into the nucleus and catal-
yse histone citrullination, causing the decondensation of
chromatin. PAD4, which is highly expressed in peripheral
blood neutrophils, predominantly moves into the nucleus
and is aimed at citrullinate histones H2A, H3, and H4. Inhi-
bition of PAD4 Cl-amidine prevented chromatin from
decondensing; neutrophils from PAD4 knockout mice and
NETosis induced by Shigella flexneri or Ca2+ ionophores in
HL-60 cells did not lead to the response of NETosis when
induced by PMA [32–35]. It is found that PMA prompts
the expression of PAD4 in cells [36]. In addition, transfection
with a mimic of miR-155 and an antagomiR-155 increased
and decreased PAD4 mRNA expression, respectively, in
neutrophils, indicating that miR-155 is a potent regulator of
PAD4 in neutrophils [36]. This finding reveals that miR-
155 controls PAD4-dependent NET formation [36]. PAD4
also requires a high concentration of calcium for its activa-
tion [37]. Finally, nuclear DNA and antimicrobial com-
pounds are released to the extracellular environment,
accompanied by cell death via pores formed in the plasma
membrane. Gasdermin D protein (GSDMD) contributes to
the formation of pores on the plasma membrane (Figure 1).
In contrast to pyroptosis in macrophages, typical NETosis
hallmarks, involving histone citrullination, nuclear delobula-
tion, DNA extrusion, the destruction of the plasma mem-
brane, granules, and nucleus, which could be triggered after
GSDMD activation. Previous studies demonstrated that
GSDMD forms pores in the macrophage membrane during
pyroptosis by activating caspase-1 and caspase-4/5, while it
is activated and cleaved by NE in NETosis [38, 39]. This
could also be accompanied by neutrophil lysis. Whether
another mechanism causes neutrophil lysis after release of
NETs remains unknown.

2.2. Vital NETosis. Suicidal NETosis needs cell death to play
a role in antimicrobial function, but is there any other way to
kill pathogens while keeping neutrophils alive? Some
research groups have discovered a novel mechanism of
NETosis without cell death. Pilsczek et al. found that neutro-
phils could distinctively respond to Staphylococcus aureus by
a novel process of NET formation, during which neutrophil
lysis and plasma membrane breakage were not required [40].
Morphologically, the multilocular neutrophil nucleus rap-
idly became round and compact. During the process,
budding of vesicles and separation of the outer and inner
nuclear membranes were observed, and the vesicles and
separated membranes were filled with nuclear DNA. In
addition to the mechanism whereby NETosis is caused by
PMA, suicidal NETosis occurs much slower than vital
NETosis, and this indicates that vital NETosis is a rapid
mechanism [40]. Some studies have proven that platelet
TLR4 recognizes TLR4 ligands in blood and binds to adher-
ent neutrophils, contributing to the formation of NETs and
the robustness of neutrophil activation [19, 41]. The NETs
retained their integrity under flow conditions and ensnared
bacteria within the vasculature. This phenomenon reveals

that LPS may be an activator of rapid NETosis [41].
Whether a lack of nuclear DNA induces cell death is an
important consideration. IFN-γ- or IL-5-primed eosinophils
could rapidly respond to LPS by catapulting their DNA,
which did not cause eosinophil apoptosis [42]. The authors
explained that this phenomenon was primarily attributed
to mitochondrial but not nuclear DNA extruded by eosino-
phils [42]. Therefore, we assume that neutrophils retain their
viability after NETosis in the same manner as eosinophils.
Interestingly, a group found that neutrophils treated with
GM-CSF could then respond to C5a or LPS by emitting
mitochondrial DNA due to oxidant mediation [1]. In this
manner, a neutrophil could emit NETs, while its nucleus
and other antimicrobial functions were retained. It is para-
doxical to the outcome that vital NETosis does not need
oxidants, and simultaneous centrifugation of neutrophils
forms nuclear cytoplasts, which is cryopreserved and main-
tain their ability to inactivate phagocytosed bacteria (e.g., S.
aureus) and exhibit chemotaxis [43, 44]. Considering that
erythrocytes live for more than 120 days without nuclei, we
believe neutrophils also retain their function even if their
nuclei are unavailable. Therefore, relevant studies are needed
to describe this mechanism.

2.3. How NETs Play a Role in Immune Defence. NETs com-
prise numerous antimicrobial compounds, such as MPO
and NE, which kill pathogens directly. As the most abundant
proteins of NETs, histones possess a strong ability to kill
microorganisms [45]. At the same time, as a component of
NETs, DNA is also able to inhibit microorganisms. Gener-
ally, neutrophils are deemed to possess antimicrobial ability
through phagocytosis, but recent studies show that neutro-
phils whose phagocytosis function was inhibited via treat-
ment with cytochalasin D retained bactericidal activities
and failed to function when treated with DNase or antihis-
tone antibodies against H2A [3]. However, the considerable
mechanism by which DNA and histones kill microbes is still
unclear. Furthermore, physically attaching to pathogen cells
and then trapping them are proposed as a mechanism for
antimicrobial effects. The initial description of NETs was
initially proposed following observations by electron micros-
copy and immunofluorescence [19]. Extracellular nucleic
acids after NETosis stimulation have the ability to bind to
exogenous Salmonella typhimurium, S. aureus, and Shigella
flexneri [19]. Furthermore, in a model of rabbit shigellosis,
bacteria were found to adhere to the NET structure [19].
In total, multiple bacteria have been shown to bind directly
to extracellular DNA in vitro, including Streptococcus pneu-
moniae, S aureus, and Escherichia coli [19]. Therefore, we
assume that the primary function of NETs is to trap bacteria,
through DNA combinations, but it is not ruled out whether
there are other methods to trap bacteria. In addition, com-
ponents in NETs have also been proven to potentially kill
bacteria. For example, histone H2B is able to penetrate
through the E. coli membrane, histones H3 and H4 destroy
the bacterial cell wall, NET-associated proteases (NE or
PR3) inactivate and kill pathogens by cleaving their viru-
lence factors, and LL37, a unique member of human catheli-
cidin antimicrobial peptides composed of 37 amino acids,
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disintegrates pathogen cell membranes, challenging patho-
gen viability; MPO is an effective antimicrobial material
[46, 47]. Pretexts describe TLR4 function in NET formation.
The activation of platelet TLR4 leads to a specific platelet
response—specifically, attaching to adherent neutrophils in
the sinusoids, resulting the formation of NETs, and enhanc-
ing the robustness of neutrophil activation [41, 48]. As a
haemostatic regulator, platelet functions is only activated
by very serious systemic infections that stimulate neutro-
phils to emit chromatin and proteolytic materials, thereby
enhancing the innate immune system’s ability to trap and
kill microbial cells in circulation [41, 48]. Although LPS
causes unconventional platelet activation, and the prevailing
view is that during sepsis, the LPS emitted by bacteria acti-
vates neutrophils inappropriately and lock them in liver
sinusoids and lung capillaries where the proteolysis improp-
erly damages the tissues [41, 48]. It has also been reported
that platelets are less sensitive to LPS than neutrophils, and
NETs may damage the vascular endothelium [41, 48].
Therefore, NETs are vital to the immune defence response.
However, when NETs are out of control, they may cause
autoimmune diseases, such as systemic lupus erythematosus
(SLE) [49–51]. DNase1 is important for the physiological
degradation of NETs [49–51]. The degradation of PMA–
NET induced by macrophages occurs in lysosomes [49–51].
If degradation of NETs is incomplete, residual NETs mediate
inflammasome and complement activation; for example,
lower concentrations of complement factors C3 and C4
were found in SLE patients, indicating consumption of
complement and SLE-related NET complement activation,
triggering the accumulation of C1q on NETs, which further
inhibits DNase1 [52, 53]. Knowing the detailed defence
mechanism of NETs in the immune system should be the
focus of subsequent studies.

3. Linkage between NETosis and Other Cell
Death Pathways

Programmed cell death mainly includes pyroptosis, necrop-
tosis, apoptosis, and NETosis. There are many differences
among these cell death pathways. In inflammatory cells,
pyroptosis mainly occurs in specialized immune cells (such
as macrophages, monocytes, and dendritic cells) and nonim-
mune cell types (such as intestinal epithelial cells, human
trophoblasts, and hepatocyte cells), while NETosis takes
place in the PMN [19, 54]. Morphologically, it was found
that in NETosis, the cell membrane remains intact until
the release of NETs, the cytoplasm remains unchanged or
swollen, and the nucleus decondenses and mixes with cyto-
plasmic contents [55]. In apoptosis, the membrane blebs,
but cell integrity is maintained, the cytoplasm becomes
shrunk, and the nucleus condenses to form apoptotic bodies
[55]. In necroptosis, the membrane loses its integrity, the
cytoplasm becomes swollen, and the nucleus remains intact
[55]. We explored whether there is a relationship between
NETosis and these three cell death pathways. Neutrophils
are involved in inflammation, so the formation of NETs is
related to inflammatory reactions. Previous study indicated
that inflammatory factors are implicated in the process of

programmed cell death [56], so we predict that NETosis
may trigger other death pathways by releasing NETs. Pyrop-
tosis is an inflammatory form of cell death triggered by cer-
tain inflammasomes, leading to the cleavage of gasdermin D
(GSDMD) and activation of inactive cytokines such as IL-18
and IL-1β [57]. DAMPs in pathogens are recognized by
nucleotide oligomerization domain- (NOD-) like receptors
(NLRs), which recruit caspase-1 to cleave pro-IL-18 and
prointerleukin-1β (IL-1β) into their mature patterns and
rupture GSDMD (encoded by GSDMD) to prompt pyropto-
sis and pore opening [56]. NE in NETs released during
NETosis cleaves and activates GSDMD and induces neutro-
phil lysis [38, 39]. GSDMD could be a crosslink between
pyroptosis and NETosis. The activation of the noncanonical
inflammasome occurs during the recognition of LPS by
caspase-4, stimulating its activation, caspase-1 activation,
and GSDMD pore formation via the NLRP3 inflammasome.
Noncanonical inflammasome stimulation through the
transportation of LPS to the neutrophil cytoplasm activates
caspase-4/-11 and causes the release of NETs in a
GSDMD-dependent manner [58]. Related studies showed
that NET-primed macrophages improved the IL-1β/Th17
response, causing atherogenesis [59]. IL-1β plays an impor-
tant role in the canonical pyroptosis pathway, and NETosis
may trigger pyroptosis by activating caspase-4 and IL-1β.
In addition, a study has documented that apoptotic
caspase-8 triggers the formation of GSDMD pores [60]. If
NETs are able to activate caspase-8, NETs may trigger apo-
ptosis [56]. In contrast to apoptosis, inhibition of caspase-8
induces necroptosis through recruiting and phosphorylating
RIPK3 by RHIM-RHIM under the influence of continued
RIPK1 kinase activity [56, 61, 62]. If NETs inhibit caspase-
8 activity, NETosis may also cause necroptosis. Overall,
GSDMD and caspase-8 may be central points in NETosis,
pyroptosis, necroptosis, and apoptosis. Further studies are
needed to prove this hypothesis.

4. Evidence of NETosis in CNS Injury

4.1. NETs in Traumatic Brain Injury (TBI). TBI is often
attributed to the application of mechanical force to the head.
TBI has two stages. One is primary injuries, which occur at
the time of impact. Another is secondary injuries developing
under the circumstance of supervised medical care [63]. TBI
is often considered to be involved in various chronic degen-
erative processes. After external violence, intracranial haem-
orrhage will result in increased neurological deterioration,
cerebral hypoperfusion, and altered intracranial pressure
(ICP) because the volume of the skull is limited. In addition
to the influence of external factors and local compression by
haematoma, inflammatory cells are also involved in the
traumatic process. Therefore, as a diverse group of sterile
injuries, TBI is generally induced by primary and secondary
mechanisms, and it leads to neurologic dysfunction, inflam-
mation, and cell death in patients of all demographics [64].
Studies have shown that after TBI, the CNS rapidly recruits
neutrophils which enter through the choroid plexus and the
vessels of meninges [65, 66]. As such, we confirm that neu-
trophils are implicated in the process of TBI, but whether
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NETs are required for the injury process remains to be fur-
ther researched. Early signs of TBI pathogenesis are tissue
destruction, hypoxia, and edema, through which the earliest
soluble mediators, ROS, are produced [65]. As described in
the pretext, ROS are critical mediators participating in the
formation of NETs, so there are enough reasons to assume
this hypothesis. Vaibhav et al. [67] discovered NETs in
hypoperfused brain tissue through a mouse controlled corti-
cal impact (CCI) model [67]. After that, to further explore
the mechanism of NETs in TBI, researchers used C3H/HeJ
mice lacking functional TLR4 compared to wild-type C3H/
OuJ mice [67]. The results showed that C3H/HeJ mice
displayed less NET formation and edema development after
TBI. After TBI, the isolated C3H/OuJ neutrophils were
transferred to either C3H/HeJ (WT>mutant (MUT)) mice
or C3H/OuJ (wild type (WT)>WT) mice, which caused
increases in NETs, indicating that TLR4 activation improves
the generation of NETs [67]. Additionally, after TBI, TLR4
activation increased histone hypercitrullination and NET
formation via a PAD4-dependent mechanism in isolated
human neutrophils, and circulating levels of Cit-H3, a prod-
uct of PAD4 activity, was noted [67]. Administration of Cl-
amidine, an inhibiting agent of PAD4, dose-dependently
reduced CNS neutrophil infiltration, attenuated NET pro-
duction after TBI, reduced cerebral edema, improved CSF,
and ameliorated neurological deficits after TBI. In addition,
paroxysmal sympathetic hyperactivity (PSH) plays an
important role in the high morbidity and mortality of TBI
[67]. A research group used enzyme-linked immunosorbent
assay with a rat diffuse axonal injury (DAI) model to evalu-
ate the concentrations of plasma normetanephrine and
metanephrine [68]. These values are indices of sympathetic
system variation after TBI [68]. Study shows that after TBI,
the levels of normetanephrine and metanephrine initially
increased at 9 h and reached their highest values at 72 h
[68]. After injury, in the paraventricular nucleus (PVN), a
continuous increase in the concentration of NETs was
observed at 24 and 72h [68–71]. A positive connection
between blood catecholamine and PVN or NET levels was
found [68–71]. The flow cytometry assay of peripheral blood
cells demonstrated that compared with the control group,
there was a much higher level of NETs in the injury group
[68–71]. The immunofluorescence results proved that NETs
appeared in the PVN after TBI, the positive immunoprecip-
itation results indicated that LL37 was correlated with P2 × 7
[68–71]. As a portion of NETs, LL37 is an agonist of the P
2 × 7 receptor, which is a trimer ATP-gated cationic channel
and highly expressed on the cell membrane of microglia and
monocytes [68–71]. LL37 could enhance IL-1β secretion in
monocytes through the P2 × 7 receptor [68–71]. IL-1β, an
important inflammatory mediator, takes part in sympathetic
excitation by mediating neuronal activity and inhibitory/
excitatory neurotransmitter levels [68–71]. The expression
levels of IL-1β could be inhibited by PAD4 and Hippo/
MST1 pathway inhibitors; furthermore, PAD4 inhibitors
could also prevent MST1 expression [68–71]. This evidence
reveals that IL-1β secretion is regulated by LL37 in NETs
through the Hippo/MST1 pathway, under the influence of
PSH, and microglial activation after TBI to eventually cause

sympathetic hyperactivity. Moreover, since proteolytic
proteins (e.g., metalloproteinases (MMPs) and cathepsin G
and NE) are released, intravascular NETs directly lead to
toxic effects on the endothelium [9]. MMPs and NE are
related to the retraction of endothelial cells and the disrup-
tion of junctional complexes [9]. The permeability of endo-
thelial cells was improved by NE itself, while the death of
endothelial cells was caused by MPO and histones [9]. In
this case, the production of NETs may damage cerebral vas-
cular endothelial cells and brain cells, going a step further to
exacerbate the destruction of the brain by hypoxia after TBI.

4.2. NETs in Cerebral Ischaemia. There are many reasons for
cerebral ischaemia, including cerebral atherosclerotic plaque
formation, cerebral artery thromboembolism, and cerebral
artery stenosis. Chronic inflammation induced by neutro-
phils is considered to be a potential cause of atherosclerosis.
A previous perspective is that the underlying pathophysiol-
ogy termed atherosclerosis is a lipid-driven inflammatory
disease of arteries developing at predilection sites with dis-
turbed flow, in which endothelial activation contributes to
intimal retention of lipoproteins [72]. Oxidized low-density
lipoprotein and modified lipoproteins augment the damage
to endothelial cells and cause the recruitment of leukocytes
once they fail to pass through cell death, retain inflamma-
tion, and eliminate lipoproteins [72]. The growing lesions
caused by chronic inflammation will induce vessel occlusion
and subsequent arterial or ischaemic thrombosis [72]. Find-
ing the linkage between NETs and atherosclerosis induced
by chronic inflammation will further explain the pathophys-
iological mechanism. In research studies, NETs activated
plasmacytoid dendritic cells in the vessel wall, leading to a
strong response to type I interferon (IFN I), subsequently
causing atherogenesis. After treatment with chloramidine
to inhibit PAD4, thrombosis of the carotid artery and the
size of atherosclerotic lesions were reduced in an atheroscle-
rotic mouse model [73, 74]. In addition, NETs have a direct
effect on inducing endothelial dysfunction (as a starting
point of atherosclerosis) via endothelial cell activation and
damage [75–77]. Some authors think that NET-mediated
priming of macrophages induces PR3-mediated cytokine
maturation or a strong IL-1β/Th17 response driving athero-
genesis [59, 78]. Regardless, evidence reveals the potential
correlation between NETs and cerebral atherosclerosis.
Fuchs et al. have proved the relationship between NETs
and thrombosis [79]. Extracellular DNA secreted by NETs
served as a net for red blood cells and platelets, and high
levels of histones and DNA render NETs highly procoagu-
lant by activating and accumulating platelets [79]. Activated
platelets adhere to procoagulant molecules, such as fibrino-
gen, von Willebrand factor (VWF), and fibronectin, which
are immobilized on NETs [79]. Meanwhile, components in
NETs also trigger procoagulant molecules or block inhibi-
tors of the tissue factor pathway to accelerate the process
of coagulation [80]. Moreover, it is well known that extracel-
lular DNA induces coagulation and activates innate immune
responses after infection [81]. Therefore, these studies
showed that a variety of NET components present in the
plasma of stroke patients are possibly required for NET
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prothrombotic effects and are assayed to assess disease
severity. New studies are needed to further explore the
relationship between thrombosis and NETosis in cerebral
ischaemia. In addition, experiments by Kim and colleagues
suggested that high-mobility group box-1 (HMGB1), a pro-
totypic DAMP, is involved in NET-mediated neuronal dam-
age in the ischaemic brain [82]. HMGB1 is a nonhistone
chromosomal protein localized in the nucleus under normal
physiological conditions that is considered to activate plate-
lets and induce NETosis [82]. HMGB1 is not only emitted
from NETosed neutrophils but also activated platelets
[83–85]. The myocardial repair process is interfered with,
by activated platelet-derived HMGB1 via decreasing the
accumulation of mesenchymal stem cells through downreg-
ulating the hepatocyte growth factor receptor MET in a
TLR4-dependent process [83–85]. Furthermore, NET for-
mation and autophagy is enhanced by activated platelet-
derived HMGB1 in a RAGE-dependent manner [83–85].
Therefore, NETosed neutrophil- or activated platelet-
derived extracellular HMGB1 initiates thrombosis and
further promotes NETosis, which mediates the aggravation
cascade resulting in cerebral ischaemia and various other
diseases associated with immunothrombosis [83–85]. In
addition, NETosis caused by HMGB1 exacerbates ischaemic
brain damage in the MACO model [82]. The results show
that HMGB1 induces NETosis via TLR4 and CXCR4, which
is consistent with the results described in the pretext that
TLR4 is able to trigger the release of NETs [82]. When
HMGB1 was emitted from neutrophils and aggregated in
culture media and cell lysates, NETosis was triggered by cir-
culating neutrophils treated with NCM, and those blood
neutrophils treated with NCM were cocultivated with pri-
mary cortical neurons, increasing the levels of PI-positive
neurons, suggesting that HMGB1 released from neutrophils
after NETosis leads to NETosis-induced neuronal death and
the presence of a reciprocal aggravating cycle between
NETosis and neuronal cell death [82]. Some researchers also
proved that the accumulation of ATP during cerebral ischae-
mia could lead to NETosis [86]. A prototypic P2X7R agonist
(BzATP) or ATP dramatically induced CitH3 and PAD4 in a
P2X7R-dependent manner, and NADPH oxidase-dependent
ROS production, PKCα activation, and intracellular Ca2+

influx are critical in ATP-P2X7R-mediated NETosis [86].
Within the process of NETosis, the most effective compo-
nent is NETs, so we assume damage in cerebral ischaemia
is mainly ascribed to NETs. Many studies have shown an
increase in NETs after cerebral ischaemia [87]. Kang et al.
[87] through a middle cerebral artery occlusion (MACO)
model indicated that stroke resulted in the accumulation of
neutrophils in the brain, creating toxic signals (such as
NETs), which subsequently improved the production of
STING-dependent type I IFN-β activation. Remarkably,
they also found that the increased generation and impaired
clearance of NETs were detrimental to vascular repair and
revascularization after stroke [87]. Additionally, active com-
ponents in NETs destroy the viability of neurons. In vitro,
coculturing transmigrated neutrophils with neurons for 3 h
significantly reduced the viability of neurons [88]. However,
DNase treatment of conditioned medium from transmi-

grated granulocytes did not evidently diminish the viability
of neurons; therefore, the decrease in the viability of neurons
was not ascribed to extracellular DNA [88]. Moreover,
inhibiting neutrophil-derived extracellular proteases (such
as neutrophilic proteases) related to NETs remarkably
reduced neutrophil-mediated neurotoxicity [88]. Interest-
ingly, as shown in experiments, the key neutrophilic prote-
ases, cathepsin-G, NE, proteinase-3, and MMP-9, seem to
attack neurons when a mixture of their inhibitors, but not
any single specific inhibitor, nearly completely reversed the
neutrophil-dependent neurotoxic effect [9, 88]. Altogether,
these authors identified a novel neuroinflammatory mecha-
nism: the development of rapid neurotoxicity of neutrophils
initiated by IL-1-induced cerebrovascular transmigration
[9, 88]. Consistently, Allen et al. [9, 88] proved that rap-
idly developed (30min) neutrophil-dependent neurotoxic-
ity is mediated by neutrophil-derived proteases released
upon degranulation or associated with NETs. This result
indicates that NETs may have toxic effects on neurons,
which may be the reason for defects and nerve damage
after stroke.

4.3. NETs in CNS Infection. CNS infection is uncommon in
the presence of BBB (blood-brain barrier), but individuals
may suffer from CNS infection, such as meningitis or
encephalitis, under circumstances of low immunity. Local
failure of the immune response mechanism leads to these
devastating conditions, which consequently result in irre-
versible brain damage. The critical role of NETs in antimi-
crobial activity is clear [3], so we assume that NETs may
participate in CNS infection. As described previously, NETs
mainly kill bacteria through phagocytosis and oxidative
stress as bactericidal mechanisms in CNS infection. In the
clinic, neutrophils are observed crossing the BBB in bacterial
meningitis upon the examination of CSF by lumbar punc-
ture [89]. As described in the pretext, NETs capture both
gram-positive and gram-negative microbes, and active com-
ponents in NETs not only kill bacteria but also inhibit the
spread of infection and retain homeostasis at the point of
entry, even in unexpected body compartments [19]. By
engulfing and immobilizing viruses, NETs also prevent virus
entry into cells and spreading [90]. There are many antimi-
crobial compounds. Mohanty et al. [91] discovered that
DNase1 significantly cleared bacteria in affected organs
(lungs, brain, and spleen) and decreased bacterial viability
in the presence of neutrophils in vitro. The eradication of
bacteria from the brains of DNase-treated rats correlated
with a decrease in IL-1β levels [91]. These findings indicated
that DNA in NETs has antimicrobial activity. The antimi-
crobial activity effect was also annulled by inhibitors of
phagocytosis, NADPH oxidase, and MPO [9, 91]. In addi-
tion, much evidence has revealed that NETs occur in CNS
infection. From statistical data, increases in NETs were
detected in children with enteroviral meningitis (EVM),
tick-borne encephalitis (TBE), and Lyme neuroborreliosis
(LNB), and the highest median levels of polynuclear cells
were present in TBE [92]. Since monocytes play a primary
role in viral encephalitis and are also able to release ana-
logues of NETs, the authors determined the proportions of
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mononuclear and polynuclear cells in NET-positive samples
[92]. The results confirmed that polynuclear cells are specif-
ically related to NET levels rather than pleocytosis. In addi-
tion, the activity of NE and the levels of NETs displayed a
high degree of correlation [92]. Therefore, they concluded
that the NET structures mainly originated from neutrophils
[92]. When the researchers tested chemokines and cytokines
in CSF sample, the result showed that the levels of CXCL1,
CXCL6, CXCL8, CXCL10, MMP-9, IL-6, and TNF were
raised in the sample. Therefore, the recruitment of neutro-
phils into the CNS is a prerequisite in infections resulting
from enterovirus and B. burgdorferi. The combination of
CXC-receptor 2 on neutrophils and chemokines CXCL8,
CXCL6, and CXCL1 could result in autoactivation and
enable neutrophils to enter the CNS during infections [92].
The highest median levels of NETs/neutrophil-associated
cytokines and chemokines were also determined in the
CSF samples of children with EVM [92]. However, Mohanty
et al. [91] noted that NETs hinder the clearance of bacteria
in pneumococcal meningitis, and the application of DNase1
reduces pneumococcal viability in the brain and enhances
the clearance of bacteria in a meningitis mouse model. Fur-
ther data showed that suppression of NADPH, MPO, and
phagocytosis caused the death of bacteria due to DNase
treatment. Therefore, the authors assume that when encoun-
tering neutrophils, bacteria lead to NET generation in the
brain; however, not all bacteria are associated with NETs
[91]. Therefore, bound/unbound bacteria enhance their via-
ble loading and induce leakage of the BBB. Ultimately, the
bacteria go through the defective BBB and spread into other
organs. Treatment with DNase degrades DNA in NETs,
resulting in the release of bacteria and allows other defence
mechanisms of neutrophils to control and promote the pro-
cess of microbial clearance [91]. Elucidation of the relevant
mechanisms still needs further research to provide appropri-
ate future therapeutic targets.

4.4. NETs in Alzheimer’s Disease (AD). AD, which tends to
occur in the elderly, is a neurodegenerative disorder
characterized by the progressive degeneration of cognitive
functions. Previous research indicated that the molecular
pathogenesis of the disease is mainly ascribed to the loss of
synapses and neurons, plaques composed of amyloid beta
(Abeta), and tangles composed of hyperphosphorylated tau
[93]. Chronic neuroinflammation is a typical feature of AD
pathogenesis [94]. Since inflammation occurs in AD, we
speculate that leukocytes may be implicated in the patholog-
ical process. Compelling evidence indicates that neutrophils
are able to pass through the BBB and have been discovered
inside the parenchyma and brain vessels of AD subjects.
Moreover, recent data from two transgenic animal models
of AD indicate that neutrophils bind to blood vessels and
intrude into the brain parenchyma, causing neuropathologi-
cal alterations and cognitive deficits [95]. Further studies
have proven the production of NETs in an AD mouse model
and in individuals with AD [94, 96]. Aβ is broadly consid-
ered a marker of Alzheimer’s disease. Aβ promotes the gen-
eration of ROS by activating NADPH oxidase in both
human and mouse neutrophils in vitro, and several reports

have demonstrated that ROS production is a necessary step
in the formation of NETs [9]. In addition to Aβ, some stud-
ies have demonstrated that NET formation in human neu-
trophils in vitro is also driven by the fibrillary form of
amyloids from other sources, such as α-synuclein, Sup35,
and transthyretin [9, 95]. In the same study, the presence
of NETs was observed near amyloid deposits in patients with
systemic amyloidosis, and NET-associated elastase was able
to degrade amyloid fibrils into short toxic oligomeric species,
suggesting that amyloid fibrils act as a reservoir of toxic pep-
tides that may promote amyloid disease pathogenesis [95].
Studies have revealed that Aβ1–42 triggers the states of high
affinity and intermediate affinity of LFA-1 (lymphocyte
function-associated antigen 1) integrin, which modulates
intraparenchymal motility and the intravascular adhesion
of neutrophils [94, 96]. Then, Aβ improves the interaction
between its endothelial ligands and LFA-1 [94, 96].
Although neutrophils were eliminated by injecting an anti-
Ly6G antibody (clone 1A8) into the peripheral circulation
of 6-month-old 3xTg-AD mice, the authors found that in
comparison with the control group, the levels of cognitive
function of mice in other groups were improved by treat-
ment with anti-Ly6G [94, 96]. Cognitive deficits and pathol-
ogy were induced due to inhibition of LFA-1. The results
showed the role of neutrophils in Alzheimer’s disease-like
cognitive decline and pathology through LFA-1 integrin
[94, 96]. Although NETs have been discovered in the AD
brain, articles have failed to describe the relationship
between NETs and AD [94, 96]. Aβ, as a DAMP, has been
proven to be recognized by the complement system (CS)
[94, 97]. Compliments such as C5a, CR1, and C1q may be
related to NETs and AD [98]. Neutrophils may cause extru-
sion of NETs by recognizing Aβ. With the progression of
inflammation and the accumulation of NETs, NETs trigger
CS activation, especially C5a, via properdin binding and
alternative pathways, eventually resulting in neurodegenera-
tion [99, 100]. A study showed that there is a noticeable
decline in the features of neuropathology and inflammation
in an AD mouse model lacking C1q. Increases in C1q depo-
sition suppress the activity of DNase, leading to the accumu-
lation of NETs. After inhibition of C1q, the complement
cascade reaction stops, and no NETs appear [101, 102].
Furthermore, the constituents of NETs damage neural cells
within the brain parenchyma because they proteolytically
activate inflammasome pathways and mitochondrial apo-
ptosis and destroy extracellular matrix proteins [9]. The
research on NETs is insufficient and needs further experi-
mental elaboration.

