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Abstract
Spinal cord injury (SCI) can result in varying degrees of motor dysfunction, par-
tial sensory loss, and sphincter dysfunction. SCI is categorized into two phases:
primary injury and secondary injury. Necrosis during the primary injury phase,
along with apoptosis, oxidative stress, and autophagy during the secondary in-
jury phase, leads to extensive cellular damage, consequently causing permanent
neurological dysfunction. Histone deacetylase (HDAC) plays a pivotal role in
regulating cellular activity and gene transcription. The neurological dysfunction
resulting from spinal cord injury is associated with an imbalance in protein acety-
lation levels and related transcriptional dysfunction. Valproic acid (VPA), an
HDAC inhibitor, is commonly used clinically as an antiepileptic drug. Research
indicates that VPA may possess therapeutic potential for central nervous sys-
tem diseases. VPA exerts neuroprotective effects by inhibiting HDAC, thereby
modulating oxidative stress, cellular autophagy, ionic imbalance, microglial dif-
ferentiation, and suppressing inflammatory responses. This article reviews the
relevant molecular mechanisms underlying VPA treatment for SCI.

Full Text
Study on the Mechanism of Valproic Acid (VPA) in the
Treatment of Spinal Cord Injury (SCI)
Ke Yibing, Yang Qinglin, Qin Qingqing, Wang Yikun, Lan Zhijie,
Guo Haoran, Wang Yongping*

The First Clinical Medical College of Lanzhou University, Lanzhou 730000,
China
*Corresponding author: WANG Yongping, Email: wangyp312@163.com

chinarxiv.org/items/chinaxiv-202309.00204 Machine Translation

https://chinarxiv.org/items/chinaxiv-202309.00204
https://chinarxiv.org/items/chinaxiv-202309.00204


Abstract

Spinal cord injury (SCI) causes varying degrees of motor dysfunction, partial
sensory loss, and sphincter dysfunction. SCI can be divided into two stages:
primary injury and secondary injury. Necrosis during the primary injury phase
and apoptosis, oxidative stress, and autophagy during the secondary injury
phase lead to extensive cellular damage, resulting in permanent neurological
dysfunction. Histone deacetylase (HDAC) plays a key role in regulating cellular
activity and gene transcription. The neural dysfunction caused by spinal cord
injury is associated with imbalances in protein acetylation levels and related
transcriptional dysfunction. Valproic acid (VPA) is an HDAC inhibitor com-
monly used clinically as an antiepileptic drug. Research suggests that VPA may
have therapeutic potential for central nervous system disorders. As an HDAC
inhibitor, VPA exerts neuroprotective effects by regulating oxidative stress, au-
tophagy, ion imbalance, microglial differentiation, and inhibiting inflammatory
responses. This article reviews the molecular mechanisms of VPA in treating
SCI.
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SCI leads to spinal cord dysfunction and is associated with multiple systemic
complications, such as cardiovascular, pulmonary, and gastrointestinal diseases
[1]. Although the primary injury phase is brief, the direct physical damage
to the spinal cord causes irreversible harm. The structural damage resulting
from primary injury creates pathological conditions for secondary injury, which
in the acute phase involves neuroinflammation, ion imbalance, oxidative stress,
glutamate excitotoxicity, neurogenic shock, and a series of cellular and molecular
disturbances [2-4].

Studies have shown that VPA can exert therapeutic effects on various condi-
tions including stroke, traumatic brain injury, and Alzheimer’s disease through
multiple pathways such as regulating ion imbalance, autophagy, inhibiting in-
flammatory responses, and reducing oxidative stress [5-7]. In the early stage
of SCI, structural damage leads to increased endothelial cell permeability, im-
paired endothelial vasomotor function, and damage to the blood-spinal cord
barrier (BSCB). Following BSCB disruption, blood components enter the spinal
cord parenchyma, ultimately causing local edema, ion imbalance, glial and neu-
ronal damage, and the production of inflammatory factors and large amounts
of free radicals. Endoplasmic reticulum (ER) stress also plays a significant role
in secondary spinal cord injury [8]. In SCI rat models, ER stress can degrade
tight junction and adherens junction proteins that constitute the BSCB, and
damage to these components not only causes BSCB dysfunction but also allows
numerous inflammatory cells to enter the BSCB [9-10].