4.5. NETs in SCI. SCI has many similarities with TBI. Typi-
cally, SCI is induced due to external physical impacts, called
the primary injury. Violence causes an increase in interstitial
pressure and haemorrhage, which press on the surrounding
vessels and subsequently induce local ischaemia [103, 104].
The primary injury induces secondary injury, which further
causes mechanical and chemical damage to spinal tissues,
resulting in neuronal excitotoxicity due to the increasing
level of reactive oxygen and high concentrations of calcium
accumulated in cells [104]. Elevated levels of cytosolic Ca2+

8 Oxidative Medicine and Cellular Longevity



enhance the activity of complex 1 and increase the produc-
tion of ATP and ROS [104]. Early signs of TBI pathogenesis
are tissue destruction, edema, and hypoxia, through which
the earliest soluble mediators, ROS, are produced [67].
ROS are critical mediators in the formation of NETs. There-
fore, we assume that SCI and TBI may share the same
mechanism to induce NETosis. Apart from that, via the
mitochondrial calcium uniporter, Ca2+ crossovers into the
mitochondria. High levels of cytosolic Ca2+ induce increases
in mPTPs and enhance membrane permeabilization [105].
Interestingly, mPTP is involved in NET formation and oxi-
dative burst through activation of NADPH oxidase or other
nonoxidative pathways [15]. Therefore, we reasonably spec-
ulate that NETs occur in the process of SCI. Sterile inflam-
mation caused by spinal cord damage is characterized by
infiltration of neutrophils in the spinal cord [106, 107]. As
the main component in NETs, MPO is regarded as the
primary cause of secondary injury due to its ability to
generate HOCl [108, 109]. This cytotoxic substance
strengthens apoptosis and necrosis, promotes the inflamma-
tory response, and causes myelin degradation, thereby
resulting in increased lesion size and further deteriorating
neurological function [108, 109]. MPO exacerbates second-
ary injury and impairs functional recovery by enhancing
neutrophil infiltration after SCI [110]. As an essential com-
ponent of spinal cord edema, spinal cord astrocyte swelling
is related to therapeutic resistance and poor functional
recovery after SCI. Sun et al. [111, 112] revealed that an
oxygen-glucose deprivation/reoxygenation (OGD/R) model
improved the expression of HMGB1 and AQP4 and spinal
cord astrocytic swelling, while HMGB1 inhibition by either
ethyl pyruvate or HMGB1 shRNA led to a decrease in
AQP4 expression and rat spinal cord astrocytic swelling after
oxygen-glucose deprivation. HMGB1 upregulates AQP4
expression and promotes cell swelling in cultured spinal
cord astrocytes after OGD/R, which is mediated through
HMGB1/TLR4/MyD88/NF-κB signalling and in an IL-6-

dependent manner [111]. It has been reported that activation
impacts are restrained by NF-κB inhibition via the utilization
of BAY 11-7082 or TLR4 inhibition via the utilization of C34
or CLI-095 [111, 112]. HMGB1 induces NETosis via TLR4
and exacerbates damage after cerebral ischaemia and cerebral
thrombosis [85], and TLR4 is also an important signal for
activating NETosis [112]. Therefore, we speculate that NET
formation may mediate the process of injury in SCI, although
evidence is still insufficient. However, some publications
refute the damaging effect of neutrophils in SCI and hold
the idea that the inflammatory function of neutrophils could
reversely offer valuable outcomes for tissue repair in SCI
[113]. There are still many unclear areas about neutrophil
function in SCI. Therefore, further information about their
cellular and molecular mechanisms of action is required to
provide new insights in the field of SCI.

5. Therapy Methods of NETosis

Generally, NETosis has a greater impact on damage to CNS
injuries, so preventing the progression of NETosis is vital to
cure CNS injuries. Inhibition of NADPH oxidase, DNase,
and PAD4 seems feasible to block NET formation, and
we have provided details about potential drugs of NETosis
in the table (Table 1). Apocynin (a naturally existing
methoxy-substituted catechol) and VAS2870 (a triazolo-
pyrimidine), which have been proven to be effective in
primary human neutrophils, inhibit NADPH oxidase 2
(NOX2) and prevent the occurrence of NETosis induced
by PMA and A23187 [15]. Inhibition of NADPH oxidase
is rarely used in the clinic, and ROS produced by NADPH
oxidase induces not only NETosis but also other harmful
reactions. Therefore, we need to find a more specific med-
icine for application in the clinic. Recombinant DNase1
has been successfully implemented in pathological mouse
models related to NETosis, such as SLE [114]. A formula-
tion of DNase1 (Pulmozyme®) has been approved for

Table 1: Potential drugs targeted to NETosis.

Drugs Target Model Potential mechanism Reference

Apocynin NOX2 Primary human neutrophils Decrease production of ROS by inhibiting NOX2 [15]

VAS2870 NOX2 Primary human neutrophils Decrease production of ROS by inhibiting NOX2 [15]

DNase1 DNA NZB/W F1 hybrid mice
Endonuclease to digest extracellular DNA and

degrade NETs
[114]

Cl-Amidine Cys645 Mice Irreversible inhibition of PAD4 [117, 118]

F-Amidine Cys645 Mice Irreversible inhibition of PAD4 [117, 118]

GSK484
Low-calcium

(2mM Ca) form of PAD4
Mice Reversible inhibition of PAD4 [116, 118]

CsA PPIase
Primary human neutrophils

and CGD neutrophils
Inhibit mPTP open by blocking the PPIase activity

of mitochondrial cyclophilin CypD
[15]

SfA PPIase
Primary human neutrophils

and CGD neutrophils
Inhibit mPTP open by blocking the PPIase activity

of mitochondrial cyclophilin CypD
[15]

MeVal4CsA PPIase
Primary human neutrophils

and CGD neutrophils
Inhibit mPTP open by blocking PPIase activity of

mitochondrial cyclophilin CypD
[15]

BKA ANT
Primary human neutrophils

and CGD neutrophils
Inhibit mPTP open by freezing adenine nucleotide

ANT in the matrix-oriented conformation
[124]
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cystic fibrosis treatment in NZB/WF1 hybrid mice [115].
Although the function of extracellular DNA extruded from
neutrophils in CNS injury remains unknown, the applica-
tion of DNase in autoimmune disease and mouse infection
models has proven to be effective, yet further studies still
need to explore the relationship between DNase and
CNS injury. PAD4 prompts decondensation by catalysing
citrullination of histones [32], and the binding of calcium
and PAD4 enhances the bioactive conformation, causing
the activity of PAD4 to be increased by 10,000 times
[116]. F-amidine leads to irreversible inhibition of PAD4
by altering the active site of cysteine (Cys645), which is
essential for catalysis [117, 118]. Cl-amidine is also a form
of irreversible inhibitor that functions in the same manner
as F-amidine [117, 119]. Both Cl-amidine and F-amidine
have been shown to inhibit NETosis in mice [117, 118].
Moreover, the PAD4 inhibitory potency of Cl-amidine
over F-amidine has also been proven in in vitro and
in vivo experiments [118]. These compounds are exten-
sively used in experiments to inhibit NET formation and
are greatly effective. GSK484, a benzimidazole derivative,
also reversibly inhibits PAD4, which tightly and reversibly
attaches to the low-calcium (2mM Ca) form of PAD4 and
competes with the substrate. GSK484 is able to diminish
histone citrullination and NET formation in mice treated
with ionomycin [116, 118]. In addition, mPTP probably
participates in NET formation, which is substantially
decreased after using MeVal4CsA, bongkrekic acid (BKA),
cyclosporine A (CsA), and sanglifehrin A (SfA) [15]. As an
immunosuppressant, CsA inhibits mPTP opening by block-
ing the peptidyl-prolyl cis-trans isomerase (PPIase) activity
of mitochondrial cyclophilin CypD, which is a critical regula-
tory component of the mPTP [15]. However, CsA inactivates
the essential Ca2+-dependent protein phosphatase calcine-
urin, accordingly interrupting various signalling pathways
[120–123]. MeVal4CsA and sanglifehrin A (SfA) have the
same effect as CsA without the ability to inhibit calcineurin
[120–123]. BKA is a form of adenine nucleotide translocase
(ANT) inhibitor that inactivates translocase by freezing ade-
nine nucleotide ANT in the matrix-oriented conformation,
thereby suppressing the opening of mPTP [124]. All of these
drugs have been proven to be effective in inhibiting NET for-
mation in primary human neutrophils and CGD neutrophils
[15]. Drugs related to NETosis inhibition are still rarely used
in the clinic, so further studies are needed enable their use for
the treatment of CNS injury.

6. Conclusion

In summary, NETosis is closely related to inflammatory
reactions, and the function of damage outweighs the capabil-
ity of repair in CNS injuries. The formation of NETs is
boosted by diverse physiological stimuli, including lipopoly-
saccharides, protozoa, viruses, fungi, and bacteria. In
addition, NETs are triggered by microcrystals, cholesterol,
antibodies, specific cytokines (e.g., TNF-α and IL-8), and
pharmacological stimuli containing calcium, potassium ion-
ophores, and PMA. PAD4 is used to citrullinate histones,
which will cause chromatin decondensation and NET

release. NETs are the main components in the process of
NETosis and have a negative effect on the CNS. We found
that GSDMD and caspase-8 may be central points in NETo-
sis, pyroptosis, necroptosis, and apoptosis. This will contrib-
ute to understanding the reciprocal relationships in all kinds
of cell death in various diseases. In addition, we discuss the
mechanism and existing evidence of NETosis in TBI, CNS
infection, cerebral ischaemia, Alzheimer’s disease, and SCI.
TLR4, HMGB1, MPO, and NE have critical roles in these
diseases. Finally, we expound on probable effective drugs
to inhibit NETosis, in order to cure or alleviate CNS injury
according to the NETosis mechanism, but most drugs are
mainly used in experimental form, and few have progressed
to the clinic.

Although NETosis is divided into suicidal NETosis and
vital NETosis, the form that occurs in CNS injury remains
unknown. DNA is vital to the viability of cells, and those
in suicidal NETosis die because of the loss of DNA, while
cells in vital NETosis remain alive after the release of NETs.
We speculate that DNA in NETs may come from mitochon-
drial DNA; however, some cells will survive without the
presence of nuclear DNA. Therefore, we wanted to know
the exact mechanism of vital NETosis and whether the
effects and events that occur between vital NETosis and
suicidal NETosis are different. Moreover, we always discuss
the effect of NETosis based on the function of NETs, but
whether NETosis directly activates other cell death pathways
or rather produces associate effective proteins or substances
that contribute to the damage functions is still unclear. In
this review, we discuss the function of NETosis in CNS
injury and found much evidence about the occurrence of
NETosis in CNS injury. However, what triggers NETosis is
still unclear. TLR4 may be a recognized receptor, but
whether other receptors recognize injury signals remains
unknown. In addition, we focused on the damage of NETs
to neurons but did not know whether NETosis influences
other CNS cells. For example, if NETs can contribute to
recovery of the spinal cord after SCI, did NETs activate
Schwann cells or other cells? Or do NETs aggravate damage
of other cells? Moreover, even though various biological
events triggering the release of NETs have been excessively
explored at present, their regulatory mechanisms are still
unclear. In addition, related studies in vivo are rare. With
regard to drugs, most inhibition of NETosis is mainly
applied in experiments but rarely used in the clinic, and
exploring the concrete mechanism of NETosis is fundamen-
tal on clinical trials. Therefore, further investigations are
required to shed sufficient light on the underlying processes.
We believe that studies concerning targets of NETosis will
contribute to the therapy of a variety of diseases in the
future.
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Decompressive craniectomy is an effective strategy to reduce intracranial hypertension after traumatic brain injury (TBI), but it is
related to many postoperative complications, such as delayed intracranial hematoma and diffuse brain swelling. Our previous
studies have demonstrated that controlled decompression (CDC) surgery attenuates brain injury and reduces the rate of
complications after TBI. Here, we investigated the potential molecular mechanisms of CDC in experimental models. The
in vitro experiments were performed in a traumatic neuronal injury (TNI) model following compression treatment in primary
cultured cortical neurons. We found that compression aggravates TNI-induced neuronal injury, which was significantly
attenuated by CDC for 2 h or 3 h. The results of immunocytochemistry showed that CDC reduced neuronal necroptosis and
activation of RIP3 induced by TNI and compression, with no effect on RIP1 activity. These protective effects were associated
with decreased levels of inflammatory cytokines and preserved intracellular Ca2+ homeostasis. In addition, the expression of
the two-pore domain K+ channel TREK-1 and its activity was increased by compression and prolonged by CDC. Treatment
with the TREK-1 blockers, spadin or SID1900, could partially prevent the effects of CDC on intracellular Ca2+ metabolism,
necroptosis, and neuronal injury following TNI and compression. Using a traumatic intracranial hypertension model in rats,
we found that CDC for 20min or 30min was effective in alleviating brain edema and locomotor impairment in vivo. CDC
significantly inhibited neuronal necroptosis and neuroinflammation and increased TREK-1 activation, and the CDC-induced
protection in vivo was attenuated by spadin and SID1900. In summary, CDC is effective in alleviating compressive neuronal
injury both in vitro and in vivo, which is associated with the TREK-1-mediated attenuation of intracellular Ca2+ overload,
neuronal necroptosis, and neuroinflammation.

1. Introduction

Traumatic brain injury (TBI) has been considered as one of
the most complex human diseases because of the complexity
of brain damage mechanisms and poor prognosis. For
patients with uncontrollable high intracranial pressure,
decompressive craniectomy is an effective strategy to reduce
traumatic intracranial hypertension and improve prognosis
[1]. However, the standard procedure of rapid decompres-
sion is associated with many postoperative complications,
such as delayed intracranial hematoma and diffuse brain
swelling [2, 3]. Our previous studies have demonstrated that

the controlled decompression (CDC) surgery attenuates
brain injury and reduces the rates of complications after
TBI [4–6]. However, the underlying molecular mechanism
has not been determined.

In the central nervous system (CNS), a variety of cellular
physiological processes, including neurotransmitter release,
neuronal excitability, and plasticity, are regulated by ion chan-
nels, especially Ca2+ and K+ ions [7]. The tandem of pore
domain in weak inwardly rectifying K+ channel- (TWIK-)
related K+ channels (TREK) belongs to the recently discov-
ered two-pore domain K+ (K2P) channels, which include 15
members grouped in six subfamilies and are responsible for
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maintaining the neuronal resting membrane potential [8].
TREK-1, also known as KCNK2 or K2P2.1, is highly
expressed in the lung and brain, from the prefrontal cortex,
hippocampus, and midbrain to the spinal cord [9]. Since its
cloning two decades ago, the physiological importance of
TREK-1 is constantly being discovered. TREK-1 is located
at both presynaptic and postsynaptic components, which
are its key roles in maintaining the resting membrane poten-
tial and neurotransmitter release. Its activation is regulated
by various physical and chemical stimuli, such as mechanical
stretch, Gq-coupled group I mGluRs, and Gs-coupled 5-HR4
receptor serotonin [10]. Increasing evidence has been dem-
onstrated that dysfunction of TREK-1 channels is involved
in multiple neurological pathologies, including depression,
pain, epilepsy, and ischemia [11]. In TREK-1 gene knockout
mice, TREK-1 null was found to increase neuronal excit-
ability and enhance excitatory and inhibitory postsynaptic
currents, thereby impairing cognitive function [12]. In addi-
tion, TREK-1 was found to be upregulated by ischemia in
astrocytes to enhance glutamate clearance and block neuro-
nal death [13]. However, the role of TREK-1 in traumatic
intracranial hypertension conditions has not been fully
determined.

In the current study, we investigated the effect of CDC
on compressive injury following neuronal trauma in an
in vitro model using primary cultured cortical neurons and
also in an in vivo traumatic intracranial hypertension model
in rats. Considering the effect of mechanical force on TREK-
1 activation, we assessed the potential role of TREK-1 in
CDC-induced protection.

2. Materials and Methods

2.1. Primary Culture of Cortical Neurons. Because neurons in
the cerebral cortex are most vulnerable under traumatic
intracranial hypertension, primary cultured cortical neurons
were obtained from SD rats to establish the experimental
models as previously described [14]. All the animal research
procedures were approved by the Anhui Medical University
Committee of Animal Research.

2.2. In Vitro Model and Treatments. The TNI model was
performed according to our previously published method
[15]. In brief, traumatic injury was performed on cultured
neurons by using a rotating scribe injury device, which con-
sisted of a rotating cylinder with ten holes, steel needles, and
a permanent magnet. The cylinder holes are distributed at
the same interval from the center, and these holes allowed
the ten steel needles to freely cross through. A magnet is
placed under the culture dish, which ensured that the steel
needles could cling to the cell layer as the cylinder rotated.
After one turn of this device, ten concentric circular
scratches were produced in the neuronal layer with equal
distances (1.5mm) between the scratches. After TNI, neu-
rons were exposed to continuous high pressure of 0.5MPa
according to our previous published paper [16]. Briefly, a
custom-made compression apparatus in vitro was applied
to expose neurons to continuous high pressure for 3 h. The
TREK-1 blockers, spadin and SID1900, were obtained from

the Mycell Biotech Company (Shanghai, China) and diluted
in neurobasal medium to achieve the final concentration of
1μM or 30μM, respectively.

2.3. Hematoxylin-Eosin (H&E) Staining. At 12 h after TNI
and compression treatment, cortical neurons were washed
with phosphate buffer saline (PBS) and fixed with 4% para-
formaldehyde for 30min. Neurons were deparaffinized with
xylene, stained by H&E, and then assessed by a pathologist
for neuronal loss under an Olympus U-DO3 light micro-
scope (Tokyo, Japan).

2.4. LDH Release. The neurotoxicity in cortical neurons was
determined by measuring LDH release at 12 h after TNI and
compression using a kit according to the manufacturer’s
protocol (Jiancheng Bioengineering Institute, Nanjing,
Jiangsu, China).

2.5. Cell Viability Assay. Cell viability of cortical neurons was
determined by calcein AM assay at 12 h after TNI and com-
pression using a kit according to the manufacturer’s protocol
(Enzo Life Sciences, Farmingdale, NY, USA).

2.6. Immunocytochemistry. For immunocytochemistry, the
neurons were cultured in poly-D-lysine-coated coverslips
and treated with TNI, compression, or CDC. After being
fixed with 4% paraformaldehyde, permeabilized with 0.1%
Triton X-100, and washed with PBS for three times, neurons
were blocked by 5% bovine serum albumin. Incubation with
the RIP1 (1 : 100, #3493, Cell Signaling), RIP3 (1 : 200,
ab62344, Abcam), and TREK-1 (1 : 50, sc-398449, Santa
Cruz) primary antibodies was performed at 4°C overnight.
After being washed by PBS with Tween-20 (PBST) for three
times, the samples were incubated with the secondary anti-
body at 37°C for 1 h. Then, incubation with 4′,6-diami-
dino-2-phenylindole (DAPI) was performed to stain the
nuclei, and the images were obtained using a Leica SP5 II
confocal microscope.

2.7. Enzyme-Linked Immunosorbent Assay (ELISA). The
levels of inflammatory cytokines, including TNF-α, IL-1β,
IL-6, INF-γ, and IL-18, were measured by ELISA kits follow-
ing the manufacturer’s protocols (Anoric-Bio, Tianjin,
China).

2.8. Ca2+ Imaging. Ca2+ imaging was performed using the
Ca2+ indicator Fura-2 AM to measure the intracellular
Ca2+ concentrations [17]. The neurons cultured in coverslips
were loaded with 5μM Fura-2 AM in HBSS solution for
30min and equilibrated lucifugally for 30min. Cells were
excited at 345 and 385nm using a confocal laser scanning
microscope, and the emission fluorescence at 510 nm was
recorded. The fluorescence values were then plotted against
time and shown as F/F0.

2.9. Patch Clamp Electrophysiology. The single TREK-1 chan-
nel currents were recorded in cortical neurons using the
inside-out patch clamp configuration, and the bath solution
contained the following: 130mM KCl, 10x HEPES, 1mM
MgCl2, 5mM EGTA, and 10μM Ca2+. The experiments were
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performed at membrane voltages of -40mV. TREK-1 currents
were filtered at 1 kHz and digitized at 5 kHz. Analysis was per-
formed using Clampfit 9.2 (MDS Analytical Technologies).

2.10. Traumatic Intracranial Hypertension Model. Traumatic
intracranial hypertension was induced using a balloon com-
pression method in SD rats. Briefly, anesthesia was induced
via 5% isoflurane (RWD, Guangdong, China) with a 1 : 1

N2O/O2 mixture and was then maintained with a 2.5% iso-
flurane with 1 : 1 N2O/O2 mixture by a face mask. The rats
were placed on a fixing frame in the prone position. 2% lido-
caine was injected subcutaneously near the midline of the
skull to minimize the influence of skin incision on blood
pressure. The fur around the midline of the skull was cleared
with an electronic clipper and the skin of the rat was disin-
fected by using 75% alcohol. We incised the scalp along
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Figure 1: CDC attenuates brain damage after traumatic intracranial hypertension. (a) The horizontal and coronal schematic diagrams of the
traumatic intracranial hypertension model. (b) Brain water content assay shows that CDC for 20min or 30min reduced brain edema
compared to RDC. (c) The neurological assay shows that CDC for 20min or 30min attenuates locomotor impairment compared to
RDC. (d, e) Typical pictures of NeuN staining (d) and quantification (e) show that CDC for 20min or 30min decreases neuronal loss
compared to RDC. The data was represented as means ± SEM. #p < 0:05 vs. sham group and ∗p < 0:05 vs. RDC group.
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Figure 2: Continued.
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the midline for 2.5 cm, separated the subcutaneous tissue,
and striped the periosteum to expose the anterior- and
posterior-sagittal suture adequately. We made two holes
using a dental drill (JSDA, JD700, China) bilaterally in the
position of 0.5 cm by the side of the midline and 0.6 cm
behind the anterior-sagittal suture and carefully removed
the skull fragment to expose the cerebral dura mater without
inflicting additional damage. The balloon system is com-
posed of an embolization balloon (Balt 2, Montmorency,
France) mounted on an intervention catheter (MAGIC,
Montmorency, France). The balloon was inserted into the
left hole carefully towards the frontotemporal side, and the
dura mater was kept intact during the insertion so that the
balloon would only lead to epidural compression. The cath-
eter was connected to a pressure pump (Merit Basix Touch
Inflation Device, IN4130, USA) to control the amount of
injection fluid accurately. The ICP transducer was inserted
into the brain at the depth of around 0.5 cm and was con-
nected to an ICP monitoring device (Codman, Johnson
and Johnson Medical, 82-6635, USA). After the insertions
of the ICP probe and balloon, the bone holes were sealed
using dental cement (Dentsply, Jeltrate Alginate Impression
Material, USA) (Figure 1(a)). When the balloon was inflated
by the pressure pump gradually, the variation trend of ICP
and CPP was recorded.

2.11. In Vivo Experimental Design. Experiment 1 (Figure 1):
the animals were randomly assigned into five groups: the
sham group, rapid decompression group (RDC), controlled
decompression for 10min group (CDC 10min), controlled
decompression for 20min group (CDC 20min), and con-

trolled decompression for 30min group (CDC 30min).
The surgery of the sham group merely included skin inci-
sion, skull exposure, bone hole drilling, and the insertion
of the ICP probe and balloon for 30min without inflation.
For the other four groups, we inflated the balloon with a
pump until the value of ICP reached to the level of 30mmHg
which was maintained for 30min. As for the RDC group,
normal saline (NS) was pumped out rapidly within 3
seconds to reduce ICP suddenly after 30min balloon-
inflation. On the contrary, the ICP was lowered gradually
in the CDC group, and the whole process lasted for
10min, 20min, or 30min.

Experiment 2 (Figures 2 and 3(a) and 3(b)): the animals
were randomly assigned into three groups: Sham group,
RDC group and CDC group. The rats in Sham and RDC
group were treated as mentioned in experiment 1. The ani-
mals in CDC group were treated with CDC procedure for
30 min as mentioned in experiment 1.

Experiment 3 (Figures 3(c) and 3(d)): the animals were
randomly assigned into five groups: the sham group, RDC
group, CDC group, CDC and spadin group (CDC+spadin),
and CDC and SID1900 group (CDC+SID1900). The rats in
the first three groups were treated as experiment 2. For the
other two groups, rats were pretreated with spadin or
SID1900 via the left cerebral ventricle (coordinates relative
to bregma: 0.1mm posterior, 1mm lateral, and 2mm deep)
before the surgery.

2.12. Measurement of Brain Edema. Brian edema was deter-
mined by measuring brain water content using the standard
wet and dry method [18].
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Figure 2: CDC alleviates neuronal necroptosis and neuroinflammation. (a, b) Typical pictures of RIP1 staining (a) and quantification (b)
show that CDC had no effect on the RDC-induced increase of RIP1 expression. The scale bar is 50μm. (c, d) Typical pictures of RIP3
staining (c) and quantification (d) show that CDC attenuates the RIP3 expression compared to RDC. The scale bar is 50 μm. (e, f)
Typical pictures of CD68 staining (e) and quantification (f) show that CDC attenuates microglial activation compared to RDC. The scale
bar is 50μm. The data was represented as means ± SEM. #p < 0:05 vs. sham group and ∗p < 0:05 vs. RDC group.
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2.13. Neurological Function Assay. The CatWalk XT auto-
mated gait analysis system (Noldus Information Technol-
ogy, Wageningen, the Netherlands) was used to measure
the locomotor function as previously described [19].

2.14. Immunostaining in Brain Sections. The sections were
washed three times with PBST for 5min and were blocked
by 10% normal bovine serum (Gibco, United States) in
PBST for 1 h at room temperature. After that, the sections
were incubated at 4°C overnight in 5% normal goat serum
(NGS) in PBST with the following primary antibodies:
NeuN (1 : 200, #24307, Cell Signaling), RIP1 (1 : 100, #3493,
Cell Signaling), RIP3 (1 : 200, ab62344, Abcam), CD68
(1 : 200, ab125212, Abcam), and TREK-1 (1 : 50, sc-398449,
Santa Cruz). After being washed for three times by PBST,
the sections were incubated with secondary antibodies con-
jugated to Alexa Fluor (1 : 800, Invitrogen, United States)
for 1 h at 37°C. DAPI was administrated to counterstain
the nuclei, and the images were obtained using a Leica SP5
II confocal microscope.

2.15. Statistical Analysis. Data represent the mean and stan-
dard error of the mean (SEM). Student’s t test and repeated
measure analysis of variance with Student-Newman-Keuls
post hoc test were performed for all statistical significance
analyses using GraphPad Prism 6.0 software. All experi-
ments were repeated at least for three times.

3. Results

3.1. Compression Aggravates Neuronal Injury after TNI in
Cortical Neurons. To mimic intracranial hypertension after
TBI in vitro, primary cultured cortical neurons were treated
with traumatic injury and compression of 0.5MPa pressure
for 3 h. The results of H&E staining showed that the neuro-
nal loss induced by TNI was significantly increased by
compression (Figure 4(a)). LDH release was measured to
determine cytotoxicity, and the TNI-induced increase in
LDH release in cortical neurons was enhanced by compres-
sion (Figure 4(b)). In addition, the neuronal viability was
assayed by measuring the calcein AM signaling (Figure 4(c)).
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Figure 3: CDC exerts neuroprotective effects via activating TREK-1 in vivo. (a, b) Typical pictures of TREK-1 staining (a) and quantification
(b) show that CDC further increased the expression of TREK-1 in cortical neurons compared to RDC. The scale bar is 50μm. (c) Brain
water content assay shows that the CDC-induced inhibition of brain edema was prevented by spadin and SID1900. (d) The neurological
assay shows that the CDC-induced preservation of locomotor function was reversed by spadin and SID1900. The data was represented
as means ± SEM. #p < 0:05 vs. sham group, ∗p < 0:05 vs. RDC group, and &p < 0:05 vs. CDC group.
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The results showed that TNI markedly decreased the calcein
signal in cortical neurons, which was further aggravated by
compression.

3.2. CDC Attenuates Compressive Injury following TNI. To
mimic controlled decompression in vitro, the 0.5MPa pres-
sure was gradually released within 1 h (CDC 1h group), 2 h
(CDC 2h group), or 3 h (CDC 3h group), while the pressure
was completely released at once as control. The results
showed that CDC 2h and CDC 3h significantly decreased
the LDH release induced by TNI and compression, whereas

CDC 1h had no effect (Figure 5(a)). In congruent, CDC 2h
and CDC 3h, but not CDC 1h, obviously increased the cal-
cein signal after TNI and compression (Figure 5(b)). CDC
2h was used in following experiments (represented as CDC).

3.3. CDC Alleviates Neuronal Necroptosis. Double staining
with PI and DAPI was performed to detect necrotic cell
death in cortical neurons (Figure 6(a)), and the results
showed that the number of PI-positive cells was increased
by TNI and compression but significantly decreased by
CDC (Figure 6(b)). To investigate the role of necroptosis

⁎

⁎

0

1

2

3

LD
H

 re
le

as
e

(fo
ld

 o
f c

on
tr

ol
)

Contro
l

CDC 1h

CDC 2h

CDC 3h

TNI+compression

(a)

Contro
l

CDC 1h

CDC 2h

CDC 3h

TNI+compression

0

50

100

150

Ca
lc

ei
n 

(%
 o

f c
on

tr
ol

)

⁎
⁎

(b)

Figure 5: CDC attenuates compressive injury following TNI. (a) CDC for 2 h or 3 h, but not 1 h, attenuates compression-induced increase in
LDH release following TNI. (b) CDC for 2 h or 3 h, but not 1 h, attenuates compression-induced decrease in calcein signal following TNI.
The data was represented as means ± SEM. ∗p < 0:05 vs. TNI+compression group.
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Figure 4: Compression aggravates neuronal injury after TNI in cortical neurons. (a) Typical pictures of H&E staining show that
compression aggravates neuronal loss after TNI. The dotted line indicates the edge of the scratch injury. The scale bar is 50 μm. (b)
Compression increases LDH release after TNI. (c) Compression decreases calcein signal after TNI. The data was represented as means ±
SEM. #p < 0:05 vs. control group and ∗p < 0:05 vs. TNI group.
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Figure 6: Continued.
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in our in vitro experiments, we detected the expression of
RIP1 (Figure 6(c)) and RIP3 (Figure 6(e)) using immuno-
staining. The results showed that neither TNI+compression
nor CDC had effects on the number of RIP1-positive cells
(Figure 6(d)). However, the increased number of RIP3-
positive cells was reduced by CDC (Figure 6(f)).

3.4. CDC Decreases the Levels of Inflammatory Cytokines.
Necroptotic cell death was associated with inflammatory
responses. Thus, we measured the levels of inflammatory
cytokines in cortical neurons treated with TNI, compression,
and/or CDC. The results showed that TNI increased the
levels of TNF-α (Figure 7(a)) and IL-1β (Figure 7(b)), which
were further increased by compression. However, these
increases were significantly attenuated by CDC. The level
of IL-6 was increased by TNI and compression, which was
decreased by CDC (Figure 7(c)). In contrast, the increased
level of INF-γ induced by TNI and compression was not
altered by CDC (Figure 7(d)). As shown in Figure 7(e), the
increased level of IL-18 after TNI and compression was
markedly attenuated by CDC.

3.5. CDC Preserves Intracellular Ca2+ Homeostasis. Next, we
performed Ca2+ imaging to examine the effect of TNI, com-
pression, and CDC on calcium homeostasis (Figure 8(a)).
The representative pictures of Ca2+ imaging are shown in
Figure 8(b). The results showed that TNI and compression-
induced Ca2+ overload were reduced by CDC (Figure 8(c)).
The time of Ca2+ signaling to baseline in the CDC group was
shorter than that in the TNI and compression group
(Figure 8(d)).

3.6. CDC Activates TREK-1 Channels. To detect the potential
involvement of TREK-1 in our findings, we performed
immunostaining using the TREK-1 antibody (Figure 9(a)).
The results showed that TNI did not change the fluorescence
intensity of TREK-1 in cortical neurons, whereas compres-
sion significantly increased the TREK-1 signal after TNI
(Figure 9(b)). The compression-induced increase in TREK-
1 fluorescence intensity after TNI was further enhanced by
CDC. In addition, we investigated whether TNI or compres-
sion has effects on TREK-1 channel activity, which was
detected by inside-out membrane patches at a physiological
steady membrane voltage of -40mV (Figure 9(c)). The
results showed that the TREK-1 channel activation was
markedly increased by compression, but not by TNI
(Figure 9(d)).

3.7. CDC Inhibits Ca2+ Responses via TREK-1 in Cortical
Neurons. To investigate the role of the TREK-1 channel in
CDC-induced regulation of intracellular Ca2+ homeostasis
after TNI, we repeated the Ca2+ imaging experiments using
the TREK-1 blockers, spadin and SID1900. The results
showed that the decreased intracellular Ca2+ concentration
induced by compression after TNI was significantly pre-
served by both spadin (1μM, Figure 10(a)) and SID1900
(30μM, Figure 10(b)).

3.8. Involvement of TREK-1 in CDC-Induced Protection In
Vitro. Treatment with spadin and SID1900 (at the beginning
of CDC) was used to investigate the involvement of TREK-1
in CDC-induced protection and related mechanisms. The
results showed that the CDC-induced decrease in cytotoxic-
ity, as evidenced by decreased LDH release, was prevented
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Figure 6: CDC alleviates neuronal necroptosis. (a, b) Typical pictures of PI staining (a) and quantification (b) show that CDC inhibits
neuronal necrosis following TNI and compression. The scale bar is 50μm. (c, d) Typical pictures of RIP1 staining (c) and quantification
(d) show that CDC or compressive injury after TNI has no effect on RIP1 expression. The scale bar is 50μm. (e, f) Typical pictures of
RIP3 staining (e) and quantification (f) show that CDC attenuates RIP3 activation after TNI and compression. The scale bar is 50 μm.
The data was represented as means ± SEM. #p < 0:05 vs. control group and ∗p < 0:05 vs. TNI+compression group.

9Oxidative Medicine and Cellular Longevity



⁎

#

# &

Contro
l

TNI

TNI+compres
sio

n

TNI+compres
sio

n+
CDC

0

100

200

300

400

TN
F-
α

 (p
g/

m
l)

(a)

#

# &

⁎

Contro
l

TNI

TNI+compres
sio

n

TNI+compres
sio

n+
CDC

0

200

400

600

800

IL
-1
β

 (p
g/

m
l)

(b)

⁎

Contro
l

TNI

TNI+compres
sio

n

TNI+compres
sio

n+
CDC

0

2

4

6
#

#

IL
-6

 (n
g/

m
l)

(c)

#
#

#

Contro
l

TNI

TNI+compres
sio

n

TNI+compres
sio

n+
CDC

0

1

2

3

4

IN
F-
γ

 (p
g/

m
l)

(d)

#
#

⁎

Contro
l

TNI

TNI+compres
sio

n

TNI+compres
sio

n+
CDC

0

50

100

150

IL
-1

8 
(p

g/
m

l)

(e)

Figure 7: CDC decreases the levels of inflammatory cytokines. (a–c) ELISA assay shows that CDC decreases the levels of TNF-α (a), IL-1β
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by spadin and SID1900 (Figure 11(a)). Congruently, the
CDC-induced increase in calcein signal (Figure 11(b)), as
well as the CDC-induced decrease in the number of PI-
positive cells (Figure 11(c)), was apparently reversed by spa-
din and SID1900. In addition, the CDC-induced inhibition
of RIP3 expression was markedly attenuated by spadin, but
not by SID1900 (Figure 11(d)).

3.9. CDC Attenuates Brain Damage after Traumatic
Intracranial Hypertension. To confirm the above findings
in in vivo conditions, we established a traumatic intracranial
hypertension model in rats, and the horizontal and coronal
schematic diagrams are shown in Figure 1(a). The results
of the brain water content assay showed that CDC for
20min or 30min, but not CDC for 10min, significantly
reduced brain edema compared to the RDC group
(Figure 1(b)). The neurological assay showed that CDC for
20min or 30min, but not CDC for 10min, preserved loco-
motor function compared to RDC (Figure 1(c)). Next, we
performed immunostaining using the NeuN antibody to

detect the neuronal loss following traumatic intracranial
hypertension (Figure 1(d)), and the results showed that
CDC for 20min or 30min, but not CDC for 10min, inhib-
ited neuronal loss compared to RDC (Figure 1(e)). The
CDC for 30min was used in the following experiments.

3.10. CDC Alleviates Neuronal Necroptosis and
Neuroinflammation In Vivo. To investigate the effects of
CDC on neuronal necroptosis following traumatic intracranial
hypertension, the expression of RIP1 (Figure 2(a)) and RIP3
(Figure 2(c)) on brain sections was detected by immunostain-
ing using corresponding antibodies. The results showed that
RDC and CDC both increased the expression of RIP1 com-
pared to the sham group, but there is no difference between
these two groups (Figure 2(b)). However, CDC markedly
decreased the expression of RIP3 compared to RDC
(Figure 2(d)). The activation of microglia was determined by
immunostaining using the CD68 antibody (Figure 2(e)), and
the results showed that microglial activation in the CDC group
was lower than that in the RDC group (Figure 2(f)).
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Figure 8: CDC preserves intracellular Ca2+ homeostasis. (a) Ca2+ imaging shows the intracellular Ca2+ levels up to 180min after TNI and
compression. (b) Typical pictures of Ca2+ imaging at 0 and 90min following TNI and compression. The scale bar is 20 μm. (c) CDC
attenuates intracellular Ca2+ overload up to 180min following TNI and compression. (d) CDC reduces the time of Ca2+ levels to the
baseline. The data was represented as means ± SEM. #p < 0:05 vs. control group and ∗p < 0:05 vs. TNI+compression group.
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3.11. CDC Exerts Neuroprotective Effects via Activating
TREK-1 In Vivo. We also performed immunostaining using
the TREK-1 antibody in brain sections after traumatic
intracranial hypertension (Figure 3(a)), and the results
showed that RDC and CDC both increased the expression
of TREK-1 with the higher levels of TREK-1 in the CDC
group (Figure 4(b)). It was shown that the increased
expression of TREK-1 was mainly in neurons, as evidenced
by colocalization with NeuN staining (Figure 3(a)). To fur-
ther confirm the involvement of TREK-1 in vivo, we
repeated the brain water content assay (Figure 3(c)) and
neurological function assay (Figure 3(d)) using spadin and
SID9100. The result showed that the effects of CDC on
brain edema and locomotor impairment were weakened
by spadin and SID9100.

4. Discussion

Uncontrollable intracranial hypertension is one of the most
important causes of death in TBI patients, but rapid decom-
pression during the standard decompressive craniectomy
surgery has been reported to be associated with many post-
operative complications [20, 21]. In this study, we demon-
strated that compression aggravates neuronal injury after
TNI in cortical neurons and identified CDC as an effective
strategy to prevent this kind of neuronal injury. We found
that (a) CDC (2 h and 3h) effectively reduces compressive
neuronal damage following TNI, (b) CDC significantly
inhibits neuronal necrosis and RIP3 activation;,(c) CDC
markedly decreases the levels of inflammatory cytokines,
(d) compression-induced intracellular Ca2+ overload is
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Figure 9: CDC activates TREK-1 channels. (a, b) Typical pictures of TREK-1 staining (a) and quantification (b) show that CDC further
enhances the activation of TREK-1 channels following TNI and compression. The scale bar is 20μm. (c, d) Typical recordings from the
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attenuated by CDC in vitro, (e) CDC enhances the expres-
sion and activity of TREK-1 channel induced by compres-
sion, (f) the CDC-induced effects on Ca2+ metabolism and
neuronal injury following TNI and compression are
decreased by TREK-1 blockers, (g) CDC (20min and
30min) is effective in alleviating brain edema and locomotor
impairment in vivo, (h) CDC inhibits neuronal necroptosis
and microglial activation and increases TREK-1 expression,
and (i) the CDC-induced protection in vivo is reversed by
TREK-1 blockers.

At the beginning of the 19th century, decompressive cra-
niectomy was firstly described by Kocher T and Harvey
Cushing to treat patients with low Glasgow coma scale
(GCS) score and dilated pupils following TBI. However,
the standard procedure of rapid decompression was found
to be associated with many intraoperative and postoperative

complications, including delayed intracranial hematoma and
diffuse brain swelling. In the past few decades, neurosur-
geons have made a lot of improvements to the surgical pro-
cedures. Alves et al. used “Basal durotomy”, a novel design
of dural opening with a “reversed U-shaped” durotomy inci-
sion, to minimize the risk of massive intraoperative swelling
[22]. In 2013, decompressive craniectomy with multi-dural
stabs (also called SKIMS technique) was introduced to be
effective in increasing survival of low GCS score and severe
TBI patients with acute subdural hematoma [23]. Our previ-
ous studies showed that decompressive craniectomy using
the CDC strategy, a method to gradually reduce the intracra-
nial pressure (ICP) with the ventricular or brain tissue ICP
detector, significantly improved outcomes and reduced com-
plications in severe TBI patients [5]. Here, we used the
in vitro model to confirmed the effectiveness of CDC in
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TNI- and compression-treated cortical neurons. Our results
showed that CDC for 2 and 3 h markedly reduced LDH
release and increased calcein signal, which were accompa-
nied by inhibited neuronal death. In addition, these protec-
tive effects were also confirmed in an in vivo traumatic
intracranial hypertension model in rats with the CDC proce-
dure for 20 min or 30 min. Thus, CDC could be an effective
strategy for the treatment of compressive neuronal injury
following TBI both in vitro and in vivo.

Regulated neuronal death is thought to be an ideal ther-
apeutic target for neurological disorders. However, the pri-
mary brain damage following TBI is mainly due to
neuronal necrosis, an uncontrollable cell death characterized
by ATP depletion, intracellular organelle swelling, and loss
of membrane integrity [24–26]. Necroptosis is the first form
of programmed necrosis with an important role in both
physiological and pathological conditions [27]. More
recently, the necroptosis inhibitor necrostatin-1 was pre-
dicted to have the potential to protect against the complica-
tions of coronavirus disease 2019 (COVID-19) [28]. In

addition, necroptosis has been demonstrated to contribute
to the delayed neuronal death in multiple neurological disor-
ders, ranging from chronic neurodegenerative disorders
such as Alzheimer's disease (AD) and Parkinson's disease
(PD) to acute insults, including stroke and TBI [29, 30].
The necroptosis inhibitors were found to exert neuroprotec-
tive effects against TBI [31], and blocking necroptotic neuro-
nal death was shown to mediate the therapeutic potential of
many treatments for TBI, such as hypothermia [32]. In this
study, increased number of PI-positive cells was found in
TNI- and compression-treated neurons, confirming the
involvement of necroptosis in our in vitro traumatic intra-
cranial hypertension conditions. The necroptotic pathway
depends on the assembly of the apical protein kinases,
receptor-interacting protein kinase 1 (RIP1) and RIP3, to
form the high molecular weight complex necrosome, which
in turn governs the oligomerization and translocation of
the cell death executor mixed lineage kinase domain-like
(MLKL) [33]. Intriguingly, our results showed that TNI
and compression increased RIP3 (but not RIP1) activation,
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Figure 11: Involvement of TREK-1 in CDC-induced protection. (a) The CDC-induced decrease in LDH release was prevented by spadin
and SID1900. (b) The CDC-induced increase in calcein signal was prevented by spadin and SID1900. (c) The CDC-induced inhibition of
RIP3 activation was prevented by spadin and SID1900. (d) The CDC-induced inhibition of neuronal necrosis was prevented by spadin,
but not by SID1900. The data was represented as means ± SEM. #p < 0:05 vs. control group, ∗p < 0:05 vs. TNI+compression group, and
&p < 0:05 vs. CDC+TNI+compression group.
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which was partially prevented by CDC. In addition,
increased expression of RIP1 and RIP3 was found after trau-
matic intracranial hypertension in vivo, while CDC only
decreased RIP3 expression. These data indicated that
CDC-induced inhibition of neuronal necroptosis might be
mediated by a RIP1-independent mechanism, which was
also previously reported [34, 35].

As the stretch-dependent K+ channels (with TREK-2
and TRAAK), TREK-1 was originally described in rat car-
diac ventricular muscle, where mechanical stretch could
increase its expression in mechanoelectrical coupling [36].
Following researches demonstrated that the mechanogating
activity of TREK-1 channels was also important for the sen-
sation of pain in sensory neurons [37]. Thus, to determine
the potential involvement of TREK-1, we detected the
expression and activity of TREK-1. We found that TNI
had no effect on the expression and activity of TREK-1,
but compression significantly potentiated TREK-1 activa-
tion, which was prolonged by CDC strategy. Immunostain-
ing results in brain sections also showed that CDC
markedly increased the expression of TREK-1 in neurons.
The TREK-1-induced K+ efflux could counter-balance the
detrimental arrhythmogenic cation influx through non-
selective cation channels, such as Na+ channels [38]. In addi-
tion, TREK-1 was demonstrated to mediate the fast gluta-
mate release in astrocytes via the activation of G-protein-
coupled receptors (GPCRs) [39]. These data suggest that
TREK-1 might be involved in glutamate-associated neuro-
toxicity. To confirm this hypothesis, we used two TREK-1
specific inhibitors, spadin and SID1900. Spadin is a synthetic
peptide derived from sortilin which was shown to inhibit
TREK-1 with high affinity [11]. The small molecule
SID1900 was found to inhibit TREK-1 with an IC50 of
29.72μM, comparing that of spadin is 40nM [40]. The
results showed that CDC-induced effects on Ca2+ regulation,
neuronal injury, as well as the in vivo protective effects, were
all partially reversed by spadin and SID1900, confirming the
role of TREK-1 in CDC-induced neuroprotection. Intrigu-
ingly, a previous study has reported the negative results of
TBI-related brain damage in mice lacking TREK-1 [41].
However, deficiency of TREK-1 was shown to exacerbate
BBB injury and neuroinflammation in intracranial hemor-
rhage [42]. The role of TREK-1 in neuronal injury seems
to be controversial in different experimental models, where
mechanical force could be an important factor.

As the most abundant divalent cation in mammalian
cells, Ca2+ serves as the key intracellular signaling molecule
with a striking 10000-fold concentration gradient larger than
other ions, including Na+ and K+ [43]. The physiological
function of Ca2+ in the central nervous system depends on
where, when, and how it enters and exits the neurons and
glial cells. Increasing evidence indicate that dysfunction of
intracellular Ca2+ homeostasis is involved in TBI-induced
brain damage, and many Ca2+ channel blockers are thought
to exert neuroprotective potential [44]. Our previous study
showed that compression resulted in intracellular Ca2+ over-
load via promoting intracellular Ca2+ release in primary cul-
tured cortical neurons [16]. Here, we detected the changes in
intracellular Ca2+ concentrations using Ca2+ imaging, and

the results showed that compressive injury following TNI
caused an increase in the F/F0 signal, which was attenuated
by CDC. A previous study showed that TREK-1 gene knock-
out impairs neuronal excitability, synaptic plasticity, and
cognitive function [12]. The activity of TREK-1 channels
can be regulated by various chemical stimuli, including
Gq-coupled group I mGluRs, mGluR1, and mGluR5, which
enhance the release of Ca2+ from the intracellular calcium
stores by stimulating 1,4,5-trisphosphate receptors (IP3R)
on the endoplasmic reticulum (ER) membrane [45]. Thus,
we repeated the Ca2+ imaging experiments using TREK-1
inhibitors, and the intracellular Ca2+ overload was found to
be prolonged after blocking TREK-1 activation. Congru-
ently, TREK-1 was shown to regulate pressure sensitivity
and Ca2+ signaling in trabecular meshwork cells [46], and
the TREK-1-specific blocker spadin was found to potentiate
Ca2+ influx and insulin secretion in pancreatic beta cells
[47]. These data strongly suggest that the TREK-1-
mediated neuroprotective mechanism was associated with
the preservation of intracellular Ca2+ homeostasis, possibly
via regulating Ca2+ release form intracellular Ca2+ stores,
which needs to be further determined.

5. Conclusions

In summary, our present data indicate that CDC for 2 h or
3 h in vitro and CDC for 20min or 30min in vivo exert neu-
roprotective effects. The potential underlying mechanisms
involve in TREK-1 mediated regulation of intracellular
Ca2+ homeostasis and inhibition of neuronal necroptosis.
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Spinal cord injury (SCI) refers to a major worldwide cause of accidental death and disability. However, the complexity of the
pathophysiological mechanism can result in less-effective clinical treatment. Growth differentiation factor 11 (GDF-11), an
antiageing factor, was reported to affect the development of neurogenesis and exert a neuroprotective effect after cerebral ischaemic
injury. The present work is aimed at investigating the influence of GDF-11 on functional recovery following SCI, in addition to the
potential mechanisms involved. We employed a mouse model of spinal cord contusion injury and assessed functional outcomes
via the Basso Mouse Scale and footprint analysis following SCI. Using western blot assays and immunofluorescence, we analysed
the levels of pyroptosis, autophagy, necroptosis, and molecules related to the AMPK-TRPML1-calcineurin signalling pathway. The
results showed that GDF-11 noticeably optimized function-related recovery, increased autophagy, inhibited pyroptosis, and
alleviated necroptosis following SCI. Furthermore, the conducive influences exerted by GDF-11 were reversed with the application
of 3-methyladenine (3MA), an autophagy suppressor, indicating that autophagy critically impacted the therapeutically related
benefits of GDF-11 on recovery after SCI. In the mechanistic study described herein, GDF-11 stimulated autophagy improvement
and subsequently inhibited pyroptosis and necroptosis, which were suggested to be mediated by TFE3; this effect resulted from the
activity of TFE3 through the AMPK-TRPML1-calcineurin signalling cascade. Together, GDF-11 protects the injured spinal cord by
suppressing pyroptosis and necroptosis via TFE3-mediated autophagy augmentation and is a potential agent for SCI therapy.

1. Introduction

Spinal cord injury (SCI) refers to a destructive disease that
causes serious neurological and motor dysfunctions when
the structure is injured [1]. Clinically, a few SCI therapies,
including surgeries, increased blood pressure, and methyl-
prednisolone administration, are able to decompress and
stabilize injuries, preventing secondary complications and

managing symptoms [2–4]. The SCI pathology is compli-
cated and operationally falls into two states: primary injury
triggered by mechanical damage, which includes demyelin-
ation and necrosis of axons and neurons, and secondary
injury initiated by a variety of pathophysiologies, including
autophagy, apoptosis, oxidative stress, inflammation, and
other factors, which primarily aggravate neurological dys-
function and could be reversible and regulated [5–7]. Thus,
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secondary injury prevention and intervention are considered
promising treatments for SCI [8]. Among the mentioned
pathophysiologic events in secondary injury, cell death and
inflammation are considered to be two critical targets for
SCI treatment [9, 10].

Pyroptosis, a proinflammation-related programmed cell
death pathway, markedly impacts neuroinflammation, a critical
element that drives secondary injury post-SCI and is induced
through inflammasome activation [11, 12]. The inflammasome
refers to a complex of multimeric proteins that include a cyto-
solic sensor (e.g., NLRP1, NLRP2, NLRP3, etc.), an adaptor
protein (ASC), and an effector caspase (caspase-1) [13, 14]. By
stimulating the cytoplasmic inflammasome complex, caspase-
1/4/5/11 are activated and the gasdermin- (GSDMD-) N
domain is translocated to the cell membrane, thereby inducing
pore formation and causing pyroptosis [15–17]. Necroptosis,
another type of proinflammation-related programmed cell
death, is activated by the binding of tumour necrosis factor-α
(TNF-α) to tumour necrosis factor receptor 1 (TNFR1) and is
involved in the intracellular signalling cascade involving
receptor-interacting protein kinase 1/3 (RIPK1/3) and mixed
lineage kinase domain-like (MLKL) protein [18]. Moreover, it
was demonstrated that caspase-8 suppresses the occurrence of
necroptosis [19]. An increasing number of studies have shown
that necroptosis and pyroptosis cause numerous neurological
diseases, including neurodegenerative disorders, ischaemic
brain injury, and psychiatric diseases [20, 21]. Additionally,
necroptosis and pyroptosis aggravate neuronal and glial cell
death after SCI [22, 23]. Therefore, targeting necroptosis and
pyroptosis is promising as a potential therapy for SCI.

Macroautophagy (hereafter named autophagy) is a
dynamic regulatory mechanism that maintains the stability
of intracellular environments and degrades long-lived pro-
teins and damaged organelles in a selective manner [24,
25]. According to accumulating evidence, autophagy has a
critical effect after neurological diseases by regulating neural
cell death [26, 27]. According to SCI pathogenesis, lysosomal
injury and dysfunction can trigger defects within autophagy
fluxes and messy environments, triggering an inflammatory
response [28]. Subsequently, the activation of NLRP3 inflam-
masomes facilitates the cleavage of pro-IL-1β/18 and cleaves
GSDMD into 2 parts, ultimately initiating pyroptosis
[29–32]. Moreover, it has been found that lysosomal damage
decreases autophagy flux, leading to rapid increases in the
necroptosis activators RIPK1, RIPK3, and MLKL in neurons
[33]. Moreover, recent studies have also demonstrated that
autophagy can suppress pyroptosis and necroptosis by
degrading key activators [34–36]. Thus, we hypothesized that
autophagy may modulate the death of neural cells for neuro-
protection by suppressing pyroptosis and necroptosis and it
may improve functional recovery after SCI. Accordingly,
active drugs capable of inhibiting pyroptosis and necroptosis
through the activation of autophagy should be identified.

Growth differentiation factor 11 (GDF-11) pertains to
the transforming growth factor β (TGF-β) superfamily,
members of which impact numerous processes, such as
histogenesis, embryonic development, cancer, and metabolic
disorders [37, 38]. A recent study has indicated that GDF-11
exerts its neuroprotective effect in cerebral ischaemic injury

to reduce neuronal apoptosis [39]. GDF-11 treatment also
improves functional outcomes and stimulates neurogenesis
and angiogenesis in mice by activating autophagy in ischae-
mic stroke [40]. However, the effects exerted by GDF-11 in
the treatment of SCI have never been investigated. Further-
more, whether GDF-11 inhibits pyroptosis and necroptosis
by activating autophagy remains unknown. Therefore, we
assessed the effect of GDF-11 on autophagy, pyroptosis,
and necroptosis and assessed its effects on the functional
recovery following SCI using a mouse model of SCI injected
with GDF-11.

2. Material and Method

2.1. Animals and Ethics Statement. Healthy adult C57BL/6
mice (female, average weight 20–30g) originated from Wen-
zhou Medical University’s Experimental Animal Center
(license no. SCXK [ZJ] 2015-0001), Zhejiang province, China.
All animals were housed under standard conditions (temper-
ature: 21–25°C, 12h light/dark cycle, humidity: 50–60%) with
free access to water and food. The experimental procedure
related to animals followed the Guide for the Care and Use
of Laboratory Animals of the China National Institutes of
Health, as accepted by the Animal Care and Use Committee
of Wenzhou Medical University (wydw 2017-0022).

2.2. Antibodies and Reagents. The chemicals listed below
were used herein: GDF-11 was acquired from PeproTech
(Rocky Hill, the United States of America; Cat# 120-11).
Solarbio Science & Technology (Beijing, China) provided
the pentobarbital sodium, diaminobenzidine (DAB) devel-
oper, Masson staining tool, and haematoxylin and eosin
(HE) staining tools. Sigma-Aldrich (St. Louis, MO, the
United States of America; Cat# M9281) supplied the 3-
methyladenine (3MA). MedChemExpress (Monmouth
Junction, NJ, the United States of America; Cat# HY-
13418A) provided the dorsomorphin (Compound C,
C24H25N5O; purity ≥98.14%). Shanghai Genechem Co.
Ltd. (Shanghai, China) developed the adeno-associated virus
transcription factor E3 (AAV-TFE3) shRNA (serotype 9,
with no fluorescent reporter gene). Thermo Fisher Scientific
(Rockford, IL, United States of America) provided the Cyto-
plasmic Extraction Reagent and NE-PER™ Nuclear and
BCA tools. Cell Signaling Technology (Beverly, MA, United
States of America; Cat# 3738, Cat# 15101, Cat# 5832, Cat#
2535, Cat# 2983, and Cat# 5536) supplied the primary anti-
bodies against Beclin1, NLRP3, AMPK, p-AMPK, p-mTOR,
and mTOR. Proteintech Cohort (Chicago, IL, United States of
America; Cat# 12452-1, Cat# 21327-1, Cat# 22915-1, Cat#
17168-1, and Cat# 10494-1) provided the VPS34, CTSD,
CASP1, histone H3, and GAPDH antibodies. Abcam (Cam-
bridge, UK; Cat# ab106393, Cat# ab62344, Cat# ab180799,
Cat# ab207323, Cat# ab52761, Cat# ab52636, Cat# ab183830,
Cat# ab104224, Cat# ab272608, Cat# ab56416, Cat#
ab150077, and Cat# ab150115) provided the goat anti-mouse
IgG H&L (Alexa Fluor® 647), RIPK1, RIPK3, ASC, IL-18,
calcineurin, synaptophysin (SYN), microtubule-associated
protein-2 (MAP2), NeuN, TRPML1/MG-2, p62/SQSTM1,
and goat anti-rabbit IgG H&L (Alexa Fluor® 488) antibodies.
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The primary antibody against TFE3 was purchased from
Sigma-Aldrich Chemical Company (Milwaukee, WI, United
States of America; Cat# HPA023881). LC3B was purchased
from Novus Biologicals (Littleton, CO, United States of Amer-
ica; Cat# NB600-1384). IL-1β was purchased from ABclonal
Technology (Cambridge, MA, United States of America; Cat#
A1112). MLKL, GSDMD, and NLRP1 were from Affinity Bio-
sciences (OH, United States of America; Cat# DF7412, Cat#
AF4013, and Cat#DF13187). Santa Cruz Biotechnology (Dallas,
TX, the United States of America) provided the horseradish
peroxidase- (HRP-) conjugated IgG secondary antibody. Boyun
Biotechnology (Nanjing, the People’s Republic of China)
provided the fluorescein isothiocyanate- (FITC-) conjugated
IgG secondary antibody. Furthermore, Beyotime Biotechnology
(Jiangsu, the People’s Republic of China) supplied the 4′,6-dia-
midino-2-phenylindole (DAPI) solution.

2.3. Animal Model of SCI. In advance of the procedures,
anaesthesia was administered to animals by intraperitoneal
injection with 1% (w/v) pentobarbital sodium (50mg/kg).
Next, a standard laminectomy was performed in the T9-
T10 vertebra to expose a dura circle. Subsequently, a weight
drop injury model was adopted to trigger spinal cord contu-
sion injury following a previous description [41]. Briefly, we
dropped a bar (10 g in weight and 1.2mm in diameter) from
15mm onto the exposed spinal cord to induce moderate SCI
contusion while keeping the dura intact. After the injury, the
layers of the skin, fascia, and muscle were closed with 4–0
nonabsorbable silk sutures. Mice in the sham group under-
went the same operation as mentioned above, with no injury
caused by a weight drop. Following the procedure, the mice
were artificially urinated three times per day.

2.4. Adeno-Associated Virus (AAV) Vector Packaging. The
Shanghai Genechem Company developed the AAV-TFE3-
shRNA. The shRNA sequence of TFE3-stimulated protein
kinase was constructed, cloned, and then processed into
the pAV-U6-shRNA-CMV-EGFP plasmid, and pAV-U6-
shRNA(TFE3)-CMV-EGFP was obtained. AAV-293 cells
were transfected to produce AAV9-U6-shRNA(TFE3)-
CMVEGFP based on the AAV Rep/Cap expression plasmid,
adenovirus helper plasmid (Ad helper), and pAV-U6-
shRNA(TFE3)-CMV-EGFP. Likewise, AAV9-U6-shRNA(s-
cramble)-CMV-EGFP was used as a scramble control. Viral
particles were purified using the iodixanol gradient approach.
Using quantitative PCR, we detected the titres of AAV9-U6-
shRNA(TFE3)-CMV-EGFP and AAV9-U6-shRNA(scram-
ble)-CMV-EGFP, i.e., 4:82 × 1012 and 6:56 × 1012 genomic
copies per ml, respectively.

2.5. Drug and AAV Vector Administration. We separated
114 mice in a random manner into seven groups: sham
(n = 18), SCI (n = 18), GDF-11 (n = 18), GDF − 11 + 3MA
(n = 18), GDF − 11 + scrambled shRNA control (n = 18),
GDF − 11 + TFE3 shRNA (n = 18), and GDF − 11 + CC
(n = 6). The GDF-11 group was treated with GDF-11
(100 ng/kg/day) via daily intraperitoneal injection for 3 days
after SCI [42]. An equal volume of saline was given to the
sham and SCI groups. Daily intraperitoneal injection of 3-

methyladenine (3MA, 15mg/kg) and dorsomorphin (com-
pound C, 1.5mg/kg) was performed 30min prior to GDF-
11 administration for 3 days. The GDF − 11 + scrambled
shRNA control and GDF − 11 + TFE3 shRNA groups
received a 100μl intravenous injection of the viral vectors
in PBS with 1 × 1010 packaged genomic particles 14 days
before SCI. After 14 days, the GDF − 11 + scrambled shRNA
control and GDF − 11 + TFE3 shRNA groups received the
same treatment as the GDF-11 group. The animals were
killed by overdosing them with pentobarbital sodium, and
histological samples were acquired for corresponding exper-
iments on days 3 and 28.

2.6. Functional Behavioural Assessment. We administered
the Basso Mouse Scale (BMS) to measure locomotion on
days 0, 1, 3, 7, 14, 21, and 28 following SCI to evaluate func-
tional recovery [43]. BMS scores ranged from 0 to 9, with 0
indicating normal motor function and 9 indicating overall
paralysis. We carried out a footprint investigation at 28 days
after surgery. Hind limbs (red) and mouse forelimbs (blue)
were stained using dyes of various colours [44]. Two inde-
pendent testers without any knowledge of the experimental
conditions measured the results.