Current treatment measures for SCI include surgical decompression, medica-
tions (such as high-dose steroids, neurotrophic factors, and antibiotics), and
rehabilitation therapy [11]. Pharmacological therapy is the most commonly
used treatment approach. HDAC inhibitors exert neuroprotective effects by
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increasing histone acetylation, regulating gene transcription, upregulating neu-
rotrophic genes, reducing inflammation, and modulating autophagy [12], making
them promising therapeutic interventions for spinal cord injury. VPA is a broad-
spectrum HDAC inhibitor clinically used to treat various neurological disorders
such as epilepsy, psychiatric conditions, and migraine [13]. Existing research in-
dicates that VPA promotes recovery after SCI by attenuating BSCB disruption
[14], regulating autophagy and ion imbalance [15], and reducing oxidative stress
and inflammatory responses [16].

1. Valproic Acid Reduces Autophagy Flux
Autophagy maintains intracellular homeostasis by recycling and degrading toxic
substances, abnormal proteins, and damaged organelles through the lysosomal
degradation pathway. Autophagy initiation first involves the formation of an
isolation membrane in the cytoplasm that sequesters damaged materials, called
a phagophore. After elongation and closure, the resulting double-membrane vesi-
cle (autophagosome) fuses with lysosomes to form an autolysosome, where the
contents are degraded and recycled by lysosomes [17]. Microtubule-associated
protein light chain 3 (LC3) is an autophagy regulatory protein located on the
inner membrane of autophagic vesicles. When autophagy begins, LC3 precursor
is processed into LC3-I, which then binds to phosphatidylethanolamine (PE) on
the autophagic membrane surface to form LC3-II. LC3-II protein expression
directly reflects autophagic capacity, with higher expression indicating stronger
autophagic activity. Studies have demonstrated that the autophagy marker
LC3-II is upregulated within 24 hours after SCI [18], suggesting that autophagy
may be an important component of secondary injury following SCI.

mTOR belongs to the phosphatidylinositol 3-kinase (PI3K) family and par-
ticipates in regulating DNA repair and growth. The mTOR pathway has
two key components: mTORC1 and mTORC2. mTORC1 controls protein
synthesis, autophagy, proliferation, cell growth, stress responses, and cellular
metabolism, while mTORC2 is involved in regulating cell polarity and survival
[19]. mTORC1 regulates autophagy by dephosphorylating and phosphorylating
autophagy-related proteins ATG13 and Unc-51-like autophagy activating kinase
1 (Ulk1) [20]. ULK1 is positioned at the most upstream and critical point in
triggering autophagy and forms a complex with ATG13, ATG101, and the 200
kDa family interacting protein (FIP200). ULK1 plays a regulatory and medi-
ating role in autophagy initiation. Under nutrient-rich conditions, mTORC1
reduces ULK1 activity by decreasing phosphorylation of ULK1 and ATG13,
leading to autophagy inhibition [21]. Conversely, when nutrients are insuffi-
cient, mTORC1 enhances ULK1 activity to promote autophagy, a process that
also provides nutrients for the organism [22].

In the PI3K pathway, Akt is located upstream of mTORC1 and regulates
mTORC1-mediated signaling pathways. Following PI3K activation through
different signaling pathways, PIP2 is converted to PIP3, which recruits down-
stream Akt to the inner membrane and activates it through phosphorylation.
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Akt activation reduces the activity of the tuberous sclerosis complex TSC1/2
and regulates mTORC1-mediated autophagy signaling pathways [23]. PTEN
is an antagonist of PI3K that reduces production of phosphatidylinositol 3,4-
bisphosphate (PIP2) and phosphatidylinositol 3,4,5-trisphosphate (PIP3), and
acts as an inhibitor of the Akt/mTOR signaling pathway. PTEN also directly
inhibits axon regeneration after spinal cord injury, while PTEN inhibition can
promote axon regeneration following SCI [24].