2.7. Tissue Slide Preparation for HE and Masson Staining.
On day 28 after surgery, the mice underwent reanaesthetiza-
tion using 2% (w/v) pentobarbital sodium, perfusion using
normal saline, and introduction of 4% (w/v) paraformalde-
hyde in phosphate-buffered saline. Next, we split the overall
parts (10mm long, epicentre in the centre) and fixed the
mentioned parts in 4% (w/v) paraformaldehyde over a
period of 24 h. Next, we developed the respective longitudi-
nal paraffin sections after embedding the samples in paraffin.
Using a microtome, 4μm sections were cut and mounted
onto slides coated with poly-L-lysine to carry out HE
staining-based histopathological tests following reported
descriptions [45, 46]. For Masson staining, we employed
10% trichloroacetic acid and 10% potassium dichromate
for mordant longitudinal sections. Haematoxylin was used
to stain nuclei. Next, using ethanol and hydrochloric acid,
the slides were differentiated, returned to blue with reduced
ammonia, and stained with Masson solution. Staining was
performed as described previously [47]. Finally, a light
microscope (Olympus, Tokyo, Japan) was used to acquire
images.

2.8. Western Blot (WB)Analysis. Mice were euthanized on
day 3 under SCI, and the spinal cord parts from mice
(1.5 cm; covering the injury epicentre) were dissected and
stored at −80°C prior to WB. Partial samples were processed
by extracting proteins with lysis buffer. Other samples were
processed for extraction of cytoplasmic and nuclear proteins
with Cytoplasmic Extraction Reagent and NE-PER™
Nuclear. We employed the protein extraction reagents to
purify overall proteins from the spinal cord specimens.
BCA assays were used for protein quantification. We per-
formed 12% (w/v) gel electrophoresis to separate equal
amounts of protein (60μg); the samples were then trans-
ferred to polyvinylidene fluoride membranes (Roche Applied
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Science, Indianapolis, IN, the United States of America),
which were blocked in 5% (w/v) skimmed milk and probed
with the following antibodies overnight at 4°C: ASC
(1 : 1000), NLRP1 (1 : 1000), NLRP3 (1 : 1000), IL-18 (1 : 1000),
IL-1β (1 : 1000), GSDMD (1 : 1000), CASP1 (1 : 1000), Beclin1
(1 : 1000), SQSTM1/p62 (1 : 1000) LC3B (1 : 1000), VPS34
(1 : 1000), CTSD (1 : 1000), RIPK1 (1 : 1000), RIPK3 (1 : 1000),
MLKL (1 : 1000), CASP8 (1 : 1000), p-mTOR (1 : 1000), mTOR
(1 : 1000), p-AMPK (1 : 1000), AMPK (1 : 1000), GAPDH
(1 : 1000), CaPML1 (1 : 1000), histone (1 : 1000), p-AMPK
(1 : 1000), and AMPK (1 : 1 : 1000). The membranes were sub-
sequently incubated with HRP-conjugated IgG secondary
antibodies at an ambient temperature for 2h. Using a Chemi-
Doc™ XRS+ Imaging System (Bio-Rad) based on an ECL
immune-detection tool, band signals were visualized and
investigated.

2.9. Immunofluorescence (IF) Staining. On day 3 after SCI,
spinal cord specimens from mice were dissected and col-
lected for IF staining. We performed IF staining on the tissue
side according to the rostral spinal cord (1mm long, 4mm
from the epicentre) following a previous description [48].
We deparaffinized, rehydrated, washed, and then treated
the sections with 10.2mM sodium citrate buffer for 20min
at 95°C. Subsequently, we permeabilized the sections with
0.1% (v/v) PBS-Triton X-100 (10min). Next, we blocked
the sections with 10% (v/v) bovine serum albumin in PBS
(1 h). The slides were then incubated overnight at 4°C with
antibodies against Caspase-1 (1 : 200)/NeuN (1 : 400),
GSDMD (1 : 150)/NeuN (1 : 400), LC3 (1 : 200)/NeuN
(1 : 400), p62 (1 : 200)/NeuN (1 : 400), RIPK1 (1 : 200)/NeuN
(1 : 400), RIPK3 (1 : 200)/NeuN (1 : 400), SYN (1 : 200)/NeuN
(1 : 400), and MAP2 (1 : 200). Next, we washed the sections
for 10min at an ambient temperature 3 times and incubated
them at an ambient temperature for 1 h with FITC-
conjugated secondary antibody. Finally, we captured and
evaluated images with a fluorescence microscope (Olympus,
Tokyo, Japan) within six fields taken in a random manner in
three random sections pertaining to the respective sample.

2.10. Statistical Analysis. We completed all statistical inves-
tigations using SPSS ver. 19 software (SPSS, Chicago, IL)
and adopted a double-blind approach during the analysis
process. Values are expressed as the mean ± standard error
of the mean (SEM). To control for unwanted sources of
variation, data normalization was performed in this study.
Analysis of variance (ANOVA) based on the least signifi-
cance difference (LSD) (equal variances assumed) post hoc
investigation or Dunnett’s T3 (equal variances without any
assumption) approach was conducted to assess notable
distinctions of two groups among three or four groups. We
employed an independent sample t-test to compare two
independent groups. The p values less than 0.05 indicated
statistical significance.

3. Results

3.1. GDF-11 Facilitates Functional Recovery after SCI. HE
and Masson staining, IF staining, footprint analysis, and

BMS scores were used to evaluate motor function following
SCI. The lesion area in the injured spinal cord was assessed
by HE and Masson staining, which showed a glial scar area
with marked expansion (p < 0:01) in the SCI group com-
pared with the sham group. Additionally, IF staining
revealed reduced MAP2 expression (p < 0:01) and a smaller
number of SYN-positive synapses on neurons (p < 0:01) in
the SCI group than in the sham group. With GDF-11 treat-
ment, the animals had fewer glial scars, greater neuronal
MAP2 expression levels, and a greater number of SYN-
positive synapses on neurons than the SCI group without
any treatment (p < 0:01 for all; Figures 1(a)–1(f)). Next, in
the footprint investigation, the GDF-11 group outperformed
the SCI group in terms of functional recovery on day 28 after
injury (Figure 1(g)). In the sham group, the BMS score
markedly exceeded that in the SCI group on days 1, 3, 7,
14, 21, and 28 following the procedure (p < 0:01 for all).
An insignificant difference was reported for the BMS score
between the SCI and GDF-11 groups on days 1 and 3. Like-
wise, the GDF-11 group achieved greater BMS scores on
days 7, 14, 21, and 28 following the procedure compared
with the SCI group (p = 0:02, <0.01, <0.01, and <0.01,
respectively; Figure 1(h)). Overall, the mentioned outcomes
confirmed that GDF-11 facilitated functional recovery
following SCI.

3.2. GDF-11 Attenuates Pyroptosis after SCI. IL-18, IL-1β,
NLRP1, NLRP3, Caspase-1, GSDMD, and ASC were
assessed within the spinal cord following SCI to evaluate
the pyroptotic activity in the GDF-11, SCI, and sham
groups. As revealed by IF staining, compared with that in
the sham group, GSDMD and Caspase-1 achieved marked
increases in density in neurons within spinal cord lesions
in the SCI group (p < 0:01 for both), whereas GDF-11
showed a downregulation of GSDMD and Caspase-1 density
in comparison to that in the SCI group (p < 0:01 for both), as
shown in Figures 2(a)–2(d). WB analysis of IL-18-, IL-1β-,
NLRP1-, NLRP3-, Caspase-1-, GSDMD-, and ASC-
expressing states was performed (Figure 2(e)). As revealed
by the results, in contrast to the sham group, the SCI group
achieved higher optical density (OD) values in terms of IL-
18, IL-1β, GSDMD, Caspase-1, ASC, NLRP3, and NLRP1
(p < 0:01 for all) and GDF-11 showed decreased OD values
for the mentioned markers compared with the SCI group
(p = 0:02, =0.02, <0.01, <0.01, =0.04, <0.01, and <0.01, sep-
arately; Figure 2(f)). These results indicated that GDF-11
could reduce pyroptosis-associated markers, demonstrating
suppression of pyroptosis after SCI.

3.3. GDF-11 Inhibits Necroptosis after SCI. We examined the
states of necroptosis through WB and IF. As revealed by IF
staining, relative to that in the sham group, the RIPK3 and
RIPK1 density in neurons increased markedly within the
spinal cord lesions in the SCI group (p < 0:01 for both),
whereas GDF-11 showed a decreased density of RIPK3-
and RIPK1-positive neurons in comparison to that in the
SCI group (p < 0:01 for both), as shown in Figures 3(a)–
3(d). Moreover, the expression levels of Caspase-8, MLKL,
RIPK3, and RIPK1 were analysed by WB (Figure 3(e)). In
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comparison to those within the sham group, RIPK1, RIPK3,
and MLKL showed greater OD values within the SCI group,
while those for Caspase-8 were lower (p < 0:01 for all). In
comparison to those in the SCI group, the expression levels
of MLKL, RIPK3, and RIPK1 were markedly reduced in
the GDF-11 group, while the expression of Caspase-8 was
increased (p = 0:04, <0.01, <0.01, and =0.02; Figure 2(f)).
Overall, these results indicated that the restorative effect of

GDF-11 after SCI was partly due to the suppression of
necroptosis.

3.4. GDF-11 Enhances Autophagy after SCI. For the evalua-
tion of autophagic activity within spinal cord lesions follow-
ing SCI, we determined the expression profiles of the
autophagic substrate protein (p62), an autolysosome-related
marker (CTSD), and autophagosomal markers (Vps34,
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Figure 1: GDF-11 facilitates functional recovery following spinal cord injury. (a) Longitudinal spinal cord sections in the indicated groups
on day 28 following SCI were analysed on the basis of Masson staining and HE staining (scale bar = 1000 μm). (b) Quantitative
investigations of Masson-positive lesions within the spinal cord of the respective groups. (c) Photographs (×30) of spinal cord sections in
the respective groups stained with an antibody against MAP2 (scale bar = 25μm). (d) MAP2 optical density within a spinal cord
subjected to injury on day 28. (e) Photographs (×150) of spinal cord sections subjected to injury (T11-T12) and stained on day 28 with
an antibody against SYN/NeuN (scale bar = 5μm). (f) Relevant quantitative results for neuron-contacting synapse amounts. (g)
Photographs of mouse footprints on day 28 following spinal cord injury. (h) Basso mouse scale (BMS) scores in the indicated groups
and time points. Data are expressed as the mean ± SEM, n = 6 per group. ∗∗p < 0:01 vs. the sham group. #p < 0:05 and ##p < 0:01 vs. the
SCI group.
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Figure 2: GDF-11 attenuates pyroptosis following spinal cord injury. (a) Immunofluorescence staining for Caspase-1 and NeuN
colocalization in the spinal cords of the GDF-11, SCI, and sham groups (scale bar = 25 μm). (b) The quantitative mean optical density of
Caspase-1 in neurons of spinal cord lesions. (c) Immunofluorescence staining for GSDMD and NeuN colocalization in the spinal cords
of the GDF-11, SCI, and sham groups (scale bar = 25μm). (d) The quantitative average optical density of GSDMD within neurons of
spinal cord lesions. (e) Western blot assay for IL-18, IL-1β, GSDMD, Caspase-1, ASC, NLRP3, and NLRP1 expression levels in the three
groups. Gels were subjected to identical experimental conditions, with cropped blots presented. (f) Optical densities of the IL-18, IL-1β,
GSDMD, Caspase-1, ASC, NLRP3, and NLRP1 expression levels were quantified and investigated in the respective groups. Data are
expressed as the mean ± SEM, n = 6 per group. ∗∗p < 0:01 vs. the sham group. #p < 0:05 and ##p < 0:01 vs. the SCI group.
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Beclin1, and LC3II). As shown in Figure 4(a), IF staining
revealed that p62 was expressed within neurons in the
lesions. According to the quantitative investigation, follow-
ing SCI, the p62 density in neurons increased markedly
(p < 0:01); however, the GDF-11 group achieved a relatively
low p62 density in neurons in contrast to the SCI group

(p < 0:01; Figure 4(b)). As shown in Figure 4(c), the spinal
cord showed a greater percentage of LC3II-positive neurons
in the SCI group than in the sham group (p < 0:01); com-
pared with that of the SCI group, GDF-11 treatment upreg-
ulated LC3II-positive neurons (p < 0:01; Figure 3(d)). WB
was performed to ascertain the amounts of CTSD, VPS34,
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Figure 3: GDF-11 inhibits necroptosis following spinal cord injury. (a) Immunofluorescence staining for RIPK1 and NeuN colocalization in
the spinal cords of the GDF-11, SCI, and sham groups (scale bar = 25μm). (b) Quantification of the optical density of RIPK1 in neurons of
spinal cord lesions. (c) Immunofluorescence staining for RIPK3 and NeuN colocalization in spinal cords belonging to the GDF-11, SCI, and
sham groups (scale bar = 25μm). (d) Quantification of the optical density of RIPK3 in neurons of spinal cord lesions. (e) Western blot assay
for Caspase-8, MLKL, RIPK3, and RIPK1 expression levels in the GDF-11, SCI, and sham groups. Gels were subjected to identical
experimental conditions, with cropped blots presented. (f) Optical densities of Caspase-8, MLKL, RIPK3, and RIPK1 expression levels
were quantified and investigated in the respective groups. Data are expressed as the mean ± SEM, n = 6 per group. ∗∗p < 0:01 vs. the
sham group. #p < 0:05 and ##p < 0:01 vs. the SCI group.
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Figure 4: GDF-11 enhances autophagy following spinal cord injury. (a) Immunofluorescence staining for p62 and NeuN colocalization at
the spinal cord lesion following spinal cord injury (scale bar = 25 μm). (b) The quantitative mean optical density of p62 in neurons of spinal
cord lesions in the respective groups. (c) Staining based on immunofluorescence in terms of the colocalization of NeuN and LC3II within
spinal cord lesions following spinal cord injury (scale bar = 25 μm). (d) The percentage of LC3II-positive neurons in neurons of spinal cord
lesions in the respective groups. (e) Western blot assay for CTSD, VPS34, Beclin1, LC3II, and p62 expression levels in the sham, SCI, and
GDF-11 groups. Gels were subjected to identical experimental conditions, with cropped blots presented. (f) Optical densities of CTSD,
VPS34, Beclin1, LC3II, and p62 expression levels were quantified and investigated in the respective groups. Data are expressed as the
mean ± SEM, n = 6 per group. ∗p < 0:05 and ∗∗p < 0:01 vs. the sham group. ##p < 0:01 vs. the SCI group.
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Figure 5: Continued.

13Oxidative Medicine and Cellular Longevity



GDF-11

GDF-11+3MA

Caspase-1/NeuN/DAPI GSDMD/NeuN/DAPI

(e)

Caspase-1 GSDMD
0

1

2

3

Fo
ld

 o
ve

r G
D

F-
11

GDF-11
GDF-11+3MA

⁎⁎
⁎⁎

(f)

NLRP3

Caspase-1

GSDMD

IL-1𝛽

GAPDH

IL-18

ASC

110 kDa

45 kDa

30 kDa

31 kDa

22 kDa

22 kDa

37 kDa

NLRP1 155 kDa

GDF-11 GDF-11+3MA

(g)

Figure 5: Continued.

14 Oxidative Medicine and Cellular Longevity



N
LR

P1

N
LR

P3

Ca
sp

as
e-

1

G
SD

M
D

IL
-1
𝛽

IL
-1

8

A
SC

0

1

2

3

4

5

Fo
ld

 o
ve

r G
D

F-
11

Pyroptosis related protein expressions

GDF-11
GDF-11+3MA

⁎⁎
⁎⁎

⁎⁎

⁎⁎
⁎⁎

⁎⁎

⁎⁎

(h)

GDF-11

GDF-11+3MA

RIPK1/NeuN/DAPI RIPK3/NeuN/DAPI

(i)

RIPK1 RIPK3
0.0

0.5

1.0

1.5

2.0

2.5

Fo
ld

 o
ve

r G
D

F-
11

GDF-11
GDF-11+3MA

⁎⁎

⁎⁎

(j)

RIPK1

Caspase-8

RIPK3

MLKL

GAPDH

78 kDa

57 kDa

54 kDa

18 kDa

37 kDa

GDF-11 GDF-11+3MA

(k)

Figure 5: Continued.

15Oxidative Medicine and Cellular Longevity



Beclin1, LC3II, and p62 (Figure 3(e)). As revealed by the
results, compared with that within the sham group, VPS34,
Beclin1, LC3II, and p62 had a higher OD within the SCI
group (p = 0:02, <0.01, <0.01, and <0.01, respectively), with
smaller OD values for CTSD within the SCI group
(p < 0:01). Compared with the SCI group, the GDF-11 group
showed increases in CTSD, VPS34, Beclin1, and LC3II levels
but decreases in p62 levels (p < 0:01 for all; Figure 3(f)).
These results summarize the phenomenon of autophagy
substrate accumulation that occurs following SCI, despite the
upregulation of autophagosome- and autophagolysosomal-
related markers. In addition, as revealed by the abovemen-
tioned results, GDF-11 could upregulate autolysosome- and
autophagosome-associated markers and alleviate autophagy
substrate pressure, which is likely to result from a complete
improvement in autophagic flux following SCI.

3.5. Suppression of Autophagy Reverses the Influence Exerted
by GDF-11 on Pyroptosis and Necroptosis after SCI. The
3MA, an autophagy suppressor, was coadministered with
GDF-11 to assess whether GDF-11 had a conducive influ-
ence on the results after SCI resulting from the activation
of autophagy. Neuron colocalization analysis and IF revealed
an upregulation of the p62 density and downregulation of
the percentage of neurons positive for LC3II in the GDF −
11 + 3MA group compared with the GDF-11 group

(p < 0:01 for both; Figures 5(a) and 5(b)). WB was employed
to detect the expression levels of CTSD, VPS34, Beclin1,
LC3II, and p62 (Figure 5(c)). Compared with the GDF-11
group, the CTSD, VPS34, Beclin1, and LC3II groups had
lower OD values within the GDF − 11 + 3MA group
(p < 0:01, ≤0.01, <0.01, and =0.01, respectively), with larger
OD values for p62 within the GDF − 11 + 3MA group
(p < 0:01; Figure 5(d)). Thus, 3MA significantly suppressed
autophagy during coadministration with GDF-11.

For an in-depth verification of autophagy as the main
factor allowing GDF-11 to facilitate neuronal function recov-
ery following SCI, we delved into the influences exerted by
3MA on necroptosis and pyroptosis. As shown in the IF anal-
ysis, compared with those within the GDF-11 group, the
densities of GSDMD and Caspase-1 within neurons exceeded
those within the GDF − 11 + 3MA group (p < 0:01 for both;
Figures 5(e) and 5(f)). The expression levels of pyroptosis-
related proteins (IL-18, IL-1β, GSDMD, Caspase-1, ASC,
NLRP3, and NLRP1) were higher in the GDF − 11 + 3MA
group than in the GDF-11 group (p < 0:01 for all;
Figures 5(g) and 5(h)). IF also showed that the RIPK1 and
RIPK3 densities in neurons were markedly increased in the
GDF − 11 + 3MA group compared with the GDF-11 group
(p < 0:01 for both; Figures 5(i) and 5(j)). The OD values for
necroptosis-related proteins (MLKL, RIPK3, and RIPK1)
were higher in the GDF − 11 + 3MA group than in the
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Figure 5: Suppression of autophagy reverses the influence exerted by GDF-11 on pyroptosis and necroptosis following spinal cord injury.
(a) Neuron colocalization and immunofluorescence staining for p62 and LC3II at the spinal cord lesion following spinal cord injury (scale
bar = 25 μm). (b) The quantitative mean optical density of p62 and the number of LC3II-positive neurons in neurons of spinal cord lesions
in the respective groups. (c) Western blot assay for CTSD, VPS34, Beclin1, LC3II, and p62 expression levels in the respective groups. (d)
Optical densities of CTSD, VPS34, Beclin1, LC3II, and p62 expression levels were quantified and investigated in the respective groups.
(e) Neuron colocalization and immunofluorescence staining for Caspase-1 and GSDMD in the spinal cords of each group (scale bar = 25
μm). (f) The quantitative mean optical density of Caspase-1 and GSDMD in neurons of spinal cord lesions. (g) Western blot assay for
IL-18, IL-1β, GSDMD, Caspase-1, ASC, NLRP3, and NLRP1 expression levels in the respective groups. (h) Optical densities of IL-18, IL-
1β, GSDMD, Caspase-1, ASC, NLRP3, and NLRP1 expression levels were quantified and investigated in the respective groups. (i)
Neuron colocalization and immunofluorescence staining for RIPK1 and RIPK3 in the spinal cords of each group (scale bar = 25μm). (j)
Quantification of the optical density of RIPK1 and RIPK3 in neurons of spinal cord lesions. (k) Western blot assay for Caspase-8,
MLKL, RIPK3, and RIPK1 expression levels in the respective groups. (l) Optical densities of Caspase-8, MLKL, RIPK3, and RIPK1
expression levels were quantified and investigated in the respective groups. Data are expressed as the mean ± SEM, n = 6 per group. ∗p <
0:05 and ∗∗p < 0:01 vs. the GDF-11 group.
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Figure 6: Continued.
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GDF-11 group (p < 0:01 for all), with a lower OD value for
Caspase-8 in the GDF − 11 + 3MA group (p < 0:01;
Figures 5(k) and 5(l)). These results indicated that coadmin-
istration of 3MA with GDF-11 led to a weakening of the
reducing effect of GDF-11 on pyroptosis and necroptosis,
thereby demonstrating the underlying autophagy-
enhancing effects of GDF-11 in the mechanism by which it
inhibited pyroptosis and necroptosis.

3.6. Autophagy Inhibition Reverses the Neuroprotective
Effects of GDF-11 on SCI. The lesion area in the injured
spinal cord was assessed by HE and Masson staining, which
revealed a broadened area of glial scars (p < 0:01, Figures 6(a)
and 6(b)) in the GDF − 11 + 3MA group compared with the
GDF-11 group. Additionally, IF staining revealed decreased
MAP2 states (p < 0:01, Figures 6(c) and 6(d)) and a smaller
number of SYN-positive synapses on neurons (p < 0:01,

Figures 6(e) and 6(f)) in the GDF − 11 + 3MA group than in
the GDF-11 group. On day 28 following injury, the GDF-11
group displayed a marked restoration of hind leg action, with
coordinated crawling, while the GDF − 11 + 3MA group
continued to drag their hind legs (Figure 6(g)). An insignifi-
cant difference was reported for the BMS score between the
GDF-11 and GDF − 11 + 3MA groups on days 1 and 3. In
the GDF − 11 + 3MA group, the BMS scores were markedly
lower than those in the GDF-11 group after SCI on days 7,
14, 21, and 28 (p = 0:04, <0.01, <0.01, and <0.01, respectively;
Figure 6(h)). Therefore, the autophagy-improving influence of
GDF-11 likely accounted for the optimized results with GDF-
11 treatment following SCI.

3.7. GDF-11 Facilitates Autophagy by Upregulating TFE3
Activity and Subsequently Depresses Pyroptosis and
Necroptosis following SCI. We then explored TFE3
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Figure 6: Suppression of autophagy reverses the influence exerted by GDF-11 on functional recovery following spinal cord injury. (a)
Longitudinal spinal cord sections in the indicated groups on day 28 were analysed on the basis of Masson staining and HE staining
(scale bar = 1000 μm). (b) Quantitative investigation of Masson-positive lesions within the spinal cords of the respective groups. (c)
Photographs (×30) of spinal cord sections in the respective groups stained with an antibody against MAP2 (scale bar = 25 μm). (d)
MAP2 optical density within spinal cords subjected to injury on day 28. (e) Photographs (×150) of spinal cord sections following injury
(T11-T12) and stained on day 28 with an antibody against SYN/NeuN (scale bar = 5 μm). (f) Relevant quantitative results for numbers
of neuron-contacting synapses. (g) Photographs of mouse footprints on day 28 following spinal cord injury. (h) Basso mouse scale
(BMS) scores for the indicated groups and time points. Data are expressed as the mean ± SEM, n = 6 per group. ∗p < 0:05 and ∗∗p < 0:01
vs. the GDF-11 group.
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expression in the cytoplasm and nucleus to determine
whether GDF-11 had a regulatory effect on TFE3. As shown
in Figures 7(a) and 7(b), after GDF-11 treatment, TFE3
expression in neurons was markedly increased (p < 0:01).
Next, according to theWB results, intranuclear TFE3 expres-
sion rose markedly in the GDF-11 group, while TFE3 expres-
sion in the cytoplasm was decreased (p < 0:01 for both;
Figures 7(c) and 7(d)). For an in-depth confirmation of
the effect of TFE3 activation in promoting autophagy
and inhibiting pyroptosis and necroptosis through GDF-
11, we silenced the TFE3 activity using TFE3 shRNA
and designed a trial to compare the following three groups:
GDF-11 only, GDF − 11 + scrambled shRNA, and GDF −
11 + TFE3 shRNA. The results showed that both cytoplasmic
TFE3 expression and nuclear TFE3 expression in the TFE3
shRNA group were markedly lower than those in the
scramble group, whereas an insignificant difference was
reported for the nuclear TFE3 expression status between

the GDF-11 and GDF − 11 + scramble groups (p < 0:01
for all; Figures 7(e) and 7(f)). These results indicated that
TFE3 shRNA transfection suppressed TFE3 expression and
nuclear translocation.

Subsequently, we conducted studies to determine
whether TFE3 nuclear translocation induced by GDF-11
was responsible for the regulation of autophagy, pyroptosis,
and necroptosis. IF revealed an insignificant distinction in
the percentage of neurons positive for LC3II between the
GDF-11 and GDF − 11 + scramble groups, while the propor-
tion in the GDF − 11 + TFE3 shRNA group was markedly
reduced (p < 0:01 for both; Figures 7(g) and 7(h)). Likewise,
according to the WB results, the expression levels of p62,
LC3II, CTSD, VPS34, and Beclin1 were not markedly differ-
ent between the GDF-11 and GDF − 11 + scramble groups
and the expression levels of VPS34, Beclin1, CTSD, and
LC3II were markedly lower in the GDF − 11 + TFE3 shRNA
group than in the GDF − 11 + scramble group, while
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Figure 7: GDF-11 enhances autophagy by upregulating TFE3 activity and inhibiting pyroptosis and necroptosis. (a) Immunofluorescence to
detect TFE3 within spinal cord lesions (scale bar = 25μm). (b) Quantification of the optical density of TFE3 expression in neurons. (c)
Western blot assay of nuclear TFE3 and cytoplasmic TFE3 expression. (d) Quantification results for optical densities pertaining to
nuclear TFE3 and cytoplasmic TFE3. (e) Western blot assay reporting nuclear TFE3 and cytoplasmic TFE3 expression levels in the GDF-
11, GDF − 11 + scramble and GDF − 11 + TFE3 shRNA groups. (f) Quantification results for optical densities pertaining to nuclear TFE3
and cytoplasmic TFE3. (g) Staining based on immunofluorescence in terms of the colocalization of NeuN and LC3II within spinal cord
lesions (scale bar = 25μm). (h) Percentage of LC3II-positive neurons in spinal cord lesions in the respective groups. (i) Western blot
assay for CTSD, VPS34, Beclin1, LC3II, and p62 expression levels in the GDF-11, GDF − 11 + scramble, and GDF − 11 + TFE3 shRNA
groups. (j) Optical densities of CTSD, VPS34, Beclin1, LC3II, and p62 expression levels were quantified and investigated in the respective
groups. (k) Immunofluorescence staining for GSDMD and NeuN colocalization in spinal cord lesions (scale bar = 25μm). (l)
Quantitative average optical density of GSDMD within neurons of spinal cord lesions. (m) Western blot assay for IL-18, IL-1β, GSDMD,
Caspase-1, ASC, NLRP3, and NLRP1 expression levels in each group. (n) Optical densities of IL-18, IL-1β, GSDMD, Caspase-1, ASC,
NLRP3, and NLRP1 expression levels were quantified and investigated in the respective groups. (o) Immunofluorescence staining for
RIPK1 and NeuN colocalization in spinal cord lesions (scale bar = 25μm). (p) Quantification of the optical density of RIPK1 in neurons
of spinal cord lesions. (q) Western blot assay for Caspase-8, MLKL, RIPK3, and RIPK1 expression levels in the three groups. (r) Optical
densities of Caspase-8, MLKL, RIPK3, and RIPK1 expression levels were quantified and investigated in the respective groups. Data are
expressed as the mean ± SEM, n = 6 per group. ∗p < 0:05 and ∗∗p < 0:01 vs. the SCI group. #p < 0:05 and ##p < 0:01 vs. the GDF-11
group. @p < 0:05 and @@p < 0:01 vs. the GDF − 11 + scramble group.
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opposite results were obtained for p62 (p < 0:01 for all;
Figures 7(i) and 7(j)). TFE3 shRNA treatment increased the
expression levels of pyroptosis-associated markers (ASC, IL-
18, IL-1β, GSDMD, Caspase-1, NLRP3, and NLRP1) and
necroptosis-related markers (RIPK1, RIPK3, MLKL, and
opposite Caspase-8), as shown in Figures 7(k)–7(r) (p < 0:01
for all). The GDF − 11 + TFE3 shRNA group showed a
broadened area of glial scarring (p = 0:01, Figures 8(a) and
8(b)), decreased MAP2 expression (p < 0:01, Figures 8(c)
and 8(d)), and fewer SYN-positive synapses (p < 0:01,
Figures 8(e) and 8(f)) on neurons compared with the GDF-

11 group following SCI. On day 28 following injury, the
GDF − 11 + TFE3 shRNA group was still dragging their hind
legs (Figure 8(g)). An insignificant difference was reported
for the BMS score among the GDF-11, the GDF − 11 +
scramble, and GDF − 11 + TFE3 shRNA groups on days 1
and 3. In the GDF − 11 + TFE3 shRNA group, the BMS
scores were markedly lower than those in the GDF-11 and
GDF − 11 + scramble groups on days 7, 14, 21, and 28 after
SCI (p = 0:03, <0.01, <0.01, and <0.01; Figure 8(h)).
Together, these results suggested that TFE3 activation and
nuclear translocation were the major mechanisms by which
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Figure 8: Autophagy inhibition reverses the neuroprotective effects of GDF-11 on SCI. (a) Longitudinal spinal cord sections in the indicated
groups on day 28 were analysed on the basis of Masson staining and HE staining (scale bar = 1000 μm). (b) Quantitative investigation of
Masson-positive lesions within the spinal cords of the respective groups. (c) Photographs (×30) of spinal cord sections in the respective
groups stained using an antibody against MAP2 (scale bar = 25 μm). (d) MAP2 optical density within spinal cords subjected to injury on
day 28. (e) Photographs (×150) of spinal cord sections following injury (T11-T12) and stained on day 28 with an antibody against
SYN/NeuN (scale bar = 5 μm). (f) Relevant quantification results for numbers of neuron-contacting synapses. (g) Photographs of mouse
footprints on day 28 following spinal cord injury. (h) Basso mouse scale (BMS) scores in terms of the indicated groups and time points.
Data are expressed as the mean ± SEM, n = 6 per group. #p < 0:05 and ##p < 0:01 vs. the GDF-11 group. @P < 0:05 and @@P < 0:01 vs.
the GDF − 11 + scramble group.

24 Oxidative Medicine and Cellular Longevity



Cytoplasmic

AMPK

GAPDH

TFE3

Nuclear

GAPDH

Calcineurin

TRPML1

p-mTOR

mTOR

p-AMPK

Histone-H3

62 kDa

62 kDa

289 kDa

289 kDa

64 kDa

62 kDa

37 kDa

37 kDa

61 kDa

17 kDa

SC
I

G
D

F-
11

G
D

F-
11

+C
C

(a)

A
M

PK

p-
A

M
PK

m
TO

R

p-
m

TO
R

TR
PM

L1

Ca
lc

in
eu

rin

N
uc

le
ar

 T
FE

3

0

1

2

3

4
Fo

ld
 o

ve
 r 

SC
I

SCI
GDF-11
GDF-11+CC

##

##

##

## #

##

⁎⁎

⁎⁎

⁎⁎ ⁎⁎

⁎⁎

(b)

Figure 9: Continued.

25Oxidative Medicine and Cellular Longevity



GDF-11 increased autophagy and inhibited pyroptosis and
necroptosis.

3.8. GDF-11 Activates TFE3 through the AMPK-TRPML1-
Calcineurin Signalling Pathway after SCI. According to pub-
lished reports, there is an important calcium signalling path-
way that modulates TFE3: the AMPK-TRPML1-calcineurin
signalling cascade. Our results showed that GDF-11
increased p-AMPK expression and TFE3 nuclear transloca-
tion, while p-mTOR was inhibited (p < 0:01 for all,
Figures 9(a) and 9(b)). As downstream signalling molecules,
Western blot analysis revealed that the expression states of
TRPML1 and calcineurin were markedly increased
(p < 0:01 for both, Figures 9(a) and 9(b)). To further investi-
gate whether TFE3 activation after GDF-11 treatment was
modulated by the AMPK-TRPML1-calcineurin signalling
pathway, we explored the effects of compound C (CC), an
AMPK blocker, on the GDF-11 group. Here, p-AMPK
expression and TFE3 nuclear translocation states were lower
in the GDF − 11 + CC group than in the GDF-11 group
(p < 0:01 for both), while p-mTOR expression was higher
in the GDF − 11 + CC group (p < 0:01, Figures 9(a) and
9(b)). Likewise, the expression levels of TRPML1 and cal-
cineurin were markedly decreased (p < 0:01 and p = 0:04,
respectively, Figures 9(a) and 9(b)). We further evaluated
whether the AMPK-TRPML1-calcineurin axis was also
involved in the mechanism by which GDF-11 modulated
pyroptosis-, necroptosis-, and autophagy-related proteins.

The WB results showed that the expression levels of Cas-
pase-1, GSDMD, RIPK1, RIPK3, and p62 were markedly
higher in the GDF − 11 + CC group than in the GDF-11
group, while LC3II expression levels showed the opposite
pattern (p < 0:01, <0.01, =0.04, =0.03, <0.01, and =0.01,
Figures 9(c) and 9(d)). Together, our results confirmed that
GDF-11 activated TFE3 through the AMPK-TRPML1-
calcineurin signalling cascade.

4. Discussion

Significant damage to the spinal cord is capable of causing
sensorimotor disorder or permanent paralysis [49]. A
decreased regenerative capacity (neuronal death) after SCI
is capable of disrupting the continuing signal transmission
property within the limbs and brain, as well as hindering
functional recovery [50, 51]. Thus, it is essential to inhibit
neuronal death and facilitate neuronal regeneration, which
is capable of forming novel relay circuits to replace ruptured
circuits. GDF-11 is an important regulator of central
nervous system formation and fate throughout life [52]. In
previous studies, GDF-11 exerted neuroprotective and neu-
rorestorative effects on cerebral ischaemic injury [39, 53].
Programmed cell death, including the pyroptosis, necropto-
sis, and autophagy, is found to facilitate neurological deficits
[54–57]. Thus, we hypothesized that GDF-11 regulates pyr-
optosis, necroptosis, and autophagy following SCI. In this
study, our results showed that the therapeutic effect of
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Figure 9: GDF-11 activates TFE3 through the AMPK-TRPML1-calcineurin signalling pathway. (a) Western blot assay showing the
cytoplasmic expression levels of p-mTOR, mTOR, p-AMPK, AMPK, TRPML1, and calcineurin, normalized to GAPDH as an internal
control; nuclear expression of TFE3, normalized to histone H3 as an internal control. (b) Optical densities of TRPML1, p-mTOR,
mTOR, p-AMPK, AMPK, calcineurin, and nuclear TFE3. (c) Western blot assay showing the expression levels of Caspase-1, GSDMD,
RIPK1, RIPK3, p62, and LC3II normalized to GAPDH as an internal control. (d) Optical densities of Caspase-1, GSDMD, RIPK1,
RIPK3, p62, and LC3II. Data are expressed as the mean ± SEM, n = 6 per group. ∗p < 0:05 and ∗∗p < 0:01 vs. the SCI group. #p < 0:05
and ##p < 0:01 vs. the GDF-11 group.
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GDF-11 was due to the activity of TFE3 through the AMPK-
TRPML1-calcineurin signalling pathway, which
subsequently enhanced autophagy and further attenuated
pyroptosis and inhibited necroptosis.

Pyroptosis refers to one proinflammatory form of pro-
grammed cell death that is regulated during the process of
activating caspase-1-, caspase-4/5/11-, and GSDMD-
regulated signalling pathways and the release of several
inflammatory mediators, such as IL-1β and IL-18 [58–61].
By assembling inflammasome-related sensor proteins
(NLRP1, NLRP3, AIM2, and pyrin), the scaffolding protein
apoptosis-related speck-like protein covering CARD (ASC),
and proinflammatory caspase (caspase-1 and -4/5 in
humans) into inflammasomes, the autoactivating process
for caspase and subsequent proteolytic gasdermin D
(GSDMD) cleavage can be promoted, thereby triggering cell
pyroptosis [12]. To evaluate GDF-11 activity in pyroptosis,
we performed IF staining to assess the Caspase-1 and
GSDMD density in neurons and found diminished GDF-11
densities in spinal cord lesions. According to the WB results,
following GDF-11 treatment, IL-1B, IL-1β, Caspase-1,
GSDMD, NLRP1, NLRP3, and ASC expression levels were
all decreased, thereby demonstrating that GDF-11 was an
effective suppressor of pyroptosis in the mouse SCI model.

Necroptosis is regulated by classical necrosomes that
comprise mixed-lineage kinase domain-like protein (MLKL)
and receptor-interacting protein kinase 1/3 (RIPK1/3) via
TNF/TNFR1 signalling or other stimuli [18]. RIPK1, an
upstream mediator of necrosis, is a key regulator of innate
immune responses involved in inflammation and cell death
[33]. RIPK3 plays a pivotal role in the recruitment and phos-
phorylation of MLKL, which is the executor of necroptosis
to recruit Ca2+ and Na+ ion pathways and form pores at
the plasma membrane, leading to cell rupture [62]. There-
fore, they may be ideal targets for reducing cell death and
inflammation in the central nervous system [63]. Thus, we
hypothesized that GDF-11 might inhibit necroptosis follow-
ing SCI. In this study, we showed via both IF and WB that
GDF-11 decreased expression levels of MLKL, RIPK3, and
RIPK1, while Caspase-8 expression was increased. There-
fore, our results demonstrated that GDF-11 could inhibit
necroptosis in SCI.

Autophagy, a major process of degrading intracellular
waste, has an important role in maintaining cellular homeo-
stasis [64]. After SCI, lysosomal damage and dysfunction
can occur within affected cells, leading to autophagy flux
defects, an accumulation of autophagosomes, and active cell
death, which is not conducive to the survival of neurons
[65]. A previous study has demonstrated that autophagy is
suppressed by knocking out the ATG5 gene, further demon-
strating that functional recovery can be limited by blocking
autophagy after SCI [66]. Here, from the results of increased
expressions of Beclin1, VPS34, CTSD, LC3II, and decreased
p62 expression via both IF and WB, we revealed that GDF-
11 functioned as an effective activator of autophagy by
improving the states of autophagy flux.

Neuronal death via pyroptosis or necroptosis is regulated
through the activities of host proteins that induce different
biological outcomes [67]. Autophagy, a prosurvival mecha-

nism, has been found to suppress pyroptosis and necroptosis
by degradation of various proteins (e.g., NLRP3, ASC, and
RIPK1) [35, 36, 68]. Previous studies of SCI have confirmed
that the induction of autophagy plays a neuroprotective role
by suppressing apoptosis [69]. However, few studies investi-
gated the effect of autophagy on cosuppression of pyroptosis
and necroptosis following SCI. In the current study, we used
3MA to inhibit autophagy in SCI with GDF-11 treatment to
demonstrate that GDF-11 inhibited pyroptosis and necrop-
tosis via autophagy enhancement. After autophagy was sup-
pressed, pyroptosis-associated and necroptosis-associated
markers were partially adjusted and functional recovery
was inhibited in SCI with GDF-11 treatment. However, the
specific connection and biochemical mechanism need to be
further studied. Altogether, these results suggest that GDF-
11 suppresses pyroptosis and necroptosis by activating
autophagy, which plays a critical role in the therapeutic
effect of GDF-11 after SCI.

To elucidate the GDF-11 action system and how it facil-
itates autophagy in SCI, we also explored upstream mecha-
nisms of autophagy activity. Previous reports have shown
that autophagy is regulated by TFE3, which is a member of
the MiT/TFE subfamily of the bHLH-LZ transcription factor
family [70, 71]. Therefore, in this study, we investigated the
relationship between tissue TFE3 and autophagy activity.
From a mechanistic perspective, within a normal physiolog-
ical environment, phosphorylated TFE3 interacts with 14–
3–3 cytosolic chaperones to form the TFE3-14-3-3 complex;
if cells receive stimulation from environmental signals (star-
vation, hypoxia, or toxins), TFE3 dephosphorylation inhibits
the activity of mTOR and causes it to separate from the
TFE3-14-3-3 complex [72]. In our study, we showed that
GDF-11 increased TFE3 expression. Simultaneously, acti-
vated TFE3 markedly enhanced autophagy, attenuated pyr-
optosis, inhibited necroptosis, and promoted functional
recovery in the SCI group. Taken together, these results
demonstrated that the therapeutic effect of GDF-11 was
regulated by promoting the nuclear translocation of TFE3.

Next, we also investigated how GDF-11 regulated TFE3
states. AMPK, which is capable of responding to a low-
energy state and starvation, can be activated by the ratio
of AMP/ATP, Ca2+-activated Ca2+/calmodulin-dependent
kinase (CaMKII), and converting growth factor-β-activated
kinase 1 (TAK1) [73]. Activation of the AMPK-mTOR
pathway also facilitates the release of Ca2+ via the TRPML1
pathway, thereby activating calcineurin [74, 75]. In the past
few years, it has been reported that the PPP3/calcineurin-acti-
vating process and increased intracellular Ca2+ states may
stimulate TFE3 dephosphorylation and the translocation of
TFE3 to the nucleus following SCI [76, 77]. Here, our results
suggested that the AMPK-TRPML1-calcineurin signalling
pathway was activated after GDF-11 treatment in SCI. With
the use of CC, suppressing the AMPK-TRPML1-calcineurin
signalling pathway could reduce the influence exerted by
GDF-11 on autophagy, pyroptosis, and necroptosis.

This work has several limitations that will require in-
depth analyses. Specifically, in a previous study, TFE3 acti-
vation during SCI was found to be partially regulated by
AMPK-SKP2-CARM1 and AMPK-mTOR signalling
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pathways [2, 68]. In-depth investigations can delve into
whether GDF-11 also acts through AMPK-SKP2-CARM1
and AMPK-mTOR signalling pathways and the differences
among them in SCI. The expression of GDF-11 decreases
gradually with age, and more work should be performed
to investigate whether the recovery of patients of different
ages depends on the expression of GDF-11. The optimal
dose and regimen of GDF-11 will require in-depth assess-
ments to improve its therapeutic value.

We also have several prospects for further research on
GDF-11. A previous study has demonstrated that TFE3
and TFEB share partial common mechanisms [70]. There-
fore, we speculate that GDF-11 is also likely to activate
autophagy through TFEB enhancement after SCI but the
details require further study. It was found that the treat-
ment of GDF-11 for central nervous system injury is
promising [53, 78]. However, there is a lack of clinical exper-
imental reports related to GDF-11 in CNS injury. Therefore,
the possibility of clinical transformation of GDF-11 for SCI
requires further research. Many other mechanisms may also
cause neuronal death following SCI, such as parthanatos.
Parthanatos have a close relationship with nervous system
diseases and neurologic disorders and have been described
in nervous system neoplasms [79]. The effect of GDF-11 on
parthanatos after SCI is an issue worthy of further discussion.

In conclusion, our study demonstrated that GDF-11
facilitated the nuclear translocation of TFE3 by activating
the AMPK-TRPML1-calcineurin signalling pathway, which
enhanced autophagy. Subsequently, increased autophagy
attenuated pyroptosis and inhibited necroptosis. Ultimately,
the effects of GDF-11 that were evaluated facilitate func-
tional recovery following SCI. In conclusion, we not only
focused on the effect of GDF-11 on autophagy, pyroptosis,
and necroptosis but also demonstrated the connection
among them. The results of our studies show that replenish-
ment with GDF-11 may be a novel therapeutic approach
with broad clinical potential for the treatment of SCI
patients.
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Hypoxia and oxidative stress are the common causes of various types of kidney injury. During recent years, the studies on hypoxia
inducible factor- (HIF-) 1 attract more and more attention, which can not only mediate hypoxia adaptation but also contribute to
profibrotic changes. Through analyzing related literatures, we found that oxidative stress can regulate the expression and activity
of HIF-1α through some signaling molecules, such as prolyl hydroxylase domain-containing protein (PHD), PI-3K, and
microRNA. And oxidative stress can take part in inflammation, epithelial-mesenchymal transition, and extracellular matrix
deposition mediated by HIF-1 via interacting with classical NF-κB and TGF-β signaling pathways. Therefore, based on
previous literatures, this review summarizes the contribution of oxidative stress to HIF-1-mediated profibrotic changes during
the kidney damage, in order to further understand the role of oxidative stress in renal fibrosis.

1. Introduction

The balance of oxygen consumption and supply is essential
for all mammalian organs, providing fuel for various physi-
ological metabolic processes and maintaining homeostasis
[1]. Kidney, an active metabolic organ, is a great need for
oxygen. Thus, there is no doubt that the kidney is also sus-
ceptible to hypoxic damage.

There are increasing evidences shown that a variety of
pathological factors such as hyperglycemia, hypersaline,
hypertension, and infection can induce renal hypoxia and
aggravate oxidative stress [2]. Meanwhile, it is demonstrated
that acute kidney injury (AKI) and various chronic renal dis-
eases (CKD) are associated with hypoxia and oxidative
stress, which are more likely to develop into renal fibrosis
eventually [3, 4]. Therefore, we have reasons to believe that
hypoxia and oxidative stress may play an important role in
the destruction of renal tissue, irreversible loss of kidney
function, and the progression of renal fibrosis [5, 6].

Hypoxia inducible factors (HIFs), critical nuclear tran-
scription factors, involved in maintaining O2 homeostasis

were firstly discovered by Semenza in 1992, which have
received extensive attention due to their significant role in
cellular adaptation to hypoxia in recent years [7, 8]. Based
on the difference of α-subunits, HIFs are divided into three
subtypes, HIF-1, HIF-2, and HIF-3. The function of HIF-1
and HIF-2 is currently being intensively investigated. An
increasing evidence finds that HIF-1 during kidney dam-
age not only mediates hypoxia adaptation but also is associ-
ated with inflammation, epithelial-mesenchymal transition
(EMT), and extracellular matrix (ECM) deposition, partici-
pating in the profibrotic changes [9–12]. And oxidative stress
has been also reported to play an important role in this
process [2]. HIF-2α plays a dominant role in erythropoietin
production [13–15]. Schietke et al. also found that constitu-
tional transgenic overexpression of HIF-2α in distal tubular
cells in mice resulted in renal fibrosis [16]. Besides, a recent
study has shown that SIRT1 can attenuate renal fibrosis by
repressing HIF-2α. The effects of HIFs may be cell type and
context dependent. HIF-2α may also be a candidate for
studying renal fibrosis [17, 18]. However, HIF-3 is less well
known. Other studies have shown that HIF-3α can act as a
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target gene of HIF-1 and negatively regulate the activity of
HIF-1 and HIF-2 [19].

The present review is aimed at summarizing the profi-
brotic role and molecular regulation of HIF-1α on kidney
damage, illustrating the interaction between HIF-1α and
oxidative stress, and providing new insights for renal injury
and aberrant tissue repair.

2. The Progression of Renal Fibrosis

Renal fibrosis is the final outcome of various kidney injuries
and diseases. Although the reasons for fibrogenesis are
diverse in different kidney diseases, the pathological process
is similar. Usually, renal fibrosis can be artificially divided
into four overlapping stages named as priming, activation,
execution, and progression, respectively, according to differ-
ent characteristics. Priming, the earliest stage of fibrogenesis,
inflammatory cells can infiltrate into the kidney and be acti-
vated to secrete a variety of factors, such as chemokines,
cytokines, and reactive oxygen species because of tissue
damage. And then, secreted cytokines stimulate cells to
undergo transformation and transdifferentiation to a myofi-
broblast phenotype, which expresses α-smooth muscle actin
and produces a large amount of ECM proteins during the
activation phase. In the stage of execution, ECM are accu-
mulated in the interstitials and modified to resist proteolytic
enzyme. The last stage of fibrosis is progression, which
involves several types of kidney injuries, such as renal tubu-
lar atrophy and capillary rarefaction [20–22]. It is worth not-
ing that the pathological process is irreversible once fibrosis
emerges. Thus, it is crucial to understand the mechanism of
renal fibrosis clearly and prevent fibrogenesis timely at the
early stage of renal disease.

3. Oxidative Stress

Under normal physiological conditions, the body can produce
a small amount of reactive oxygen species (ROS) [23]. And
free radical scavenging enzymes and antioxidants maintain
the balance of oxygen metabolism through activating tran-
scription factors, regulating physiological active substances
and inflammatory immunity, and promoting cell proliferation
and differentiation, which has extensive physiological signifi-
cance. However, once the levels between ROS and reactive
nitrogen species (RNS) and antioxidant defense system cannot
keep balance, oxidative stress appears [24, 25].

ROS is the main member inducing oxidative stress
in vivo, mainly including superoxide anion and hydrogen
peroxide. In cells, a large number of ROS are generated by
the mitochondrial electron transport chain and cytochrome
P450 family, and xanthine oxidoreductase, reduced nicotin-
amide adenine dinucleotide phosphate oxidase (NOX),
nitric oxide synthase, and other catalytic enzymes greatly
affect the generation of ROS [26]. RNS is a class of nitric
oxide- (NO-) centered derivatives produced by the reaction
of NO with ROS, including NO, nitrogen oxygen anion,
nitrosothiols, and peroxynitrite. Excessive ROS and RNS
can react with intracellular lipids, nucleic acids, and pro-
teins, leading to lipid peroxidation, DNA oxidative damage,

and intracellular protein denaturation, causing damage to
cellular structure and function [27]. And oxidants can also
act as signaling molecules to change intracellular signaling
pathways and even gene expression [28]. In addition, oxida-
tive modification can promote abnormal cell growth, inflam-
mation, and other physiological processes [29, 30].

4. Hypoxia Inducible Factor-1

HIF-1 is a basic heterodimeric helix-loop-helix transcription
factor and consists of an adjustable oxygen-sensitive α-subunit,
HIF-α, and a constitutively expressed β-subunit, HIF-β.
Hypoxia is the main regulation factor of physiologic HIF-1
expression. Besides, it is important to notice that HIF-1α
overactivation can also be stimulated by some other mecha-
nisms [31, 32].

4.1. Regulation of HIF-1 Hydrolysis. Oxygen-induced
hydroxylation is one of the most important regulated path-
ways for HIF-α. Under normoxia, oxygen-dependent proline
degradation domains on HIF-α can be hydroxylated by PHD
[33]. Hydroxylated HIF-α can combinate with ubiquitin and
be degraded by proteasome following the activation of von
Hippel-Lindau tumor suppressor protein (pVHL), with the
latter acting as a ubiquitin ligase to promote proteolysis of
HIF-α. Factor inhibiting HIF (FIH) can also inhibit the tran-
scriptional activity of HIF-α by hydroxylating asparaginic
acid, while, under hypoxic conditions, the activity of PHD
and FIH is suppressed, which further inhibits the hydroxyl-
ation and hydrolysis of HIF-α. Subsequently, the stabilized
HIF-α dimerizes with HIF-β and translocates into the
nucleus, activating a targeting gene [34].

4.2. HIF-1 Mediated Profibrotic Change. As a transcription
factor, HIF-1 activation can regulate the expression of eryth-
ropoietin, vascular endothelial growth factor, endothelin-1,
glucose transporters, and some other target genes, affecting
erythropoiesis, angiogenesis, and energy metabolism, during
which it governs the initial adaptation process to hypoxia,
improves tissue oxygenation and cell survival, and to some
extent offsets some harmful effects [9–11]. Although HIF-1
can reduce hypoxic-related damage under short-term hyp-
oxia, increasing findings have suggested that HIF-1 can also
play a significant role in the initiation and progression of
kidney disease [12, 35–37]. Wang et al. demonstrated that
chronic ischemia-induced overactivation of HIF-1α in the
kidney mediates chronic renal damage [32]. Kimura et al.
performed 5/6 nephrectomy on normal and VHL-knockout
mice, finding that HIF-1 expression was stable and interstitial
fibrosis was significantly severe in tubular epithelial cells of
VHL-deleted mice [38]. And Baumann et al. found that
knockout of the podocyte HIF-1α gene can prevent glomeru-
lar type I collagen accumulation and glomerulosclerosis [35].
Thus, HIF seems to promote the formation and development
of fibrosis during kidney damage. Generally, renal fibrosis is
characterized by inflammation, myofibroblast transformation,
and extracellular matrix deposition [20, 21, 22]. Many
researches have also demonstrated that HIF-1 may promote
extracellular matrix remodeling to mediate renal fibrosis by
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inducing inflammation, EMT, collagen deposition, and ECM
stiffening [39–41].

5. Contribution of Oxidative Stress to HIF-1-
Mediated Profibrotic Changes

It has been described that during hypoxia, mitochondria
increased the production of ROS, leading to inhibition of
PHD activity and subsequent stabilization of HIF-1α protein
[41]. Wang et al. have also demonstrated that ANG II stim-
ulated H2O2 production, which inhibited PHD activity and
thereby upregulated HIF-1α levels and consequently acti-
vated the tissue inhibitor of metalloproteinase, resulting in
collagen I/III accumulation in cultured renal medullary
interstitial cells [31]. PHD2 is the main subtype of renal
PHD, mainly expressed in renal medulla. High salt intake
initially increased renal tubular activity and decreased renal
medullary oxygen level, thereby inhibiting PHD2 activity
and activating HIF-1α-mediated adaptive genes. Proteins
encoded by these genes produced medullary protective
factors including NO, which in turn inhibited PHD2 [42].
Additional studies have suggested the involvement of PI-3K
and ERK in NO-mediated HIF-1α accumulation [43, 44].
Others have also reported an increase in transcription
of HIF-1α under hypoxia by ROS through induction of
PI-3K/AKT and ERK phosphorylation [45, 46]. Oxidative
factors can regulate the expression and activity of HIF-1
via PHD, ERK, and PI-3K/AKT.

While there is impaired PHD2 response to high salt in
Dahl rats, increased oxidant stress might be one of the
mechanisms. It is possible that high salt-induced oxidative
stress induces PHD2 and thereby reduces HIF-1α levels in
the renal medulla in Dahl S rats. Because of superoxide
anion, it has been demonstrated to stimulate PHDs and
thereby inhibit HIF-1α [47, 48]. Therefore, details of oxida-
tive stress and PHD activity need to be clarified in future
investigations. The relationship of oxidative stress and
HIF-1 might be complex than our imagination. For example,
it may be different in diverse animal models or distinct
periods of diseases.

5.1. OS/NF-κB/HIF-1 Signaling. Normally, inflammatory
response is a process that the body resists to pathogen infec-
tion, which is controllable. However, if inflammatory
response lasts a long time, it will cause damage and diseases
to the body [49]. It is accepted that hypoxia is a common
feature and an important cause of most inflammation. Stud-
ies have found that most kidney damage started with inflam-
mation [50]. The nuclear factor-kappa B (NF-κB) pathway is
necessary for the expression of various proinflammatory fac-
tors under hypoxia, including TNF-α, IL-8, and IL-1β [51].

The study conducted by Jin and his colleagues has dem-
onstrated that the oxidative stress/NF-κB signal pathway
contributed to the formation of unilateral ureteral obstruc-
tion renal interstitial fibrosis [52]. Under hypoxic environ-
ment, excessive ROS can activate the NF/κB signaling
pathway and then promote the expression of HIF-1α [53].
HIF-1α and NF-κB signaling is highly dependent. Hypoxia
and/or inflammation lead to increased NF-κB and CCAA

T/enhancer-binding protein delta (CEBPD) activity. CEBPD
subsequently binds to the HIF-1α promoter and regulates
HIF-1α signaling, thereby promoting inflammatory cell
infiltration and inflammatory cytokine secretion in the renal
tubulointerstitial region [54]. Zhao et al. showed that HIF-1α
was upregulated in the kidneys of wild-type aristolochic acid
nephropathy mice, accompanied by proximal tubular cell
G2/M arrest and renal fibrosis [36]. Greijer and van der Wall
have suggested that HIF-1 may inhibit the expression of
cyclin-dependent kinase 1 and cyclins B1 and D1, leading
to cell cycle G2/M arrest and promoting apoptosis in renal
tubules [55]. Apoptosis induced by HIF-1 can release inflam-
matory mediators such as IL-1β and TNF-α, altering local
renal microenvironment to trigger inflammation and fibrosis
[56–58]. What is more, it has been shown that inflammatory
cytokines can upregulate HIF-1α by MAPKp38 and via
PI-3K/AKT phosphorylation [59].

Nevertheless, HIF can also inhibit renal inflammation by
regulating Bcl-2 family genes, interacting with p53 or target-
ing mitochondrial enzymes to reduce tubular cell death [60,
61]. It can be seen that due to the complexity of the occur-
rence and development of inflammation, HIF-1α may play
different roles in different stages of its development, which
needs further study.

5.2. OS/HIF-1α /TGF-β Signaling. The activation of the
NF/kB signaling pathway also plays an important role in
the process of EMT and renal interstitial fibrosis in renal
tubules [62]. EMT and ECM deposition are the key during
renal aberrant trauma repair, which leads to fibrosis [63,
64]. During the process of EMT, proteins, such as e-cad-
herin, normally expressed by epithelial cells are lost and cell
transdifferentiation markers, such as α-smooth muscle actin
and fibroblast-specific protein 1, are obtained. An interesting
finding shows that HIF-1α inhibited by short hairpin RNA
can block the increasing expression of α-smooth muscle
actin (SMA) in rats with a clipped kidney [32]. Higgins
et al. found that activation of HIF-1 signaling in renal epithe-
lial cells was associated with the development of chronic renal
disease [64]. Experimental studies have shown that HIF-1 can
activate various transcriptional regulators to promote mesen-
chymal transition by upregulating lysyl oxidase-like 2, B
lymphoma Mo-MLV insertion region homolog1 (Bmi1), and
Twist [12, 65, 66]. It has been demonstrated that HIF-1α
stimulated collagen accumulation by activation of fibrogenic
factors, such as connective tissue growth factor, plasminogen
activator inhibitor, tissue inhibitor of metalloproteinase, and
collagen proline and lysine hydroxylase [35, 67–69].

Transforming growth factor- (TGF-) β is considered to
be the prototypical cytokine in renal fibrosis, which not only
regulates the transformation of epithelial-mesenchymal cells
to form myofibroblasts but also regulates the production and
degradation of ECM [70, 71]. Zhou et al. indicate that ROS
and HIF participate in hypoxia-induced TGF-β production
[72]. HIF-1 accumulation can significantly enhance TGF-β
expression [73–75]. TGF-β can upregulate gene expression
of Nox4 NADPH oxidase or directly activate NADPH
oxidase to generate ROS, which was reported to stabilize
HIF-1α by decreasing PHD2 to reduce HIF-1α prolyl
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hydroxylation [76]. Das et al. found that the expression of
NOX4 caused by TGF-β activation can be reduced by block-
ing Smad2 or Smad3, which suggested that TGF-β/Smad2/3
upregulated NOX4 and induced ROS generation, such as
H2O2, which played an important role in the progression
of renal fibrosis [76–78]. In TGF-β-treated renal tubular epi-
thelial and mesangial cells, mammalian target of rapamycin
complex-1 and Smad3 can also interact to increase the
expression of HIF-1 and collagen [79]. Thus, TGF-β and
ROS/HIF may form a feedback loop to maintain a prolonged
signaling cascade initiated by either ROS/HIF or TGF-β.

5.3. miRNA/OS/HIF Signaling. The researches focused on
the role of microRNA and HIF-1 during renal disease have
also become more and more popular in recent years. Micro-
RNAs (miRNAs), small noncoding RNA molecules, can
combine with 3′ untranslated regions of their target messen-
ger RNA to inhibit their translation and thus regulate gene
expression. A large number of studies show that miRNAs,
such as miR217, miR23a, and miR-155, are closely related

to the occurrence and development of renal fibrosis
[80–84]. Recent studies have found that microRNA can reg-
ulate the expression or activity of HIF-1 by interfering with
ROS production.