AMPK is a metabolic regulator expressed in eukaryotic cells that senses cellular
energy status. It activates catabolic pathways to generate energy and partic-
ipates in autophagy as a positive regulator [25]. AMPK has an antagonistic
relationship with the mTOR signaling pathway. AMPK directly phosphory-
lates Ser467, Ser555, Thr574, and Ser637 to increase ULK1 activity and inhibits
mTORC1 activity by promoting assembly of the TSC1/TSC2 heterodimer [26].
Therefore, AMPK activation can promote autophagy occurrence.

Autophagy plays an important role in maintaining the balance between pro-
tein synthesis and degradation. After SCI, autophagy markers such as Beclin-1
and LC3 are upregulated [27], which has positive effects on spinal cord injury
recovery because autophagy activation can reduce lesion size, inhibit neuroin-
flammation, and thereby protect motor neurons [28]. However, autophagy is a
double-edged sword, as excessive autophagy activation can exacerbate cell dam-
age. VPA significantly reduces the expression levels of Beclin-1 and LC3 after
spinal cord injury [29], maintaining protein degradation in a relatively balanced
state and thereby accelerating recovery from SCI.

Autophagy activation can protect microtubules from degradation by superior
cervical ganglion protein 10 (SCG10) and promote axon regeneration after SCI
[30]. SCG10 is a regulator of microtubule dynamics. JNK1 phosphorylates
SCG10 at Ser62/73 and negatively regulates SCG10 activity [31], while mitogen-
activated protein kinase phosphatase 1 (MAPK1) activates JNK through the
MAPK1-JNK axis by mediating JNK dephosphorylation. VPA can also activate
JNK to exert protective effects on microtubule proteins [32]. Netrin-1 is a
chemokine that serves as a signal for axon migration during nervous system
development and participates in autophagy regulation. In SCI, netrin-1 inhibits
mTOR1, activates AMPK to stimulate autophagy, and can also activate MAPK1
to inhibit SCG10 through the MAPK1-JNK axis, thereby improving functional
recovery [33]. VPA can also inhibit netrin-1, playing a role in regulating spinal
cord autophagy homeostasis and promoting recovery after SCI [34].

2. Valproic Acid Regulates Neural Stem Cells
The adult spinal cord contains a population of multipotent neural
stem/progenitor cells (NSPCs) that exhibit the potential to differentiate
into neurons. NSPCs isolated from the spinal cord serve as a cellular source
for repairing neural damage after SCI [35]. NSPCs possess characteristics of
self-renewal, asymmetric division, migration to injury sites, and generation
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of new neural cells. They are progenitor cells in the central nervous system
capable of differentiating into neurons, astrocytes, and oligodendrocytes.
However, endogenous neurogenesis and remyelination are very limited after
SCI because activated NSPCs primarily differentiate into astrocytes rather
than neurons or oligodendrocytes [36], thereby increasing glial scar formation.
Therefore, enhancing NSPCs activity to produce more neurons and fewer
astrocytes represents one therapeutic strategy for SCI.

Studies have shown that VPA promotes the neurogenic potential of NSPCs after
SCI. In the short-term course of SCI (≤ 7 days), VPA exerts neuroprotective ef-
fects by inhibiting inflammatory mediators. In the long-term course (≥ 4 weeks),
VPA promotes differentiation of NSPCs into neurons [37]. During the long-term
course, VPA significantly increases the expression of the newborn neuron marker
doublecortin (DCX) and the mature neuron marker neuron-specific nuclear pro-
tein (NeuN) in the injured spinal cord [38], while inhibiting differentiation into
astrocytes and oligodendrocytes [39-40]. Octamer-binding transcription factor
4 (Oct4) can convert astrocytes into neurons, and VPA also increases Oct4 pro-
moter activity via the PI3K/Akt/mTOR pathway [41], significantly improving
the efficiency of conversion of human astrocytes into neuroblasts while promot-
ing axon regeneration. As an HDAC inhibitor, VPA regulates the expression of
many genes while increasing acetylated chromatin levels [42]. Its neuroprotec-
tive properties also involve regulation of neurotrophic factors. VPA upregulates
nerve growth factors including brain-derived neurotrophic factor (BDNF) and
glial cell line-derived neurotrophic factor (GDNF). BDNF and GDNF can pre-
vent neuronal death and promote regeneration and differentiation of injured
neurons, playing important roles in neuronal survival and neurite growth under
SCI conditions [43].