Increased miR-217 promotes inflammation and fibrosis
in rats’ glomerular mesangial cells cultured with high glu-
cose through upregulating ROS, activating HIF-1 signaling
pathway, and mediating cell apoptosis [80, 81]. miR-23a reg-
ulates cardiomyocyte apoptosis by suppressing the expres-
sion of MnSOD [82]. Li et al. also suggested that HIF-1
can induce exosome miR-23a expression, mediating the
interaction between tubule epithelial cells and macrophages
in tubule interstitial inflammation [83]. Xie et al. demon-
strated that HIF-1α can increase the level of miR-155, thus
promoting ETM and fibrosis both in vivo and in vitro [84],
while miR-155-5p inhibitor treatment significantly decreased
ROS generation and H2O2 concentration in HK-2 cells
incubated with oxalate [85]. Therefore, we speculate that
miR-155-5p mediated EMT by upregulating ROS, thereby
activating HIF-1 signaling, which may form a vicious cycle.
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Figure 1: Contribution of oxidative stress to HIF-1-mediated profibrotic changes during the kidney damage. (1) Under normoxia, HIF-α
can be hydroxylated by PHD. Hydroxylated HIF-α can combinate with ubiquitin and be degraded following the activation of VHL, (2)
while, under stress conditions such as hypoxia or inflammation, the increased ROS can suppress the activity of PHD, which further
inhibits the hydroxylation and hydrolysis of HIF-α. (3) Meanwhile, excessive ROS can activate NF/κB signaling and then promote the
expression of HIF-α. (4) Stabilized HIF-α dimerizes with HIF-β and translocates into the nucleus, activating a targeting gene. HIF-1 can
promote apoptosis and lead to the release of inflammatory mediators such as IL-1β and TNF-α, triggering inflammation, while
inflammation can aggravate hypoxia and oxidative stress further. Besides, HIF-1 may promote EMT and ECM deposition to mediate
profibrotic changes by activating various transcriptional regulators and fibrogenic factors. (5) HIF-1 accumulation can also significantly
enhance TGF-β expression. TGF-β can upregulate gene expression of Nox4 NADPH oxidase or directly activate NADPH oxidase to
generate ROS, which may form a vicious cycle to lead to renal fibrosis. (6) In addition, HIF-1 can also regulate the expression of various
microRNAs such as miR217, miR23a, and miR-21, then affecting the generation of ROS and promoting the development of fibrosis via
activating PI-3K signaling.
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In addition, miR-21 in extracellular vesicles may induce EMT
through enhancing HIF-1α expression, and caloric restriction
alleviates aging-related fibrosis of the kidney through downreg-
ulation of miR-21 [86]. It has also been shown that miR-21 is
induced by H2O2 in vascular smooth muscles [87]. miR-21
silencing enhanced mitochondrial function, which reduced
mitochondrial ROS production and thus preserved tubular
functions. It is possible that the interplay between miR-21
and ROSmay lead to the activation of AKT and ERK pathways
and contribute to miR-21 regulation of HIF-1α [88].

6. Conclusion

With the aging of the social population, more and more
patients now suffer from diabetes, hypertension, chronic
kidney disease, and fibrosis, especially in developed coun-
tries [89–91]. Hypoxia and oxidative stress play an indis-
pensable role in the occurrence and development of renal
damage induced by these factors [92]. ROS accumulation
during hypoxia promotes inflammation through activating
NF-κB and mediating crosstalk with HIF-1 signaling.
Besides, ROS can stabilize HIF, inducing TGF-β gene
expression. Elevated TGF-β levels sustain the ROS produc-
tion, maintaining prolonged ROS/HIF/TGF-β signaling.
The possible interaction between microRNA and HIF-1
may provide a sight for revealing the profibrotic changes of
HIF-1. The crosstalk of HIF-1 with other classical intracellu-
lar fibrogenic signaling pathways may be necessary to
amplify fibrotic pathological response (Figure 1).

However, the results on studying the role of HIF-1 in
renal fibrosis seem to be much more complex. Kapitsinou
et al. found that the stable expression of HIF can inhibit cell
apoptosis and inflammatory response and significantly
reduce AKI-related renal fibrosis [93]. In addition, HIF-1
has been found to contribute to the activation of forkhead
box O3, leading to increased autophagy and reduced oxida-
tive damage, thus playing a role in renal protection [94].
Inconsistent results may be caused due to diverse experi-
mental conditions, nature and duration of animal models,
and methods of manipulating HIF activity. It is worth noting
that these harmful or protective mediators are not always
easily distinguished. The overall effect depends on the inten-
sity and duration of their expression.
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Oxidative stress is the imbalance of the redox system in the body, which produces excessive reactive oxygen species, leads to
multiple cellular damages, and closely relates to some pathological conditions, such as insulin resistance and inflammation.
Meanwhile, exercise as an external stimulus of oxidative stress causes the changes of pathophysiological functions in the
tissues and organs, including skeletal muscle. Exercise-induced oxidative stress is considered to have different effects on the
structure and function of skeletal muscle. Long-term regular or moderate exercise-induced oxidative stress is closely related
to the formation of muscle adaptation, while excessive free radicals produced by strenuous or acute exercise can cause
muscle oxidative stress fatigue and damage, which impacts exercise capacity and damages the body’s health. The present
review systematically summarizes the relationship between exercise-induced oxidative stress and the adaptions, damage, and
fatigue in skeletal muscle, in order to clarify the effects of exercise-induced oxidative stress on the pathophysiological
functions of skeletal muscle.

1. Introduction

Exercise as a common stressor leads to oxygen supply that
cannot meet a rapid increase in oxygen demand of the body;
then, many tissues and organs produce some highly active
molecules, such as reactive nitrogen species (RNS) and reac-
tive oxygen species (ROS). ROS plays a pivotal role in the
stress process, including superoxide anion (O2

⋅-), hydroxyl
radical (OH⋅-), and hydrogen peroxide (H2O2) (Figure 1)
[1]. The production of ROS exceeds its scavenging capacity,
which is the reaction of oxidative stress. Under normal phys-
iological conditions, ROS participates in a number of cell
activities, including cell energy metabolism, signal transduc-
tion, and gene expression regulation, but high levels of ROS
can also damage biomacromolecules in cells, such as lipids,
proteins, and nucleic acids, leading to cell senescence even
death [2]. A large number of studies have shown that regular
or suitable exercise produces low-level ROS, while excessive
production of endogenous free radicals during exercise can

damage the physiological functions of the entire tissue
[1–3], such as skeletal muscle [3]. Skeletal muscle is the
dynamic part of the exercise system, and the physiological
level ROS is an essential substance for maintaining its func-
tion, which is involved in the production of muscle force, the
maintenance of muscle content, intracellular signal trans-
duction, gene expression, and other related activities, while
excessive ROS causes the dysfunction of contraction and
muscle weakness [4]. As is well known, ROS induced by
skeletal muscle contraction during exercise can increase the
level of oxidative stress and enhance the antioxidant defense
system. Although exercise-induced reactive oxygen species
are required for normal force production in skeletal muscle,
the high levels of ROS can contribute to contractile dysfunc-
tion [5]. The sarcoplasmic reticulum Ca2+ release channel is
highly sensitive to ROS, which will reduce the sensitivity of
myofibrils to Ca2+ and then affect muscle contraction [5,
6]. In addition, the accumulation of ROS in the body
depends on exercise mode, exercise intensity, and duration.
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Therefore, exercise-induced oxidative stress may play an
important role in the pathophysiological functions of skele-
tal muscle.

2. Exercise-Induced Oxidative Stress

In 1978, exercise-induced oxidative stress was firstly pro-
posed, which refers to oxidative stress caused by exercise;
that is, the rate of free radicals generated in the body is much
greater than its scavenging rate during physical exercise,
which will damage tissue, resulting in the decline of the
body’s working ability [7]. The mitochondrial respiratory
chain is the main source of endogenous ROS during exer-
cise, and its excessive production can cause oxidative dam-
age to lipids, proteins, nucleic acids, and other substances
[8]. The accumulation of ROS in the body depends on the
exercise mode, intensity, and duration. Studies have indi-
cated that a small amount of ROS produced by moderate-
intensity exercise can act as a second messenger in cells to
mediate growth factor signal transmission [9–11]. Acute
exercise can promote the excessive production of ROS,
which causes an imbalance in the oxidation-antioxidant
homeostasis in cells, because rapidly increasing oxygen con-
sumption inevitably produces more free radicals during
strenuous exercise [12]. A large amount of oxygen is con-
sumed to produce a large amount of singlet oxygen (O2

⋅-),
which stimulates a series of radical chain reactions [13].
On the other hand, the hypoxia of local tissue and the accu-
mulation of metabolites affect the mitochondrial energy sup-
ply. Meanwhile, high-intensity exhaustive exercise can cause
a significant increase in the content of malondialdehyde
(MDA) and further increase with the extension exercise
[14]. MDA can objectively reflect the level of free radicals
in the body.

3. ROS in Skeletal Muscle

Skeletal muscle is an important exercise organ in the body;
its normal physiological function is the basic prerequisite
and important guarantee for health.

3.1. ROS in Different Skeletal Muscle Fibers. Skeletal muscle is
composed of three types of muscle fibers: I, IIa, and IIb. The
abilities of these different types of muscle fibers to generate
ROS and resist oxidative stress are also different [15]. The
leakage level of mitochondrial ROS in type IIb muscle fiber
is 2-3 times that of type IIa muscle fiber, due to mitochondria
in type IIb muscle fiber playing an important role in the pro-
duction and release of superoxide [4]. High-intensity exercise
leads to the excessive production of ROS, which can cause
changes in the normal physiological environment of skeletal
muscle fibers and vascular endothelial dysfunction. The levels
of antioxidant enzymes of type I and IIa muscle fibers enhance
the scavenging ability of free radicals and promote the recov-
ery of skeletal muscle motor functions, while there is no signif-
icant change in type IIb muscle fibers. In addition, type I
muscle fibers are rich in myoglobin with the strongest abilities
of aerobic metabolism and antifatigue [16]. These findings
indicate that different types of muscle fibers have different
effects on antifatigue and ROS production, but they are all
related to their antioxidant capacity.

3.2. Sites for ROS in Skeletal Muscle Cells. In the past, mito-
chondria are the main site of intracellular ROS in contracting
skeletal muscle [14]. In mitochondria, 2–5% of the total oxy-
gen consumed may undergo one electron reduction with the
generation of superoxide [17]. Mitochondrial complex I in
the electron transport chain releases superoxide to the mito-
chondrial matrix, while complex III to both sides of the inner
membrane [18]. Recently, some scholars have discovered that
the main source of ROS may not be limited to mitochondria
during exercise [14]. The upper limit of the total utilization
of oxygen consumed by mitochondria in different tissues to
produce ROS is about 0.15% [19]. Simultaneously, a large
number of studies have shown that many intracellular
enzymes are involved in the production of ROS, such as
NADPH oxidases (NOXs), xanthine oxidase (XO), and phos-
pholipase A2 (PLA2) [18]. Regardless of whether muscle is in
a resting or contracting state, NOX family proteins can pro-
duce more superoxide anions than that of mitochondria in
single muscle fibers [20]. Moreover, the NOX2 loss-of-
function model indicated that NOX2 may be the main source
of cytosolic ROS in skeletal muscle during moderate-intensity
exercise [21]. Another study found that there was a correlation
between XO content and lactic acid level during anaerobic
exercise, producing a large amount of ROS, thereby aggravat-
ing skeletal muscle oxidative damage [22]. In addition, muscle
damage caused by exercise can also stimulate various cyto-
kines to activate macrophages and neutrophils, leading to
the overproduction of ROS [23].

4. Skeletal Muscle Adaptation

Skeletal muscle is a highly plastic tissue. Moderate or regular
exercise training can regulate the signaling pathways by
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Figure 1: Effects of exercise-induced ROS on the balance of
oxidative stress in the skeletal muscle. Exercise-induced oxidative
stress occurs as the production of ROS generated in the body,
which is excessive to the defense ability of antioxidant system
during physical exercise. ROS includes O2

-, OH-, and H2O2,
which affect the adaption, damage, and fatigue in the skeletal
muscle.
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oxidative stress and ROS to resist oxidative damage and fur-
ther come true structure-function adaptations in skeletal
muscle [19, 24, 25]. ROS can not only activate NF-κB by
activating mitogen-activated protein kinase (MAPK) but
also stimulate Akt phosphorylation, thereby activating their
common downstream molecule nuclear factor erythroid-
derived 2-related factor 2 (Nrf2) [25]. Nrf2 as a redox-
sensing transcription factor dissociates from its cytoplasmic
inhibitor Keap1, then translocates to the nucleus and com-
bines with antioxidant response element (ARE) to contrib-
ute to transactivation of some downstream antioxidant
genes, especially defense-related enzymes and exercise-
adapting-related enzymes, such as oxidase cytochrome oxi-
dase (COX), superoxide dismutase (SOD), glutathione per-
oxidase (GPX) activities, and glutathione (GSH), thereby
upregulating their expressions and activities, alleviating the
oxidative damage, and promoting exercise-induced adapta-
tions (Figure 2) [19, 24, 25]. Acute exercise or long-term
exercise training may increase the expression of Nrf2 and/or
Nrf2-ARE binding activity. After 6 weeks of treadmill train-
ing, the transcription activity of Nrf2 in skeletal muscle is
increased, and the activity of COX is also increased by 20%
[26].

Moreover, exercise-activated Nrf2 may regulate skeletal
muscle mitochondria by promoting mitochondrial biogene-
sis, improving mitochondrial respiratory function, and regu-
lating mitochondrial autophagy. In addition, peroxisome
proliferator-activated receptor-γ coactivator-1α (PGC-1α)
plays an important role in glucose uptake, mitochondriogen-
esis, and hypertrophy in skeletal muscle responses to physi-
cal exercise [24]. Exercise-induced ROS can couple with
lactate metabolism to stimulate PGC-1α production, espe-

cially endurance exercise [24]. PGC-1α coactivates nuclear
respiratory factor- (NRF-) 1 and NRF-2 to increase their
DNA binding in skeletal muscle after acute exercise [24],
then activates the genes encoding COX and mitochondrial
transcription factor A (TFAM), which activate mitochon-
drial DNA transcription, thereby increasing mitochondrial
synthesis [24]. In addition, exercise-induced ROS are able
to stimulate the skeletal muscle to secrete myokines, which
also play important roles in the regulation of cell signaling
and muscle metabolic adaptation [27, 28], such as
interleukin-15 (IL-15). IL-15 is a regulator to control intra-
cellular ROS production and attenuate oxidative stress in
skeletal muscle cells [29].

5. Skeletal Muscle Cell Damage

Exhaustive exercise can increase the peroxidation and
weaken the antioxidant capacity in skeletal muscles, which
can cause the damage of skeletal muscle cells through mod-
ification of lipid, protein, and DNA.

Firstly, for lipid damage, biomembrane is the main com-
ponent of cells. Lipid peroxidation caused by excessive
endogenous ROS during exercise can change the liquidity,
fluidity, and permeability of the biomembrane, which in
turn leads to membrane dysfunction [30]. The lipid bilayer
contains a large amount of polyunsaturated fatty acid
(PUFA). ROS can deprive the hydrogen at the diallyl posi-
tion in PUFA to form unsaturated fatty acid free radicals,
then combine with oxygen molecules to generate lipid per-
oxyl radicals LOO⋅- [31]. LOO⋅- can deprive the allyl groups
of unsaturated fatty acid hydrogen which forms a new unsat-
urated fatty acid free radical and lipid peroxide (LOOH),
causing oxidative damage to the biomembranes of skeletal
muscle cells [31].

Secondly, for protein damage, ROS plays a very impor-
tant role in the process of protein metabolism, which can
promote protein turnover and renewal under physiological
conditions. But excessive ROS induced by exercise will cause
damage to proteins and induce the inactivation of enzymes,
the loss of receptors, and the decline of immune function
[31]. The damage of proteins by ROS is mainly to change
their activities. OH⋅- can change the primary structure of
the protein and contribute to the secondary and tertiary
structure modification, so that the polypeptide chain unfolds
to form a random structure [32]. These modifications expose
the originally shielded peptide bonds to proteolytic enzymes.
In addition, a protein is combined with OH⋅- which will
increase the production of double tyrosine, further induce
the breakage, which is manifested by the effect of extracting
hydrogen on the a-carbon atom of the amino acid, and then
react with O2

⋅- to generate LOO-, ultimately forming perox-
ides [32].

The last is DNA damage. 8-Hydroxydeoxyguanosine (8-
OHdG) is an important marker for the detection of oxida-
tive DNA damage. The C-8 position of the base guanine in
the DNA chain is susceptible to the attack of OH⋅- and O2

⋅-

and undergoes hydroxylation to form the adduct 8-OHdG
[33]. OH- combines with the deoxyguanine nucleotide resi-
dues at the C-4, C-5, or C-8 positions of DNA bases to form
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Figure 2: Effects of exercise-induced ROS on the signaling pathway
in the skeletal muscle. Exercise-induced ROS can activate MAPK
and Akt signaling pathways. Nrf2 dissociates from its cytoplasmic
inhibitor Keap1 then translocates to the nucleus and combines
with ARE to contribute to some downstream antioxidant gene
transactivation, such as the oxidases, COX, SOD, GPX, and GSH.
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8-hydroxy-7,8-dihydroxyguanine nucleotides, which in turn
further oxidizes to generate 8-hydroxydeoxyguanine nucleo-
tides. Simultaneously, during the replication process, 8-
OHdG on the DNA chain can pair with other bases than
C to form point mutations, such as GC→TA [32].

6. Skeletal Muscle Fatigue

The process of sports fatigue is a complex physiological phe-
nomenon; it actually occurs with the consumption of physi-
cal energy or the accumulation of metabolites, including
skeletal muscle fatigue, visceral fatigue, and nerve fatigue.
Skeletal muscle fatigue is the main peripheral manifestation
of sports fatigue. The production of skeletal muscle strength
depends on its contraction mechanisms, while any disorder
of the nerves, ions, blood vessels, and energy systems
upstream of the cross bridge will lead to their loss and cause
muscle fatigue, especially the energy metabolism factors dur-
ing the process of muscle contraction, such as H+, lactic acid,
Pi, reactive ROS, heat shock protein (HSP), α-acid glycopro-
tein (ORM) which also affect muscle fatigue.

Excessive ROS produced by strenuous exercise may
cause exercise fatigue by reducing the release of skeletal
muscle sarcoplasmic reticulum Ca2+ and/or the sensitivity
of myofibrils Ca2+ [34]. However, under mild oxidative
stress induced by physical exercise, the S-glutathionization
of troponin can improve contractile apparatus Ca2+ sensitiv-
ity in fast-twitch fibers, thereby delaying the occurrence of
fatigue [35]. However, antioxidants restored Ca2+ to release
in the sarcoplasmic reticulum, but the decrease in muscle
strength during fatigue cannot be eliminated [36], indicating
that oxidative stress caused by exercise is closely related to
muscle fatigue. Endogenous and exogenous ROS not only
may hinder muscle fiber contraction by affecting the release
and uptake of Ca2+ in the sarcoplasmic reticulum and reduc-
ing the activity of troponin but also can promote the occur-
rence of exercise fatigue by destroying mitochondrial
functions and inhibiting aerobic metabolism [6]. In addition,
during exercise, the increased energy metabolism rate leads
to excessive mitochondrial ROS production in fatigued skel-
etal muscle cells, which further leads to the occurrence of the
oxidative modification of lipids, proteins, and DNA.

7. Conclusion

Together, exercise-induced oxidative stress has dual effects
on skeletal muscle tissue. Proper exercise can promote gen-
eration of the physiological levels of ROS, maintain the nor-
mal skeletal muscle function, and facilitate exercise
adaptation, while exhaustive exercise can cause the body to
produce too much ROS, which causes excessive oxidative
stress, leading to fatigue and cell damage of skeletal muscle.
Therefore, further understanding the effect of exercise-
induced oxidative stress on the pathophysiological functions
of skeletal muscle is very important for guiding exercise to
promote health and provides a direction to explore the
molecular mechanism of exercise to improve the develop-
ment of pathophysiological processes in oxidative stress-
related diseases.
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The increase of oxidative stress is one of the important characteristics of mammalian luteal regression. Previous investigations
have revealed the essential role of reactive oxygen species (ROS) in luteal cell death during luteolysis, while it is unknown how
ROS is regulated in this process. Considering the decrease of blood flow and increase of PGF2α during luteolysis, we
hypothesized that the HIF-1α pathway may be involved in the regulation of ROS in the luteal cell of the late corpus luteum
(CL). Here, by using a pseudopregnant rat model, we showed that the level of both HIF-1α and its downstream BNIP3 was
increased during luteal regression. Consistently, we observed the increase of autophagy level during luteolysis, which is
regulated in a Beclin1-independent manner. Comparing with early (Day 7 of pseudopregnancy) and middle CL (Day 14), the
level of ROS was significantly increased in late CL, indicating the contribution of oxidative stress in luteolysis. Inhibition of
HIF-1α by echinomycin (Ech), a potent HIF-1α inhibitor, ameliorated the upregulation of BNIP3 and NIX, as well as the
induction of autophagy and the accumulation of ROS in luteal cells on Day 21 of pseudopregnancy. Morphologically, Ech
treatment delayed the atrophy of the luteal structure at the late-luteal stage. An in vitro study indicated that inhibition of HIF-
1α can also attenuate PGF2α-induced ROS and luteal cell apoptosis. Furthermore, the decrease of cell apoptosis can also be
observed by ROS inhibition under PGF2α treatment. Taken together, our results indicated that HIF-1α signaling is involved in
the regression of CL by modulating ROS production via orchestrating autophagy. Inhibition of HIF-1α could obviously
hamper the apoptosis of luteal cells and the process of luteal regression.

1. Introduction

The corpus luteum (CL) is an ephemeral gland in mamma-
lian ovaries evolved from the remains of ovulated follicles,
which is responsible for the maintenance of hormonal
homeostasis during the menstrual cycle and pregnancy [1].
Normally, the lifespan of CL is mostly dependent on the pres-
ence of pregnancy; this period is termed as the luteal phase.
The absence of pregnancy is an essential indicator for the ini-
tiation of luteal regression and eventually the removal of CL
from the ovarian structure at the end of pregnancy where-
upon permitting the initiation of the next menstrual cycle

[2]. The regression of CL implicates the degradation of the
extracellular matrix, loss of blood vessel, and luteal cell death.
The attenuation of CL regression disrupts the ovarian cycle
and may create a disordered context impairing thereafter fol-
licular development.

Previous investigations have indicated that the increase
of ROS is an essential precursor of rat luteal regression [1].
Furthermore, an in vitro study showed that the level of
ROS can also be induced by PGF2α, a luteolytic agent [3,
4]. In humans, H2O2 treatment is able to generate a luteoly-
tic effect on granulosa-luteal cells [5]. These findings
highlighted the important role of ROS in luteal regression.
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However, the question in terms of how ROS is generated still
remains poorly understood. Physiologically, the degenera-
tion of the vascular network is initiated before the compara-
ble change of the CL structure during luteolysis [6].
Furthermore, precedent evidences also indicate PGF2α as a
HIF-1α activator in adipocytes [7], and this effect was also
observed in luteal cells [8]. Therefore, it is rational to
hypothesize that HIF-1α might be an essential causative fac-
tor of ROS generation. Indeed, the prodeath role of HIF-1α
on luteal cells has been evaluated in an in vitro model [9].
The level of HIF-1α downstream protein BNIP3, an impor-
tant factor involved in autophagy regulation in mammalian
cells, is also obviously increased under hypoxic conditions
in luteal cells [9]. These findings suggest that the dysregula-
tion of autophagy may be involved in ROS production in
luteal cells. Consistently, plenty of evidences revealed the
involvement of autophagy in luteal regression in diverse spe-
cies, including rats [10] and humans [11], although the
detail of autophagic regulation still remains elusive.

Autophagy is an evolutionarily conserved catabolic
mechanism in eukaryotic cells, by which cells can elegantly
control the homeostasis of metabolism under stresses so as
to inhibit the occurrence of cell dysfunctions. However,
autophagy could also promote the apoptosis of cells by
excess self-digestions, removal of essential organelles, and
autophagosome accumulation [12]. The abnormal induction
of autophagy is highly involved in diverse cell diseases,
including cancer [13], diabetes [14], and neurodegeneration
[15]. In the mammalian ovary, autophagy plays crucial roles
in the formation of the primordial pool [16], the transition
of oocyte-to-embryo, the development of follicles [17], and
the regression of the corpus luteum [10]. However, the evi-
dence is still marginal about how autophagy is involved in
luteal regression.

In the present study, we evaluated the expression
changes of HIF-1α signaling and its effect on oxidative stress
during luteal regression by using a pseudopregnant rat
model. We treated rats with echinomycin, a potent HIF-1α
inhibitor, and studied the progress of luteal regression by
observing luteal morphologies and expressions of apoptotic
proteins during luteal regression, aiming to elucidate the role
of HIF-1α signaling in autophagy and apoptosis during the
luteal regression of pseudopregnant rats.

2. Materials and Methods

2.1. Animals. Female Sprague-Dawley rats (about 21~23
days) were purchased from Wushi Experimental Animal
Supply Co. Ltd. (Fuzhou, China). The animals were main-
tained under a 14 h : 10 h light-dark schedule with a continu-
ous supply of chow and water. These rats were
superovulated by i.p. 30 IU pregnant mare serum gonadotro-
phin (PMSG; Ningbo Second Hormone Factory, Jiangsu).
After 48h, these rats were then treated with human chori-
onic gonadotrophin (hCG; i.p. 30 IU, Ningbo Second Hor-
mone Factory, Jiangsu) to induce pseudopregnancy. The
rats were executed, and the ovaries were excised for further
analysis on Days 7, 14, and 21 after hCG treatment. The
experimental protocol was approved by the Institutional

Animal Care and Use Committee and the Ethics Committee
on Animal Experimentation, Fujian Normal University. All
efforts were made to minimize animal discomfort and to
reduce the number of animals used.

2.2. Immunohistochemistry. The ovaries were fixed in 4%
paraformaldehyde. After fixation, the ovaries were embed-
ded in paraffin, and 5μm sections were cut and mounted
on slides. After drying, the sections were dewaxed and rehy-
drated before antigen retrieval. The sections were then proc-
essed for immunohistochemical analysis with anti-LC-3
antibody (1 : 500 dilution, ab48394, Abcam), anti-Beclin1
antibody (1 : 200 dilution, 11306-1-AP, Proteintech), and
anti-p62 antibody (1 : 200 dilution, 18420-1-AP). The nega-
tive control used serum (Boster Biological Technology,
Wuhan) instead of primary antibody. The sections were
incubated at 4°C overnight with a primary antibody. The
immunoreactivity of the specific protein was visualized by
the Elite ABC kit (BioGenex, San Ramon, CA, USA). Then,
the sections were counterstained with hematoxylin and
mounted with cover slips.

2.3. Western Blotting Analysis. The CLs were separated from
ovaries under a dissecting microscope with great care. After
that, CLs were homogenized by using ice-cold RIPA buffer
with supplemented protease inhibitors (protease inhibitor
cocktail, Beyotime Institute of Biotechnology, Haimen,
China) for protein extraction. Protein concentrations were
determined by a Bio-Rad protein assay (Bio-Rad, Hercules,
CA, USA) with bovine serum albumin standards. 20μg pro-
tein samples were subjected to SDS-PAGE gel electrophore-
sis. The nonspecific binding was blocked by 5% skimmed
milk, and the membranes were thereafter incubated over-
night in the presence of primary antibodies (Supplemental
Table 1). After incubation, the membranes were washed
with TBST and then incubated in horseradish peroxidase-
conjugated goat anti-rabbit or mouse IgG (1 : 1000 dilution,
Beyotime Institute of Biotechnology, Haimen, China) for
1 h at room temperature. Eventually, the bands were
visualized by using enhanced chemiluminescence star
(ECL, Beyotime Institute of Biotechnology, Haimen,
China). The bands were quantified using ImageJ 1.49
software (National Institutes of Health, Bethesda, MD,
USA).

2.4. Quantitative RT-PCR (qRT-PCR). Total RNA of luteal
samples was extracted with TRIzol (Invitrogen, Carlsbad, CA,
USA) and then reverse-transcribed into cDNA using a com-
mercial kit (Bio-Rad, Hercules, CA, USA). Real-time PCR was
performed with SYBR Super Mix (Bio-Rad, Hercules, CA,
USA) in a reaction volume of 20μl, and the reaction was proc-
essed in the ABI StepOne system (Applied Biosystems, Foster
City, CA, USA). Primer sequences include BNIP3 (F: 5′-CTC
TGC TGA GTG AAG TTC TAC G-3′, R: 5′-AAC ACA
AGT GCT GGA TAC TGA TT-3′), NIX (F: 5′-GCA GTG
CCA TTG AAC TGT GG-3′, R: 5′-GGA ACC GCA AAT
CGA CAT CG-3′), and GAPDH (F: 5′-CGA CCC CTT CAT
TGA CCT CAA C-3′, R: 5′-AAG ACG CCA GTA GAC
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TCCACGAC-3′) primers. Expression data were normalized to
the expression level of GAPDH.

2.5. Cell Treatment. To test the effect of HIF-1α on ROS bio-
genesis, we isolated luteal cells from CL on Day 7 of pseudo-
pregnancy according to the methods provided before [18].
To mimic luteal regression, luteal cells were incubated in
OptiMEM (Gibco) medium with the presence of PGF2α
(100μM, Sigma) or PGF2α and 3-MA (2mM, Sigma) for
24 h.

2.6. ROS Detection. For tissular detection, the equal volume
of CLs was dissected from the ovaries and was homogenized
in lysis buffer (250mM sucrose, 20mM HEPES-NaOH,
pH7.5, 10mM KCl, 1.5mM MgCl2, 1mM EDTA, 1mM
EGTA, and protease cocktail inhibitor) [19] to collect the
supernatant at 10000g, 4°C for 5min. The mixes of DCFH-
DA and supernatant were prepared according to the method
provided by the manufacturer (Jiancheng Biotech Institute,
Nanjing, China). After that, mixes were incubated in the
dark at 37°C for 30min. The DCF fluorescence was deter-
mined by a microplate reader at an excitation wavelength
of 488nm and an emission wavelength of 535 nm.

The level of intracellular ROS was measured by using a
commercial kit (Beyotime, Institute of Biotechnology, Hai-
men, China). Briefly, cells were washed with cold PBS. After
that, incubate the cells with DCFH-DA at 37°C for 20min.

Cells were washed with PBS before measurement; the DCF
fluorescence of 20000 cells was determined by a microplate
reader at an excitation wavelength of 488nm and an emis-
sion wavelength of 535nm (BioTek Synergy HT).

2.7. Statistical Analysis. All data were presented as the
mean ± SE. The significant differences within or between
groups were evaluated by one-way analysis of variance,
followed by Tukey’s multiple range test. Statistical analysis
was conducted using SPSS version 20 software, and P <
0:05 was recognized as a statistically significant difference.

3. Results

3.1. Autophagy Was Induced in Luteal Cells during Luteolysis
in a Beclin1-Independent Manner. In order to clarify the
induction of autophagy during luteal regression, we detected
the expression changes of autophagy-related proteins,
including the marker protein (LC-3II, Figure 1) of autopha-
gic induction, the marker protein (p62, Figure 1) of autopha-
gosome degradation, and a scaffold protein (Beclin1,
Figure 2(a)) involved in autophagic regulation by immuno-
histochemical staining analysis. These results demonstrated
that LC-3II and p62 were expressed in luteal cells and were
concomitantly increased during luteal regression
(Figure 1), whereas Beclin1 was decreased on Days 14 and
21 of pseudopregnancy (Figure 2(a)). The results of western
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Figure 1: Immunohistochemistry (IHC) of LC-3I/II and p62 on the adjacent section of corpus luteum (CL) from pseudopregnant rats on
Days 7, 14, and 21. Negative control (Ctrl) used serum instead of primary antibody. Bar = 100μm.
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blotting also verified the increase of LC-3II and p62
(Figure 2(b)) and the decrease of Beclin1 on Days 14 and
21 of pseudopregnancy (Figure 2(b)). These results indicated
the decrease of autophagy flux in luteal cells during CL
regression, and autophagy is regulated in a Beclin1-
independent manner.

3.2. The Increase of Cell Apoptosis Is Associated with
Oxidative Stress and Skewed Mitochondrial Homeostasis.
As we have known that apoptosis was induced in luteal cells
during regression, the present study thus examined the
expressions of apoptosis-related proteins and found a signif-
icant increase of cleaved caspase-3 and Bax on Day 21
(Figures 3(a) and 3(b)) and an obvious decrease of Bcl-2
on Day 21 of pseudopregnancy (Figures 3(a) and 3(b)). Fur-
thermore, we also detected a significant increase in the ROS
level in CLs, indicating the occurrence of oxidative stress
(Figure 3(c)).

The elevation of ROS content implicates the disruption
of mitochondrial homeostasis. Under stressful conditions,
mitophagy is mobilized to degrade mitochondria so as to
maintain its homeostasis [20]. We therefore detected the
expressions of PINK1 (Figures 4(a) and 4(b)), a regulator
of mitophagy induction, and VDAC1 (Figures 4(a) and
4(b)), a mitochondria marker protein. The results demon-
strated that both PINK1 and VDAC1 were obviously
decreased on Days 14 and 21 of pseudopregnancy
(Figures 4(a) and 4(b)), indicating the curtailment of mito-
chondrial number, and this effect is dominated in a
PINK1-independent manner during luteolysis.

3.3. HIF-1α/BNIP3 Pathway Was Activated during
Luteolysis. Previous studies have revealed that hypoxia is
involved in the apoptosis of luteal cells in vitro [9], implying
that HIF-1α may participate in apoptosis during luteal
regression in vivo. Thus, we detected the expression changes
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Figure 2: Expressions of LC-3I/II, p62, and Beclin1 in the corpus luteum (CL) from pseudopregnant rats on Days 7, 14, and 21. (a)
Immunohistochemistry (IHC) of Beclin1 on the adjacent section of corpus luteum (CL) from pseudopregnant rats on Days 7, 14, and
21. (b) Representative immunoblotting of LC-3I/II, p62, and Beclin1. (c) Densitometric qualification of LC-3I/II, p62, and Beclin1. P <
0:05 was considered to indicate a statistically significant difference. #P < 0:05, vs. Day 7. &P < 0:05, vs. Day 14.

4 Oxidative Medicine and Cellular Longevity



of HIF-1α signaling and then found an obvious increase of
HIF-1α on Day 21 of pseudopregnancy (Figures 5(a) and
5(b)), indicating that HIF-1α signaling was activated during

luteolysis. Furthermore, we examined the expressions of
BNIP3 and NIX, two main downstream factors of HIF-1α
that are involved in autophagy induction [21], during luteal
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Figure 3: Expressions of cleaved caspase-3, Bcl-2, and Bax in the corpus luteum (CL) from pseudopregnant rats on Days 7, 14, and 21. (a)
Representative immunoblotting of cleaved caspase-3, Bcl-2, and Bax. (b) Densitometric qualification of cleaved caspase-3, Bcl-2, and Bax. (c)
Relative ROS level in CLs of pseudopregnant rats. P < 0:05 was considered to indicate a statistically significant difference. #P < 0:05, vs. Day
7. &P < 0:05, vs. Day 14.

Day 7 Day 14 Day 21

Pseudopregnancy

𝛽-Actin

PINK1

VDAC1

𝛽-Actin

(a)

0.0
VDAC1

Pr
ot

ei
n 

ex
pr

es
sio

n 
le

ve
ls

PINK1

0.6

0.3

0.9

1.2

1.5

#
#

#

# &

Day 7
Day 14
Day 21

(b)
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regression. The results showed that the expression of BNIP3
and NIX (Figures 5(a) and 5(b)) is increased in both mRNA
and protein levels (Figure 5(c)) on Day 21 of pseudopreg-
nancy, which was consistent with HIF-1α expression changes.
Interestingly, treatment with HIF-1α inhibitor echinomycin
(Ech) significantly delayed luteal atrophy during luteolysis
(Figure 5(d)), further indicating that HIF-1α signaling may
play an important role during luteal regression.

3.4. Inhibition of HIF-1α Signaling Alleviated ROS
Production and Cell Apoptosis during Luteolysis. Given the
fact that Ech retards luteal regression, we thereafter detected
the expression of apoptosis-related proteins (Figures 6(a)
and 6(b)) and found that Ech treatment obviously inhibited
the upregulation of Bax (Figures 6(a) and 6(b)), the decrease
of Bcl-2 (Figures 6(a) and 6(b)), and the activation of
caspase-3 (Figures 6(a) and 6(b)) on Day 21 of pseudopreg-
nancy. In addition, we also observed a decrease of ROS levels
in Ech-treated rats, indicating a positive role of HIF-1α on
ROS production (Figure 6(c)). The results demonstrated that
inhibition of HIF-1α signaling could obviously diminish the
production of ROS and the activation of caspase-3.

3.5. Inhibition of HIF-1α Signaling Ameliorated
Autophagosome Accumulation. To verify the involvement
of HIF-1α signaling in autophagy induction, we inhibited
HIF-1α signaling by Ech and then examined the expressions
of autophagy-related proteins (Figures 7 and 8) and HIF-1α
downstream proteins (Figure 7). The results demonstrated
that inhibition of HIF-1α activity obviously compromised
the expressions of BNIP3 and NIX (Figures 7(a) and 7(b))
and also curtailed the levels of LC-3II (Figures 7(a) and
7(b)), which further consolidate that HIF-1α signaling par-
ticipates in autophagy induction during luteolysis. Besides,
we also observed the curb of p62 accumulation and the
decrease of mitochondrial aggregation in CLs after Ech
treatment (Figures 8(a) and 8(b)). Taken together, these
findings indicated that HIF-1α signaling was involved in
the degradation of mitochondria by mediating the upregula-
tion of BNIP3 and NIX during the luteal regression.

3.6. Autophagy Is Involved in PGF2α-Induced ROS
Production and Luteal Cell Death. To test whether dysregu-
lation of autophagy is the causative factor for ROS produc-
tion, we treated cells with PGF2α to mimic luteal
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regression. Expectedly, we observed the increase of ROS
under PGF2α treatment. However, inhibition of autophagy
by 3-MA obviously abrogated the increase of ROS
(Figure 9(a)). This result indicated that increase of autoph-
agy is, at least in part, the upstream of ROS generation dur-

ing luteal regression. In addition, we also tested the effect of
autophagy inhibition on cell apoptosis by detecting the
expression of cleaved caspase-3. The results showed that
caspase-3 activation is diminished after 3-MA treatment
(Figure 9(b)), which is consistent with the trend of ROS
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generation. These findings suggested that autophagy can
promote luteal cell apoptosis partially in an ROS-
dependent manner.

4. Discussion

The corpus luteum is an important temporary gland in the
mammalian ovary, the primary function of which is responsi-
ble for the production of progesterone and the maintenance
of hormonal homeostasis during the menstrual period and

pregnancy [1]. At the end of the menstrual period or the
absence of pregnancy, CLs cease to produce progesterone and
thereafter begin to regress so as to ultimately eliminate luteal
structure from the ovary. Several lines of evidence have estab-
lished that oxidative stress is engaged in luteal regression in
rat [4] and human [5]. Furthermore, these findings demon-
strated PGF2α, a luteal regression inducer, as a critical promoter
of ROS production in luteal cells [1]. Particularly, PGF2α can
also promote luteal cell death by increasing autophagy [10].
The concomitant increase of autophagy level and ROS
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production rise the possibility that the dysregulation of autoph-
agy is an essential contributor to ROS production and luteal
regression. In the present study, we showed that HIF-1α
enables the upregulation of autophagy levels in luteal cells,
which promotes luteal cell death and CL regression by inducing
mitochondrial dysregulation and ROS production.

The regression of CL is a multistep biological progress,
including functional regression and structural regression
[10]. Previously, a wide spectrum of evidence has indicated
that apoptosis is the main mechanism that contributes to the
atrophy of CLs [11, 22]. Recent investigations also revealed
that autophagy is widely involved in the regulation of luteal
cell death during luteal regression in cattle [23], human [11],
and rat [10]. In mammalian cells, the induction of autophagy
plays dual roles in cell survival. The tolerable level of
autophagy is required for the resistance of cell death whereas
excessive autophagy is deleterious for cell survival. The accu-
mulation of autophagosomes is one of the negative factors
induced by autophagy that may disrupt the normal physiology
of cells. We here detected the expression of p62, a marker pro-
tein indicating autophagosome degradation, Beclin1, an
important scaffold protein in the initiation of autophagosomes
[24], and LC-3II, a marker protein of autophagy induction.
The results revealed that the level of p62 was concomitantly
increased with the upregulation of LC-3II, indicating the accu-
mulation of autophagosomes in luteal cells at the late stage of
luteal regression. However, we did not observe the upregula-
tion of Beclin1 on Day 14 or 21 of pseudopregnancy, indicat-
ing a noncanonical regulation of autophagy in rat CL.
Similarly, Gaytan et al. also revealed the curtailment of the
Beclin1 level at the late luteal phase of human CL [25], which
is consistent with our present finding. Indeed, the induction of
Beclin1-independent autophagy was also observed in some
cancer cell lines [26–28]. The majority of this noncanonical
autophagy regulation was demonstrated to play negative roles
in cell survival.

In mammals, the regression of CLs is characterized by
the degradation of the capillary network, which induces a
hypoxic niche in CLs [1]. Under stressful conditions, cells
could mobilize autophagic mechanisms to degrade redun-
dant mitochondria so as to maintain the homeostasis of
cellular oxygen consumption under hypoxia [29]. Mechani-
cally, PINK1, BNIP3, and its homologous NIX are recog-
nized as primary mediators involved in the induction of
mitophagy in mammalian cells. Among which, BNIP3
mainly undertakes regulatory roles under a hypoxic environ-
ment [30–32]. In luteal cells, the expression of BNIP3 is
significantly upregulated accompanied by enhanced cell
apoptosis under hypoxia, suggesting a positive role in luteal
apoptosis [9]. Thus, we examined the change of mitochon-
drial number during luteal regression and found that the
number of mitochondria was decreased on Day 14 and espe-
cially Day 21 of pseudopregnancy accompanied by the
increase of HIF-1α, BNIP3, and NIX. However, we observed
a decrease of PINK1 during regression. These findings sug-
gest that HIF-1α is involved in mitochondrial loss in late
CLs by inducing BNIP3.

The dysregulation of mitochondrial homeostasis is a
potential contributor to cell apoptosis, especially by initiat-

ing oxidative stress [33]. The atrophy and elimination of
CLs implicate massive apoptosis of luteal cells during luteal
regression [1], while its underlying mechanism still remains
largely unknown. We here revealed that the expressions of
apoptosis-related proteins, cleaved caspase-3, and Bax were
significantly upregulated during luteolysis, which is consis-
tent with previous reports [34]. Also, we verified the role
of HIF-1α in vivo by treating pseudopregnant rats with
Ech. Expectedly, Ech treatment obviously delayed mitochon-
drial loss, BNIP3 expression, caspase-3 activation, and the
pace of luteal regression when compared with the control.
These findings indicated that HIF-1α signaling plays a posi-
tive role in the apoptosis of luteal cells and the atrophy of
CLs during luteolysis. It is noteworthy that autophagy can
be regulated by different mechanisms during luteal regres-
sion and may also exist divergences between species [23].

Previously, in vitro studies have suggested that PGF2α, an
important trigger of mammalian luteal functional regres-
sion, is a crucial inducer of oxidative stress and apoptosis
in rat luteal cells [1]. Of note, it also exhibits a positive effect
on autophagy regulation [10]. In the present study, we dem-
onstrated that autophagy-induced luteal cell apoptosis is
partially dependent on oxidative stress, and inhibition of
autophagy can ameliorate ROS production and cell
apoptosis.

Taken together, in the present study, we found that the
HIF-1α/BNIP3 signaling pathway is involved in the apopto-
sis of luteal cells and the regression of CL by inducing oxida-
tive stress.
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Peripheral nerve injury (PNI), resulting in the impairment of myelin sheaths and axons, seriously affects the transmission of
sensory or motor nerves. Growth factors (GFs) provide a biological microenvironment for supporting nerve regrowth and
have become a promising alternative for repairing PNI. As one number of intracellular growth factor family, fibroblast
growth factor 13 (FGF13) was regard as a microtubule-stabilizing protein for regulating cytoskeletal plasticity and neuronal
polarization. However, the therapeutic efficiency and underlying mechanism of FGF13 for treating PNI remained unknown.
Here, the application of lentivirus that overexpressed FGF13 was delivered directly to the lesion site of transverse sciatic
nerve for promoting peripheral nerve regeneration. Through behavioral analysis and histological and ultrastructure
examinations, we found that FGF13 not only facilitated motor and sense functional recovery but also enhanced axon
elongation and remyelination. Furthermore, pretreatment with FGF13 also promoted Schwann cell (SC) viability and
upregulated the expression cellular microtubule-associated proteins in vitro PNI model. These data indicated FGF13
therapeutic effect was closely related to maintain cellular microtubule stability. Thus, this work provides the evident that
FGF13-medicated microtubule stability is necessary for promoting peripheral nerve repair following PNI, highlighting the
potential therapeutic value of FGF13 on ameliorating injured nerve recovery.

1. Introduction

Peripheral nerve injury (PNI) is one of the most traumatic
disorders for triggering a decrease or a complete loss of
motor and sensory function in clinical practice [1]. It has
been reported that an estimated annual incidence of 67,800
major PNIs occur in the United States alone, and the annual
health-care dollars per individual were approximately $150
billion, causing an enormous socioeconomic burden [2, 3].
Despite the developing peripheral nerve has an intrinsic

capability for regeneration, the outcomes of optimal struc-
tural and functional recovery are not always satisfactory [4].
Recent advances in nerve reconstruction and autologous
nerve grafting remain the gold standard technique for the
repair of acute nerve injury; however, these treatments exist
some limitations, including the limited amount of autologous
donor nerves, neuronal mismatch between the donor and the
recipient site, even neuroma formation at the donor site [5,
6]. To overcome these limitations, current therapeutic strate-
gies are focused on administration of exogenous growth
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factors (GFs) as a therapeutic relevant agent to ameliorate
axonal regrowth and remyelination following PNI [7].

GFs refer to a neurotrophic factor family of bioactive cyto-
kines with the ability to regulate cellular proliferation, migra-
tion, and differentiation. Several preclinical trials have
described that exogenous application of GFs to the lesion site
of peripheral nerve is able to stimulate axonal sprouting, mye-
lination, neurogenesis, and/or neovascularization [8–10].
These encouraging outcomes reveal that GFs may act as the
potent therapeutic drugs for repairing PNI. As an intracrine
protein of the GF subfamily, fibroblast growth factor 13
(FGF 13) is not only widely distributed in human adult and
developing brain but also overexpressed in the mammalian
heart. Initially, FGF13 is regarded as a candidate gene for diag-
nosing X-chromosome-linked mental retardation (XLMR)
and negatively enhancing caveolae-mediated mechanoprotec-
tion [11, 12]. In the subsequent evaluation, FGF13 has been
identified as a microtubule-stabilizing agent for guiding
growth cone initiation, neuronal polarization, and axonal
extension. For instance, lentivirus-mediated FGF13 overex-
pression could increase the level of microtubule stabilizing
proteins to enhance axon regeneration and functional recov-
ery after spinal cord injury (SCI) [13]. In early embryonic
development, FGF13 also participated in neural differentia-
tion via MEK5-ERK5 pathway [14]. Additionally, FGF13-
deficient mice exhibited learning and memory impairment
due to the imbalance of microtubule assembly in neocortex
and hippocampus region [15]. Based on the above fact, we
try to reveal whether FGF13 also plays an essential role on
restoring PNI recovery.

As one component of cytoskeleton, microtubule provides
an organizational framework to control neuronal extension,
retraction, and steering through modifying growth cone
dynamic growth and shrinkage. In living cells, microtubule
stabilization is critical for neural polarization and axon
formation, which can be reflected by detecting the content
of microtubule-associated proteins (MAPs), such as acety-
lated- (Ace-) tubulin, tyrosinated- (Tyr-) tubulin, Tau, Kine-
sin-5, and Dynein. Increasingly, evidences have suggested
that microtubule stability was closely associated with neuro-
nal traumatic diseases [16]. Manipulation of microtubule
stabilization with Taxol could reduce fibrotic scar formation
and enable axonal regeneration after SCI via facilitating
intrinsic axon growth capacity [17]. In line with this efficacy,
systemic administration of epothilone B further induced
microtubule polymerization into the neurite tips to restore
axon elongation under an inhibitory environment after SCI
[18]. Mechanistically, this positive feedback was modulated
by a specific autophagy-inducing peptide, Tat-beclin1,
suggesting a critical role of autophagy in maintaining micro-
tubule stability [19]. Given that axon regeneration and
scarring reduction appear to rely indirectly or directly on
microtubule dynamics and stability, this mechanism may
possibly play an instructive role in axon formation and
remyelination following PNI.

In this work, we aim to identify whether FGF13 has a
certain capability for improving the injured peripheral nerve
regeneration in a rat model and reveal its underlying molec-
ular mechanism via various comprehensive evaluations,

including histological, morphological, and functional assess-
ments. Our data proved that overexpression of FGF13 could
maintain microtubule stabilization in Schwann cells (SCs) to
promote their survival, axon regrowth, and remyelination,
resulting in the improvement of locomotor recovery follow-
ing PNI. These results suggest, for the first time, that supple-
ment of FGF13 is an effective and feasible therapeutic
strategy for rehabilitating PNI.

2. Materials and Methods

2.1. Animals and Ethics Statement. Forty male Sprague-
Dawley rats, weighing from 200 to 220 g, were obtained from
the Animal Center of the Chinese Academy of Science
(Shanghai, China). The rats were individually housed in wire
bottom cages under humidity (50-60%) and temperature
(23-25°C) controlled conditions with a 12h light/dark cycle.
The animals had free access to water and food. All protocols
involving animal care and experimental procedures were
reviewed and approved by the Chinese National Institutes
of Health.

2.2. Preparation of Nerve Transection Model and Drug
Application. For the surgical procedure of sciatic nerve tran-
section model, after anesthetizing with 4% pentobarbital
sodium (30mg/kg, i.p. injection), the rats were fixed on the
operating table and shaved the hair on the right thigh. Then,
the right sciatic nerve was isolated and exposed carefully by
cutting skin and blunt splitting dorsolateral gluteal muscles.
Next, the sciatic nerve was transected at approximately
0.5 cm distal to the sciatic notch using fresh scalpel blade.
The proximal and distal ends of the cut nerves were sutured
by 10/0 polypropylene sutures (Ethicon, Somerville, NY)
under a microscope, followed by suturing the muscles and
skin using 7/0 sutures.

After surgery, all the tested rats were randomly divided
into three groups: a FGF13 lentiviral vector-treated group
(FGF13), a blank lentiviral vector-treated group (vehicle),
and a saline-treated group (PNI). Each group was consisted
of 10 rats. For the FGF13 group, each animal was orthotopi-
cal injection of 10μl (2 × 108 TU ml-1) [13] lentivirus (LV)
which expressed FGF13 into the sutured site via a Hamilton
microsyringe at a rate of 500 nlmin−1. The LV-FGF13 were
purchased from Shanghai GeneChem Co., Ltd. (Shanghai,
China). The primer of lentiviral particles of FGF13 sequence
was used forward: 5′-CCAACTTTGTGCCAACCGGTC
GCCACCATGGCTTTGTTAAGGAAGTC-3′, reverse: 5′-
AATGCCAACTCTGAGCTTCGTTGATTCATTGTGGCT
CATG-3′. The vehicle group was administrated the same
dosages of lentiviral vector. After injection, the needle was
left in place for an additional 10min and then slowly with-
draw. Similarly, the rats in the PNI group received the same
dose of saline. For the sham operation (control) group, the
animals underwent only the surgical procedure without
affecting the sciatic nerve.

2.3. Functional Recovery Analysis. The neurological recov-
ery in all testing animals was evaluated through walking
track analysis and von Frey hair test once a week for 6
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weeks after surgery. Thewalking trackanalysiswas quantified
using the sciatic function index (SFI), which was calculated as
the following formula proposed by de Medinaceli et al. [20]:
SFI = ð−38:3 × ðEPL −NPLÞ/NPLÞ + ð109:5 × ðETS −NTSÞ/
NTSÞ + ð13:3 × ðEIT −NITÞ/NITÞ − 8:8. These indexes were
taken both from the foot of the experimental foot print length
(EPL), experimental foot toe spread (ETS), experimental foot
intermediary toe (EIT), and nonoperated side (NPL, NTS,
andNIT). The SFI value of about 0 represents normal recovery,
while the SFI value close to -100 indicates total impairment.

The mechanical allodynia threshold was evaluated by von
Frey hair test which described elsewhere [21]. Briefly, all the
experimental rats were habituated in a glass cubicle on an
elevated wire mesh platform for at least 1 hour. Then, the
right hind paw in each animal was stimulated with a series
of calibrated monofilaments (Stoelting, Wood Dale, IL).
Monofilaments were applied with a constant increasing pres-
sure until a perceptible bend of approximately 90° for lasting
2 seconds. At this moment, the monofilament of definitive
ascending force was also recorded as the positive withdrawal
force. The experimental process was repeated three times
with an interval of 15 minutes by the same investigator who
was blinded to the group design.

2.4. Tissue Preparation. At postoperative 6 weeks, all rats
were anesthetized and sacrificed to harvest the regenerated
sciatic nerves and gastrocnemius muscle. Meanwhile, the
wet muscle weight in each rat was recorded. For histological
staining, the nerve and muscle tissues were fixed with 4%
paraformaldehyde at 4°C for 24 h. Subsequently, the samples
were embedded in paraffin, cut into longitudinal or trans-
verse sections of 5μm thickness using a microtome (Thermo
Fisher Scientific HM 315, Waltham, USA), and mounted on
slides. For immunofluorescence staining, the 0.5 cm segment
of regenerative nerve was embedded in optimal cutting tem-
perature compound (OCT, Sakura Tokyo, Japan) and cut
into 10μm sections using a cryostat (Leica Microsystems
Wetzlar GmbH, Hesse-Darmstadt, Germany). For immuno-
blotting and RT-PCR detection, the harvested sciatic nerve
segment (0.5 cm length) taken from the lesion regions was
immediately stored at -80°C.

2.5. Histological Staining and Morphometric Analysis. The
serial paraffin sections were deparaffinized and rehydrated
with xylene and a gradient ethanol solution. Thereafter, both
of nerve and muscle sections were received Hematoxylin and
Eosin (H&E) staining using H&E kit (Beyotime Institute of
Biotechnology, China). For muscle sections, they were
stained with H&E hematoxylin and eosin reagents for 5min
and 1min, respectively. For nerve tissue sections, they were
stained with these two dyes for 5min and 8min, respectively.
The nerve sections also performed Masson’s trichrome stain-
ing using Masson’s trichrome staining kit (Solarbio, G1340)
according to the instructions. Briefly, sections were first
underwent deparaffinage and rehydration as describe by
H&E staining, followed by staining with nucleus, fibrous,
and collagen using hematoxylin, ponceau acid fuchsine solu-
tion, and aniline blue for 5min, 5min, and 20 s, respectively.
After dehydrating, slides were mounted with neutral resin

and covered by cove using rslips. In the end, all staining
sections were observed and photographed using a Nikon
microscope (Nikon, Tokyo, Japan).

The myelin sheath regeneration was also evaluated by
transmission electromicroscope observation as previously
described elsewhere [22]. Briefly, 2mm regenerated nerve
samples were fixed with 2.5% glutaraldehyde for 4 h, followed
by postfixing with 1% osmium and 1% uranyl acetate for 1 h,
respectively. After dehydrating in a graded acetone series, the
samples were embedded in an Epon 812 resin and cut into
semithin sections (thickness: 1.0μm) for toluidine blue stain-
ing. The ultrathin cross sections with a thickness of 50–60nm
were also prepared and then were stained with lead citrate
and uranyl acetate for the transmission electron microscope
observation (TEM; HT7700, Hitachi, Ltd., Japan).

For the myelinated indexes including myelin counts,
diameter of myelin sheath, thickness of myelin sheath, and
G-ratio were calculated using the following two equations:

Thickness of myelin sheath =
Myelin diameter −Axon diameterð Þ

2
,

ð1Þ

G − ratio =
Axon diameter
Myelin diameter

, ð2Þ

where for individual myelin, the way for measuring axon
diameter and myelin diameter per myelin was according to
the bottom panel enlarged images in Figure 1(b). Quantifica-
tion of myelin counts, axon diameter, and myelin diameter
could be automatically obtained using the ImageJ software.
The data of myelin counts were performed through measur-
ing five randomly selected fields in each animal. For quanti-
fying axon and myelin diameter, 70 myelin sheaths were
randomly selected from at least 10 images per animal. Each
group contained 5 animals. All counting were quantified by
two blinded independent observers who were blind to the
experimental procedures and samples.

2.6. Immunofluorescence. After blocking with 5% BSA for
30min, frozen sections were colabeled with anti-NF-200
(1 : 100,000, ab4680, Abcam) and anti-MBP (1 : 1000,
ab40390, Abcam) primary antibodies, overnight at 4°C.
Then, FITC-conjugated anti-rabbit IgG (Abcam, ab150073)
and TRITC-conjugated anti-mouse IgG (Abcam, ab7065)
were diluted with PBS at the concentration of 0.67μg/ml
and dropped in the tissue samples, followed by incubating
at 37°C for 1 h in dark condition. After staining nuclei with
0.1% of 4,6-diamidino-2-phenylindole (DAPI) for 5min,
the stained sections were observed and imaged using a confo-
cal fluorescence microscope (Nikon, Japan).

With the observer blinded to the identity of the groups,
approximately three-fourths sections of the regenerating
bridge were photographed at high-power light microscopy
(400x). Photographs were divided into several regions with
100μm interval. Axon numbers, NF200+ and MBP+ positive
signals in each individual region of longitudinal section of the
nerve cable, were analyzed using the ImageJ software as pre-
viously described [23]. The diagrammatic sketch of regional
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dividualing and identifying was shown in Figure 2(b). Three
sections per animal and three animals per group were
randomly selected for statistical analysis.

2.7. Immunoblotting. Total protein was extracted from regen-
erated sciatic nerve using RIPA lysis buffer containing 1%
protease and phosphatase inhibitors. The protein concentra-
tion in different samples was measured using the BCA Assay
Kit. A total of 80μg of protein was separated by 12% (w/v)
gels and then transferred to a PVDF membrane (Millipore),
followed by blocking with 5%w/v nonfat milk for 1.5 h. After
washing with TBST for three times, the PVDF membranes
were incubated overnight at 4°C with primary antibodies tar-
geting the following proteins: Ace-tubulin (1 : 1000, CST,
Catalog No. #5335), Tyr-tubulin (1 : 500, Sigma, Catalog
No. T9026), Tau (1 : 1000, Abcam, Catalog No. ab92676),
Kinesin-5 (1 : 1000, Abcam, Catalog No. ab167429), Dynein
(1 : 1000, Abcam, Catalog No. ab171964), Bax (1 : 500, CST,
Catalog No. #14796), Bcl-2 (1 : 500, CST, Catalog No.
#4223), and Cleaved caspase-3 (1 : 500, Abcam, Catalog No.
ab2302). The next day, blots were washed in TBST and incu-
bated with HRP-labeled secondary antibodies (1 : 2000 dilu-
tion) for 1 h at 25°C temperature. Immunobands were

visualized by ChemiDocXRS + Imaging System, and band
intensity was quantified by the ImageJ software.

2.8. Preparation of Myelin Extracts. Myelin debris were
extracted from uncut sciatic nerve in adult rats as described
in previous with modification [8]. Briefly, the collecting
sciatic nerves were homogenized in 0.32M sucrose using a
homogenizer (PRO 200, USA), followed by centrifuging
twice at 1,5000 g for 1 h. After removal of sucrose, myelin
fractions were added PBS and filtered through 0.22μm filters
to sterilize and remove any particulate substance.

2.9. Cell Culture, Transfection, and Treatments. The RSC 96
cells (a rat Schwann cell line) were purchased from the cell
bank of the Chinese Academy of Sciences (Shanghai, China).
Before transfection, cells were maintained in Dulbecco’s
modified Eagle Medium (DMEM, Gibco) containing 10%
foetal bovine serum (FBS, Thermo Fisher Scientific) and
incubated in a humidified atmosphere containing 5% CO2
at 37°C. At three passages, the cells were seeded on 6-well
culture plates at an approximate density of 5 × 104/cm2 and
grown for 24 h to approximately 70% confluency. After-
wards, the old medium were replaced with fresh serum-free
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Figure 1: Analysis of regenerating cables at week 6 after injury. (a) Representative semithin transverse sections of regenerated nerves stained
by toluidine blue in four groups; (b) TEM of ultrathin sectioned nerves of the four groups. The gross myelin distribution and regeneration
were clearly seen via the lower magnification (2 μm) in the middle panel. The bottom panel enlarged images with the higher magnification
of 1 μm were representative individual myelin in each group and not from the middle panel.
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Figure 2: Histological analyses of the regenerated sciatic nerves in each group at 6 weeks after transection injury. (a) Representative
costaining images for NF-200 and MBP of longitudinal sections in each experimental group. The scale bars in lower and higher
magnifications were 500μm and 20μm, respectively. (b) Schema of nerve regeneration counting method proximal to the original
transection through fields of the corresponding regenerating cable. (c) Quantification of total axon numbers in different fields of the
indicated groups. (d, e) Quantitative analyses of average fluorescence intensity for NF-200 and MBP in indicated region of whole
regenerated cable. Data are shown as means ± SEM, n = 5. PNI vs. control: ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001; FGF13 vs. vehicle:
&P < 0:05 and &&P < 0:01; FGF13 vs. PNI: #P < 0:05 and ##P < 0:01.
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medium; meanwhile, the cells were infected with recombinant
lentiviral construct to overexpression FGF13 with the concen-
tration of 1 × 108 TU/ml or empty lentiviral vectors (LV-vec-
tor) with the same concentration. After 24h incubation, the
cells were supplemented with normal growth medium con-
taining 10μg/ml myelin extracts for culturing another 2 days.
The lentivirus expression vector (GV358) for overexpression
FGF13 (LV-FGF13) was constructed by Genechem (Shanghai,
China). We regarded the cell culturing in normal medium as
the control group. The medium contains only myelin debris
as the myelin group. The cells transfecting LV-FGF13 and
myelin added were taken as the myelin+FGF13 group.

2.10. Live/Dead Staining Assay. Apoptotic cell death was
quantified using the Live/Dead Viability Assay kit (L3224,
Thermo Fisher) according the manufacturer’s instructions.