3. Valproic Acid Ameliorates Inflammatory Response
Inflammatory response is a protective mechanism of the organism; however, ex-
cessive inflammatory response can hinder neural repair and regeneration. Hem-
orrhage and tissue necrosis after SCI rapidly trigger activation of microglia and
astrocytes, activating many inflammation-related pathways [44] while recruit-
ing peripheral immune cells to the lesion area, where inflammatory cell cascade
reactions occur, further leading to blood-spinal cord barrier disruption [45]. Mi-
croglial activation and inflammatory response ultimately induce neuronal death
and cause permanent neurological deficits [46].

Microglial activation is divided into classical activation (M1 type) and alter-
native activation (M2 type). The M1 type releases pro-inflammatory media-
tors that cause tissue damage, while the M2 type releases anti-inflammatory
and tissue-nourishing factors [47]. The phenotypic shift of microglia from anti-
inflammatory (M2-like) to pro-inflammatory (M1) plays an important role in
microglial activation and its mediated neuroinflammatory response [48]. SCI-
induced M1-type cell activation and subsequent release of inflammatory factors
such as interleukins (IL), tumor necrosis factor (TNF), and interferon (INF)
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cause direct neuronal death while inducing vascular endothelial cells to ex-
press various cell adhesion and chemotactic molecules [49]. These inflamma-
tory factors stimulate NO synthesis, leading to increased capillary permeability
and BSCB dysfunction while promoting neuronal apoptosis [50]. SCI also pro-
duces large amounts of myelin debris, and the process of phagocytes clearing
myelin debris further exacerbates the inflammatory response [51]. Inhibiting
SCI-induced microglial activation and subsequent neuroinflammatory response
has been shown to improve recovery in SCI patients [52].

VPA treatment shifts microglial polarization toward the M2 phenotype and
reduces microglia-mediated inflammatory response. After VPA treatment, ex-
pression of M1-type microglial proteins (CD16 and Iba-1) is significantly sup-
pressed, while expression of M2-type microglial protein (CD206) is increased
[53]. In other neurological disorders such as traumatic brain injury, VPA also
significantly inhibits microglial activation and downregulates IL-1𝛽, IL-6, and
TNF-𝛼 expression, thereby suppressing inflammatory response [54]. NF-�B is a
central transcription factor for inflammatory mediators and plays an important
role in microglial activation [55-56].

The neuroinflammatory response induced by activated microglia through the
NF-�B pathway is also a key contributor to secondary injury [57]. The NF-�B
signaling pathway activates microglia to secrete large amounts of inflamma-
tory cytokines and amplifies inflammatory cascades after necrotic or damaged
cell injury [58]. STAT activation has the potential to alleviate various NF-
�B-driven inflammatory and metabolic disorders [59]. VPA inhibits microglia-
mediated central inflammatory response through STAT1-mediated acetylation
of the NF-�B pathway, which depends on HDAC3 activity after SCI [60]. STAT1
is regulated by HDAC3, and VPA treatment suppresses HDAC3 expression and
activity after SCI, thereby enhancing acetylation of STAT1 and NF-�B p65.
Acetylated STAT1 forms a complex with nuclear NF-�B p65, inhibiting NF-�B
p65 nuclear translocation and expression, and attenuating microglia-mediated
central inflammatory response after SCI [61].

4. Valproic Acid Regulates Oxidative Stress and Ion Im-
balance
Concurrent with the inflammatory response in SCI, oxidative stress and ion
imbalance occur [62]. Overactivation of Na+ channels is one of the common
mechanisms exacerbating SCI [63]. Na+ influx through voltage-gated sodium
channels (VGSCs) plays an important role in maintaining neuronal excitability
and regulating cellular homeostasis [64]. Excessive activation of VGSCs in SCI
is also an initiating factor for microglial activation [65]. Excessive Na+ influx
can trigger glutamate release in presynaptic neurons, causing excitotoxicity to
postsynaptic neurons [66]. High levels of extracellular glutamate leading to
overactivation of glutamate receptors can also cause endothelial cell dysfunc-
tion. Glutamate excitotoxicity and endothelial dysfunction also result in BSCB
dysfunction, ultimately leading to neuronal cell death [67].
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Inhibition of Mg2+ homeostasis can also cause glutamate neurotoxicity [68].
Mg2+ is one of the basic cations in organism cells, acting as a cofactor in many
enzymatic reactions, synthesizing DNA and proteins, preventing ROS-induced
lipid peroxidation, and playing an important role in neurological recovery dur-
ing cerebral ischemia [69]. SCI can cause a decline in Mg2+ levels and promote
the spread of oxidative stress in the spinal cord. In animal experiments, Mg2+
levels in SCI rats treated with VPA increased with VPA administration, and reg-
ulating Mg2+ homeostasis and inhibiting specific sodium channels could reduce
inflammation and astrocyte proliferation in SCI [70].

Zn is an essential trace nutrient element that functions in various processes in-
cluding oxidative stress, inflammation, wound healing, and DNA damage repair.
Zn2+ can prevent glutamate neurotoxicity by regulating glutamate signaling
[71]. Secondary injury in SCI leads to a significant decrease in Zn2+ levels and
increased oxidative stress. Increasing Zn2+ levels after SCI is one of the mech-
anisms by which VPA exerts its neuroprotective effects. Additionally, VPA can
prevent excessive increases in levels of pro-oxidant elements such as Cr, Cu, and
Fe [72].

[Figure 1: see original paper] Molecular mechanism of valproic acid (VPA) in
treating spinal cord injury (SCI)

Concurrent with ion imbalance is oxidative stress. After SCI, the activity
of antioxidant enzymes such as TAS, CAT, and GPx decreases. Oxidative
stress caused by ROS and reactive nitrogen species (RNS) generated by is-
chemia/reperfusion stimulation leads to damage to cell membrane lipids, pro-
teins, and DNA. Polyunsaturated fatty acids (PUFA) are major components of
cell membranes, and the presence of bis-allylic methylene groups in their struc-
ture makes them highly sensitive to ROS and reactive nitrogen species, making
them the first target of attack. The spinal cord is highly susceptible to oxida-
tive stress damage after injury due to its high PUFA composition and limited
antioxidant capacity [73]. Furthermore, the reaction between ROS and PUFA
leads to further spread of oxidative damage and disruption of cell membrane
permeability, ultimately resulting in cell death [74].

In vivo studies have found that during secondary injury after SCI, VPA treat-
ment in SCI rats significantly increased the activity of antioxidant enzymes
including TAS, CAT, and GPx. Additionally, there is an inverse relationship
between Mg2+ levels and ROS-induced lipid peroxidation [75], suggesting that
one of the neuroprotective mechanisms of VPA during SCI may be increasing
Mg2+ levels to inhibit ROS-mediated oxidative damage.

Summary and Outlook
SCI leads to neuronal damage through necrosis during primary injury and in-
flammation, autophagy, and oxidative stress during secondary injury, result-
ing in permanent neurological dysfunction. Although progress has been made
in SCI treatment, there are currently no effective therapeutic measures to re-
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store patients’motor function. As a broad-spectrum HDAC inhibitor, VPA has
potential antioxidant and anti-inflammatory properties and can prevent com-
plications such as oxidative stress after ischemia-reperfusion. VPA protects
damaged spinal cord tissue by activating various mechanisms, including regu-
lating autophagy, inhibiting inflammatory responses, modulating ion imbalance
and oxidative stress, increasing antioxidant enzyme activity and antioxidant el-
ement levels, and protecting the BSCB, thereby attenuating secondary injury.
VPA can serve as an adjunctive therapeutic option for existing clinical SCI treat-
ments, but further research is needed on drug combinations and dosages of VPA
in clinical SCI treatment.
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