Briefly, after gently washing in PBS 3 times, the medium cul-
turing RSC 96 cells were added 1μM Calcein-AM and 2μM
propidium iodide for incubating 30min at room temperature
in the dark condition. Afterwards, the live cells were observed
using a 490nm excitation filter, whereas the dead cells were
observed using a 545 nm excitation filter under a laser scan-
ning confocal microcopy system (LSCM, Nikon, Z2). The
live and dead cells were automatically calculated using the
ImageJ software. The cell viability rate in each group was
calculated as following equation: The cell viability rate ð%Þ
= the live cell mumbers/total cell numbers × 100%. Five ran-
dom fields were counted for each sample, and this experi-
ment was performed in triplicate.

2.11. Statistical Analysis. All quantitative data are expressed
as means ± SEM. Statistical comparisons were performed
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Figure 3: FGF13 promotes functional recovery after PNI: (a) representative images of the rats’ footprints in the control, PNI, vehicle, and
FGF13 groups at 6 weeks after treatment; (b) SFI analysis of the different groups at 1, 2, 3, 4, 5, and 6 weeks after operation; (c)
withdrawal threshold was determined using von Frey hair test at indicated time points. Values are expressed as mean ± SEM, n = 5. PNI
vs. sham: ∗∗∗P < 0:001; FGF13 vs. vehicle: &P < 0:05, n.s representing not statistical significance; FGF13 vs. PNI: #P < 0:05.
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using the GraphPad Prism 7 Software (GraphPad Software
Inc., La Jolla, CA, USA). For two-group comparison, statisti-
cal significance was analyzed by Student’s t-test. For multiple
group comparison, the statistical evaluation of the data was
performed using one-way analysis of variance (ANOVA)
followed by post hoc Tukey’s test. In all the analyses, differ-
ences were considered significant at P < 0:05. Each experi-
ment was performed at least three times to ensure accuracy.

3. Result

3.1. FGF13 Persistently Facilitates Neurologic Functional
Recovery after PNI. To evaluate the motor function recovery
in all groups, walking track analysis was performed at deter-
mine time postsurgery. Representative foot prints at 6 week
postoperation from each group were shown in Figure 3(a).
The result showed that the operative footprints in the
FGF13 treating group had superior toe spread when com-
pared with the PNI and vehicle groups. Meanwhile, the SFI

values in all surgery groups were gradually became increased
as time elapsed. It was worth noting that the SFI values in the
FGF13 group were significantly higher than those in the PNI
and vehicle groups at 6 weeks after surgery (Figure 3(b), P
< 0:05). Additionally, recovery of sensory function was
monitored weekly using the von Frey hair test. Consistent
with the motor function evaluation, overexpression of
FGF13 significantly accelerated sensory recovery following
transection injury. At 6 weeks postsurgery, the paw with-
drawal thresholds in FGF13-treated rats were approximately
twofold than the only saline-treated PNI rats (Figure 3(c)).

3.2. FGF13 Attenuates Atrophy of the Gastrocnemius Muscle
after PNI. Gastrocnemius muscle reinnervation, character-
ized by the increase of muscle weight and muscle fiber area,
represents the functional recovery of the sciatic nerve [24].
We measured the isolated gastrocnemius muscle weights to
evaluate the muscle atrophy and performed H&E staining
to investigate the morphological changes in the
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Figure 4: The morphological and microstructural analyses of gastrocnemius muscle. (a) The gross observation of the gastrocnemius muscles
in the control, PNI, vehicle, and FGF13 groups at week 6 after the transection. (b) H&E staining of the cross-sections of the muscles in the four
groups. Scale bar = 50 μm. (c) Quantification of the relative muscle weight from (a). (d) Quantification of the positive area of muscle fibers in
the indicated groups from (b). Values are expressed asmean ± SEM, n = 5. ∗∗P < 0:01 vs. the control group; &P < 0:05 and &&P < 0:01 vs. the
PNI group; #P < 0:05 and ##P < 0:01 vs. the PNI group.
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gastrocnemius muscle. As illustrated in the gross images of
the isolated gastrocnemius muscles (Figure 4(a)), the opera-
tive side in the PNI and vehicle groups rather than FGF13
group was obviously atrophic when compared with the cor-
responding normal side. Moreover, quantification of relative
wet weight of gastrocnemius muscle results showed that there
were little muscle fiber atrophy in the FGF13 group compared
with the PNI and vehicle groups (Figure 4(c)). H&E staining
revealed that the average percentage of muscle fiber positive
area in the FGF13 group was significantly higher than those
in the PNI and vehicle groups (Figures 4(b) and 4(d)), suggest-
ing that FGF13 holds great promising to reverse muscle atro-
phy in rats with sciatic nerve transection.

3.3. FGF13 Improves Morphological Restoration of the
Regenerated Sciatic Nerve after PNI. To investigate whether
overexpressing FGF13 had a protective effect on enhancing
nerve regeneration, the histological changes of the regener-
ated axon and fibrotic scar formation in each group were
observed by H&E and Masson’s trichrome staining. As
shown in Figure 5, the control group had uniform and dense
nerve fibers with structural integrity. Following 6 weeks after
transection injury, the morphological observation of regener-
ated nerve fibers was exhibited, scattered, and disordered,
while this abnormal nerve structure was significantly
improved after injection of the recombinant FGF13 lentiviral
vector solution.

Through Masson’s trichrome staining, we could clearly
observe that the amount of regenerative axons which were
dyed in red showed similar pattern as H&E staining, namely,
control group > FGF13 group > vehicle group > PNI group
(Figure 6). However, the fibrotic scar which appeared blue
showed the opposite trend, manifesting in the FGF13 group
contained few fibrous formation than that of the PNI group
and vehicle groups (Figure 6). All of these data suggested that

FGF13 was contributed to support nerve regeneration and
attenuate fibrotic matrix deposition.

3.4. FGF13 Enhances Remyelination following PNI. At 6
weeks after surgery, the myelin morphology at the distal
portion of the transection site from four surgery groups was
observed by toluidine blue staining and TEM. As shown in
Figures 1(a) and 1(b), the control sciatic nerves displayed
normal myelinated fibers with abundant fair arrangement
and thick structure. In contrast, the PNI and vehicle groups
exhibited scattered myelin sheaths with abnormal structure,
manifesting in irregularity and thinning. This severe myelin
abnormalities achieved greatly amelioration after receiving
FGF13 lentivirus remedy. Additionally, statistical analysis
of myelinated indexes, including myelin sheath counts,
diameter, and thickness plus G-ratio in the FGF13 group,
was significantly superior to in the PNI and vehicle groups
and nearly reached to the control group (Table 1).

3.5. FGF13 Enhances Axonal Outgrowth following Nerve
Transection. To address whether axonal regeneration after
transection was enhanced by FGF13 treatment, double stain-
ing for NF-200 (green) and MBP (red) was performed. We
found that the regenerated sciatic nerve in the lesion region
and its distal stump without treatment showed few NF-200-
positive axons and MBP-tagged myelins. Moreover, most of
regenerated axons at the proximal site could not pass through
the lesion region to reach the distal trunk, and the distribu-
tion of these sparse axons in the lesion core exhibited irregu-
lar (Figure 2(a)). Similarly, simple blank lentiviral vector
treatment did not significantly increase the axon numbers,
NF-200 and MBP immunoreactivity. In contrast, rats receiv-
ing FGF13 lentivirus were filled with NF-200 and MBP
positive staining signals that extended from the proximal
stump along a linear path through the whole lesion region
toward the distal stump (Figure 2(a)). Additionally, analysis
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Figure 5: FGF13 promotes nerve regeneration after PNI. H&E staining was used to visualize the regenerated nerve fibers in the longitudinal
sections of the regenerated segments in the control group, the PNI group, the vehicle group, and the FGF13 group at week 6 after the surgery.
Scale bars, 500 μm (a); 50μm (b).
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of axon numbers, NF-200, and MBP expression at 6 weeks
postsurgery showed that the FGF13 treating group had the
more axon regrowth and the higher protein expression than
another two operative groups despite inferior to the sham
operation group (Figures 2(c)–2(e)).

3.6. FGF13 Induces Microtubule Stability in SCs. SCs are inte-
gral components of peripheral nervous that play a pivotal
role in myelin formation and axon regrowth [25]. Microtu-
bule stability contributes to cytoskeletal remodeling to guide
development and regeneration of the nervous system [26].
Microtubule stability needs to undergo frequent bouts of
assembly and disassembly, which can be reflected by the rel-
ative ratio of acetylated and tyrosinated tubulins (A/T ratio)

[27]. The higher its ratio, the better microtubule stabilization.
Microtubule stability and dynamics are also regulated by
other group of proteins, termed Tau, Dynein, and Kinesin-
5. It is intuitive that tau has been proposed to regulate the
assembly, growth, and bundling of microtubules in the
growth cone [28]. Dynein is a complex cytoskeletal dynamic
protein that drives long-range retrograde transport along
microtubules [29]. Kinesin-5 is a motor protein that plays
critical roles in shaping and organizing microtubules in both
axons and dendrites [30]. To reveal the molecular mecha-
nism of FGF13 promoting structural and functional recovery
following PNI, we cultured SCs in myelin condition to
imitate the local microenvironment of damaged sciatic nerve
and detected the level of microtubule-related proteins

Control

FGF13

Vehicle

PNI

500 𝜇m 50 𝜇m

500 𝜇m 50 𝜇m

500 𝜇m 50 𝜇m

500 𝜇m 50 𝜇m

Figure 6: FGF13 attenuates fibrotic matrix deposition after PNI. (a) Masson’s trichrome staining of the whole nerve stumps of longitudinal
sections in the four groups of rats at 6 weeks after the injury. Scale bars, 500 μm (a); 50 μm (b).

Table 1: Morphometric evaluations of regenerated nerves in each group.

Group
Myelin counts

(/mm2)
Diameter of myelin sheath

(μm)
Thickness of myelin sheath

(μm)
G-ratio (axon to myelin diameter

ratio)

Sham 33:950 ± 2773 5:11 ± 0:22 1:21 ± 0:09 0:63 ± 0:03

PNI 15:715 ± 1333∗∗∗ 3:41 ± 1:26∗∗∗ 0:56 ± 0:04∗∗∗ 0:84 ± 0:02∗∗∗

Vehicle 16:557 ± 1381 2:56 ± 0:19 0:57 ± 0:07 0:82 ± 0:02
FGF13 23:293 ± 2197&,# 3:62 ± 0:18&&,## 0:83 ± 0:06&,# 0:68 ± 0:02&,##

Statistical analysis of the nerve fiber density, diameters, thickness, and G-ratios in all groups using the ImageJ software. G-ratio was calculated by dividing the
diameter of the axon by fiber diameter. The data are expressed as themean ± SEM. PNI vs. control: ∗∗∗P < 0:001; FGF13 vs. vehicle: &P < 0:05 and &&P < 0:01;
FGF13 vs. PNI: #P < 0:05 and ##P < 0:01.
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Figure 7: FGF13 induces microtubule stabilization in SCs. (a) Representative images of immunoblotting analysis of acetylated tubulin,
tyrosinated tubulin, Tau, Kinesin-5, and Dynein in the control, myelin, and myelin+FGF13 groups. (b–e) Quantification results of the
levels of the indicated proteins from (a). GAPDH was used as the loading control and for band density normalization. (f, g)
Representative confocal images of Ace-tubulin and Tyr-tubulin fluorescence and quantitative results of A/T ratio in the different
experimental groups. DAPI was used to label the nuclei. All these data represent the means ± SEM and sourced from three independent
experiments. ∗P < 0:05 and ∗∗P < 0:01 vs. the control group; ##P < 0:01 and ###P < 0:001 vs. the myelin group.
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Figure 8: FGF13 alleviates cell death in vitro. (a) Live-dead staining was used to identify live (green) and dead (red) cells in the control,
myelin, and myelin+FGF13 groups. (b) Quantification of cell viability from (a). (c) Representative immunoblotting images of Bcl-2, Bax,
and Cleaved caspase-3 in the control, myelin, and myelin+FGF13 groups. GAPDH expression was used for normalization of protein
loading. (d–g) Quantification of protein bands from (c) by densitometric analysis. The values represent the mean ± SEM and repeated in
triplicate. ∗P < 0:05 and ∗∗P < 0:01 vs. the control group; ##P < 0:01 and ###P < 0:001 vs. the myelin group.
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following transfection of LV-FGF13 via immunoblotting and
immunofluorescence detection. As shown in Figure 7(a),
Ace-tubulin protein was expressed normal in the control
group but became very low when cultured in myelin condi-
tion. After infecting with LV-FGF13, the low level of Ace-
tubulin was restored to the degree that was higher than the
control group. Similarly, the trend of Tau, Dynein, and
Kinesin-5 expression in control, myelin, and myelin+FGF13
groups was consisted with the change of Ace-tubulin expres-
sion (Figure 7(a)). Moreover, statistical analysis also revealed
that the values of Tau, Dynein, and Kinesin-5 as well as A/T
ratio in the myelin+FGF13 group were the highest in all test-
ing groups and showed statistical significance when compared
with the myelin group (Figures 7(b)–7(e)). Additionally, dou-
ble immunostaining for Ace-tubulin and Tyr-tubulin also
showed that treatment with LV-FGF13 caused a marked
increase in the A/T ratio, accompanied by cellular outgrowth
with a single polarized morphology, when compared with
the myelin group (Figures 7(f) and 7(g)).

3.7. FGF13 Reverses Myelin-Induced SC Apoptosis. To exam-
ine whether FGF13 could alleviate SC apoptosis under
damage condition, we transfected SC with lentivirus that
overexpressed FGF13, followed by addition of myelin
extracts. Using live/dead assay (Figures 8(a) and 8(b)), we
found that there were nearly no dead cells in the normal
condition, but this status became seriously terrible when SC
exposed to myelin debris, manifesting in numerous cellular
death or necrosis. Addition of LV-FGF13 remarkably
decreased myelin-induced SC death, as evidenced by a dra-
matic increase in green signals (live cells) and decrease in
red signals (dead cells). Similar changes were also observed
for the apoptosis-related proteins in the three experimental
groups (Figures 8(c)–8(g)). Specifically, compared with the
normal condition, addition of myelin debris significantly
upregulated the level of proapoptotic proteins, including Bax
and Cleaved caspase-3, and downregulated the antiapoptotic
protein Bcl-2 level, while pretreatment with LV-FGF13 effec-
tively reversed this trend. These results suggest that LV-
FGF13 is able to attenuate SC death and apoptosis at the
condition of myelin-induced microenvironmental disorder.

4. Discussion

The results of present study support the role of FGF13 pos-
sess favorable biological property for exerting neuroprotec-
tion and neuroregeneration after transection of the sciatic
nerve. Our results provide evidence that, following PNI,
overexpressing FGF13 not only substantively ameliorated
sensory and motor functional recovery but also remarkably
promoted the morphological and pathological alterations,
including axonal regrowth, myelin rehabilitation, and fibrotic
scar reduction, as well as apoptotic decrease. Importantly,
these benefit functions were closely associated with main-
taining microtubule stabilization in SCs. Additionally,
FGF13 was not participated in modulating nerve injury-
induced inflammatory reaction (Figure S1 and Table. S1).
In brief, these findings provide new insights into the
beneficial effects of FGF13 in nerve reconstruction and

functional restoration and open a possible investigation of
applying FGF13 for treating PNI.

Microtubule network, contained in growth cone, guides
axonal elongation and bending via interacting with
microtubule-related proteins, including acetylated tubulin,
tyrosinated tubulin, Tau, Kinesin-5, and Dynein [29]. During
the process of cellular polarization and maturation, these
proteins are gradually increased to stabilize microtubules that
are contribute to cytoskeletal assembly [31]. Spatiotemporal
regulation of cytoskeleton structures is beneficial for amelio-
rating intrinsic axon growth capacity [32, 33]. Conversely,
destruction of microtubule stabilization using nocodazole
impairs neuronal polarization, axon formation, and reconnec-
tion [34]. Thus, detecting the expression of microtubule-
related proteins holds greatly promise for reflecting intrinsic
growth capacity of damaged nerve system. In this study, we
found SCs exposed to myelin debris significantly decreased
the level of Tau, Kinesin-5, and Dynein expression, as well as
reduced A/T ratio, but was strikingly reversed after receiving
FGF13 treatment. These dates indicate FGF13-induced micro-
tubule stabilization in SCs possibly become an intrinsic capac-
ity for improving nerve structural and functional recovery
following sciatic nerve transection injury.

After suffering from trauma and medical disorders, espe-
cially for transection of axons, adult nerve tissue regeneration
is usually slow and incomplete due to the pathophysiologic
disturbance-induced cell death, nerve demyelination,
conduction defects, and/or muscle denervation. To achieve
an effective nerve regeneration, therapeutic strategy should
be possessed requirements as followings: first, stimulating
microtubule protrude toward the growth cone leading edge
to increase their intrinsic growth capacity [35, 36], and
second, supplement of adequate biological molecules, such
as GFs, in the lesion region to create a regenerative microen-
vironment for numerous axonal extension toward the target
organ [37]. Finally, the proximal segment of axonal regrowth
should be elongate at a right direction to match the corre-
sponding injured target organs [38]. Our preliminary studies
indicated that, compared with the model without treatment,
FGF13 therapy shows great potential for regulating microtu-
bule dynamic, enabling axon outgrowth and myelin regener-
ation, as well as promoting the locomotor recovery. To the
best of our knowledge, this reason might be closely related
to FGF13 as a microtubule-stabilizing protein that possess a
capable for enhancing nerve intrinsic growth potential to
achieve structural and functional recovery following PNI.

As an intracellular protein of the GF family, FGF13 can
modulate initiation and propagation of action potentials via
modulating Nav channel gating and trafficking in the devel-
oping nerve system [39]. Presently, the reasons for selection
of FGF13 lentivirus for restoring severe sciatic nerve transec-
tion recovery are based on the following factors: (I) FGF13
has been regarded as a microtubule stabilizing protein that
accelerates neural development and polarization and showed
neuroprotective and neuroregenerative roles in promoting
axonal growth and remyelination after SCI [13, 15]; (II) defi-
ciency of FGF13 gene exhibits learning and memory decline,
as well as synaptic excitatory–inhibitory imbalance [40]; and
(III) in vivo transduction of wide variety of cells with
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lentivirus that overexpress FGF13 resulting in continuously
repairing PNI over several months. Thus, we speculate that
overexpression of FGF13 is a potential strategy for improving
morphological and functional recovery following PNI. To
confirm this speculation, the adult rats with sciatic nerve of
transection lesion were injected in situ FGF13 lentivirus. At
determined time point, histological and functional recovery
in the lesion region was evaluated via multiple comprehen-
sive experiments. The result of our data demonstrated that
application of FGF13 significantly ameliorated locomotor
outcome and axonal and myelin regeneration, as well as
fibrotic deposition, indicating FGF13 as a therapeutic agent
not only supported neuroregeneration in central nervous
system but also improved axonal generation and plasticity
in peripheral nervous system.

In summary, our data provided the first direct evidence
that FGF13 had the capacity for significantly promoting
axonal regrowth, remyelination, and functional reinnerva-
tion after sciatic nerve transection injury. Moreover, the
underlying molecular mechanism was probably through
stabilizing microtubule in SCs to enhance their intrinsic
growth capacity. The findings of this exploratory study
suggest that FGF13 may serve as a novel therapeutic agent
for repairing PNI or other PNS injury.
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Supplementary Materials

Real-time quantitative PCR. According to the manufacturer’s
protocol, sciatic nerve tissues were collected and homoge-
nized in TRIZOL (Invitrogen, California, CA, USA) to
extract total RNA. Both reverse transcription and quantita-
tive PCR (qPCR) were carried out using a two-step M-

MLV Platinum SYBR Green qPCR SuperMix-UDG kit (Invi-
trogen, Carlsbad, CA). An Eppendorf Real plex 4 instrument
(Eppendorf, Hamburg, Germany) was used to conduct real-
time qPCR. The primers of target genes are listed in the
Supplementary Table 1. The relative amount of mRNA was
calculated by the comparative threshold cycle method with
β-actin as control. Supplementary Figure S1: effect of LV-
FGF13 on regulating inflammation response at 7d post-
injury. (a) mRNA levels of the proinflammatory cytokines
IL-6, IL-1β, and TNF-α in sciatic nerve tissue. (b) Gene
expression of anti-inflammatory cytokines IL-4, IL-10, and
IL-13 in sciatic nerve tissue from the control, PNI, vehicle,
and FGF13 groups. Data are expressed as mean ± SEM for
three independent experiments. ∗∗∗Statistically significant
difference (P < 0:001) versus the control group. No statistical
significance (n.s) was observed between PNI and FGF13
groups, plus vehicle, and FGF13 groups. Supplementary
Table 1: primer sequences for real-time qPCR.
(Supplementary Materials)

References

[1] J. Noble, C. A. Munro, V. S. Prasad, and R. Midha, “Analysis of
upper and lower extremity peripheral nerve injuries in a pop-
ulation of patients with multiple injuries,” The Journal of
Trauma, vol. 45, no. 1, pp. 116–122, 1998.

[2] C. A. Taylor, D. Braza, J. B. Rice, and T. Dillingham, “The inci-
dence of peripheral nerve injury in extremity trauma,” Ameri-
can Journal of Physical Medicine & Rehabilitation, vol. 87,
no. 5, pp. 381–385, 2008.

[3] G. Lundborg and P. Richard, “Bunge memorial lecture. Nerve
injury and repair–a challenge to the plastic brain,” Journal of
the Peripheral Nervous System: JPNS, vol. 8, no. 4, pp. 209–
226, 2003.

[4] M. Schenker, R. Kraftsik, L. Glauser, T. Kuntzer,
J. Bogousslavsky, and I. Barakat-Walter, “Thyroid hormone
reduces the loss of axotomized sensory neurons in dorsal root
ganglia after sciatic nerve transection in adult rat,” Experimen-
tal Neurology, vol. 184, no. 1, pp. 225–236, 2003.

[5] S. Yi, L. Xu, and X. Gu, “Scaffolds for peripheral nerve repair
and reconstruction,” Experimental Neurology, vol. 319, article
112761, 2019.

[6] X. Gu, F. Ding, Y. Yang, and J. Liu, “Construction of tissue
engineered nerve grafts and their application in peripheral
nerve regeneration,” Progress in Neurobiology, vol. 93, no. 2,
pp. 204–230, 2011.

[7] R. Li, D. H. Li, H. Y. Zhang, J. Wang, X. K. Li, and J. Xiao,
“Growth factors-based therapeutic strategies and their
underlying signaling mechanisms for peripheral nerve
regeneration,” Acta Pharmacologica Sinica, vol. 41, no. 10,
pp. 1289–1300, 2020.

[8] R. Li, D. Li, C. Wu et al., “Nerve growth factor activates
autophagy in Schwann cells to enhance myelin debris clear-
ance and to expedite nerve regeneration,” Theranostics,
vol. 10, no. 4, pp. 1649–1677, 2020.

[9] N. Z. Alsmadi, G. S. Bendale, A. Kanneganti et al., “Glial-
derived growth factor and pleiotrophin synergistically pro-
mote axonal regeneration in critical nerve injuries,” Acta
Biomaterialia, vol. 78, pp. 165–177, 2018.

[10] D. S. Huo, M. Zhang, Z. P. Cai, C. X. Dong, H. Wang, and Z. J.
Yang, “The role of nerve growth factor in ginsenoside Rg1-

14 Oxidative Medicine and Cellular Longevity

https://downloads.hindawi.com/journals/omcl/2021/5481228.f1.docx


induced regeneration of injured rat sciatic nerve,” Journal of
Toxicology and Environmental Health. Part A, vol. 78,
no. 21-22, pp. 1328–1337, 2015.

[11] G. M. DeStefano, K. A. Fantauzzo, L. Petukhova et al., “Posi-
tion effect on FGF13 associated with X-linked congenital gen-
eralized hypertrichosis,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 110, no. 19,
pp. 7790–7795, 2013.

[12] E. Q. Wei, D. S. Sinden, L. Mao, H. Zhang, C. Wang, and G. S.
Pitt, “Inducible Fgf13 ablation enhances caveolae-mediated
cardioprotection during cardiac pressure overload,” Proceed-
ings of the National Academy of Sciences of the United States
of America, vol. 114, no. 20, pp. E4010–E4019, 2017.

[13] J. Li, Q. Wang, H. Wang et al., “Lentivirus mediating FGF13
enhances axon regeneration after spinal cord injury by stabiliz-
ing microtubule and improving mitochondrial function,” Jour-
nal of Neurotrauma, vol. 35, no. 3, pp. 548–559, 2018.

[14] S. Nishimoto and E. Nishida, “Fibroblast growth factor 13 is
essential for neural differentiation in Xenopus early embryonic
development,” The Journal of Biological Chemistry, vol. 282,
no. 33, pp. 24255–24261, 2007.

[15] Q. F. Wu, L. Yang, S. Li et al., “Fibroblast growth factor 13 is a
microtubule-stabilizing protein regulating neuronal polariza-
tion and migration,” Cell, vol. 149, no. 7, pp. 1549–1564, 2012.

[16] S. Crunkhorn, “Microtubule stabilizer repairs spinal cord
injury,” Nature Reviews. Drug Discovery, vol. 14, no. 5,
p. 310, 2015.

[17] F. Hellal, A. Hurtado, J. Ruschel et al., “Microtubule stabiliza-
tion reduces scarring and causes axon regeneration after spinal
cord injury,” Science, vol. 331, no. 6019, pp. 928–931, 2011.

[18] J. Ruschel, F. Hellal, K. C. Flynn et al., “Axonal regeneration.
Systemic administration of epothilone B promotes axon regen-
eration after spinal cord injury,” Science, vol. 348, no. 6232,
pp. 347–352, 2015.

[19] M. He, Y. Ding, C. Chu, J. Tang, Q. Xiao, and Z. G. Luo,
“Autophagy induction stabilizes microtubules and promotes
axon regeneration after spinal cord injury,” Proceedings of
the National Academy of Sciences of the United States of Amer-
ica, vol. 113, no. 40, pp. 11324–11329, 2016.

[20] L. DeMedinaceli, W. J. Freed, and R. J. Wyatt, “An index of the
functional condition of rat sciatic nerve based on measure-
ments made from walking tracks,” Experimental Neurology,
vol. 77, no. 3, pp. 634–643, 1982.

[21] L. B. Bortalanza, J. Ferreira, S. C. Hess, F. Delle Monache,
R. A. Yunes, and J. B. Calixto, “Anti-allodynic action of
the tormentic acid, a triterpene isolated from plant, against
neuropathic and inflammatory persistent pain in mice,”
European Journal of Pharmacology, vol. 453, no. 2-3,
pp. 203–208, 2002.

[22] R. Li, J. Wu, Z. Lin et al., “Single injection of a novel nerve
growth factor coacervate improves structural and functional
regeneration after sciatic nerve injury in adult rats,” Experi-
mental Neurology, vol. 288, pp. 1–10, 2017.

[23] S. Walsh, J. Biernaskie, S. W. Kemp, and R. Midha, “Supple-
mentation of acellular nerve grafts with skin derived precursor
cells promotes peripheral nerve regeneration,” Neuroscience,
vol. 164, no. 3, pp. 1097–1107, 2009.

[24] M. Lavasani, S. D. Thompson, J. B. Pollett et al., “Human
muscle-derived stem/progenitor cells promote functional
murine peripheral nerve regeneration,” The Journal of Clinical
Investigation, vol. 124, no. 4, pp. 1745–1756, 2014.

[25] K. R. Jessen and P. Arthur-Farraj, “Repair Schwann cell
update: adaptive reprogramming, EMT, and stemness in
regenerating nerves,” Glia, vol. 67, no. 3, pp. 421–437, 2019.

[26] P. W. Baas, A. N. Rao, A. J. Matamoros, and L. Leo, “Stability
properties of neuronal microtubules,” Cytoskeleton, vol. 73,
no. 9, pp. 442–460, 2016.

[27] H. Witte, D. Neukirchen, and F. Bradke, “Microtubule stabili-
zation specifies initial neuronal polarization,” The Journal of
Cell Biology, vol. 180, no. 3, pp. 619–632, 2008.

[28] R. Tan, A. J. Lam, T. Tan et al., “Microtubules gate tau conden-
sation to spatially regulate microtubule functions,” Nature Cell
Biology, vol. 21, no. 9, pp. 1078–1085, 2019.

[29] M. Martin and A. Akhmanova, “Coming into focus: mecha-
nisms of microtubule minus-end organization,” Trends in Cell
Biology, vol. 28, no. 7, pp. 574–588, 2018.

[30] B. J. Mann and P. Wadsworth, “Kinesin-5 regulation and
function in mitosis,” Trends in Cell Biology, vol. 29, no. 1,
pp. 66–79, 2019.

[31] S. Chaaban and G. J. Brouhard, “Amicrotubule bestiary: struc-
tural diversity in tubulin polymers,” Molecular Biology of the
Cell, vol. 28, no. 22, pp. 2924–2931, 2017.

[32] M. T. Kelliher, H. A. Saunders, and J.Wildonger, “Microtubule
control of functional architecture in neurons,” Current Opin-
ion in Neurobiology, vol. 57, pp. 39–45, 2019.

[33] O. F. Omotade, S. L. Pollitt, and J. Q. Zheng, “Actin-based
growth cone motility and guidance,” Molecular and Cellular
Neurosciences, vol. 84, pp. 4–10, 2017.

[34] S. Dupraz, B. J. Hilton, A. Husch et al., “RhoA controls axon
extension independent of specification in the developing
brain,” Current Biology, vol. 29, no. 22, pp. 3874–3886.e9,
2019.

[35] M. B. Steketee, C. Oboudiyat, R. Daneman et al., “Regulation
of intrinsic axon growth ability at retinal ganglion cell growth
cones,” Investigative Ophthalmology & Visual Science, vol. 55,
no. 7, pp. 4369–4377, 2014.

[36] P. W. Baas and F. J. Ahmad, “Beyond taxol: microtubule-based
treatment of disease and injury of the nervous system,” Brain:
A Journal of Neurology, vol. 136, no. 10, pp. 2937–2951, 2013.

[37] A. C. Mitchell, P. S. Briquez, J. A. Hubbell, and J. R. Cochran,
“Engineering growth factors for regenerative medicine appli-
cations,” Acta Biomaterialia, vol. 30, pp. 1–12, 2016.

[38] T. P. Smith, P. K. Sahoo, A. N. Kar, and J. L. Twiss, “Intra-axo-
nal mechanisms driving axon regeneration,” Brain Research,
vol. 1740, article 146864, 2020.

[39] J. C. Wong and A. Escayg, “Fgf13 identified as a novel cause of
GEFS,” Epilepsy Currents, vol. 16, no. 2, pp. 112-113, 2016.

[40] R. S. Puranam, X. P. He, L. Yao et al., “Disruption of Fgf13
causes synaptic excitatory-inhibitory imbalance and genetic
epilepsy and febrile seizures plus,” The Journal of Neurosci-
ence: The Official Journal of the Society for Neuroscience,
vol. 35, no. 23, pp. 8866–8881, 2015.

15Oxidative Medicine and Cellular Longevity


