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Abstract

Background: Distractive spinal cord injury (DSCI), a severe complication of spinal deformity correction surgery, is characterized by
rapid neuronal loss. However, the molecular mechanisms linking mechanical distraction to apoptosis remain unclear. Here, we tested
whether sodium rutin (NaR), a water-soluble rutin derivative with improved oral bioavailability, mitigates DSCI. Methods: We employed
an in vivo rat DSCI model and an in vitro mechanical distraction (DIS) model using neuronal cells. The therapeutic efficacy of NaR was
evaluated using locomotor function assessments (Basso—Beattie-Bresnahan score and footprint analysis), histopathology, and transmis-
sion electron microscopy. Molecular docking simulations were performed to predict the binding affinity of NaR to Erb-B2 receptor
tyrosine kinase 4 (ErbB4). Mechanistic investigations targeting the ErbB4/protein kinase B (Akt) axis, reactive oxygen species (ROS),
and apoptotic pathways were conducted using western blot analysis and immunofluorescence. Results: DIS suppressed ErbB4 phos-
phorylation and downstream Akt signaling, accompanied by the activation of B-cell lymphoma 2/Bcl-2-associated X protein/Caspase-3
(Bcl-2/Bax/Caspase-3) apoptotic pathways after DSCI. Simultaneously, DIS induced a decrease in the mitochondrial membrane potential
(A¥m) and accumulation of mitochondrial ROS, along with a significant reduction in superoxide dismutase 2 (SOD2) and glutathione
peroxidase 4 (GPX4) levels. NaR treatment engaged ErbB4 to restore ErbB4/Akt signaling, inhibited mitochondrial ROS signaling, ame-
liorated AWm, and reduced the number of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive apoptotic
neurons, thereby inhibiting neuronal apoptosis. However, the inhibition of ErbB4 phosphorylation along with NaR treatment signifi-
cantly reversed these therapeutic effects. Furthermore, the pharmacological administration of NaR ameliorated histopathological and
neuronal ultrastructural damage in the spinal cord tissues, increased the number of surviving neurons, and facilitated locomotor recovery
after DSCI. Conclusions: These findings identify ErbB4 and ROS signaling as key regulators of neuronal survival during DSCI and
establish NaR as a candidate therapeutic strategy for DSCI associated with spinal deformity correction surgery.
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1. Introduction primary mechanical insult initiates tissue damage in spinal
cord injuries (SCIs), accumulating evidence indicates that
neuronal death predominantly results from secondary in-
jury cascades, including oxidative stress, protein misfold-
ing, and inflammation [4,5,6]. However, the molecular
mechanisms linking sustained mechanical distraction (DIS)

to neuronal apoptosis remain incompletely defined, and ef-

Distractive spinal cord injury (DSCI) is a severe com-
plication of spinal deformity correction surgery for condi-
tions such as scoliosis and kyphosis and occurs with in-
creased frequency in patients with severe deformities [1].
The reported incidence of DSCI during correction proce-

dures ranges from 2.6% to 7%, making it a major cause of
postoperative neurological dysfunction [2]. Unlike high-
energy traumatic injuries, such as spinal cord contusion or
transection, DSCI arises from sustained tensile forces ap-
plied to the spinal cord. Progressive neuronal loss is a cen-
tral pathological feature underlying the permanent neuro-
logical deficits associated with DSCI [3]. Although the

fective targeted pharmacological interventions are limited.

Rutin, a natural flavonoid, has attracted consider-
able attention for its antioxidant, anti-apoptotic, and anti-
inflammatory properties [7]. Although rutin shows neuro-
protective potential in central nervous system (CNS) injury,
its poor aqueous solubility and limited bioavailability have
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hindered mechanistic investigations and clinical translation
[8]. In our previous studies [9,10], we generated a sodium
salt derivative of rutin (sodium rutin, NaR) with substan-
tially improved water solubility, oral bioavailability, and
blood-brain barrier permeability [10]. Enhanced penetra-
tion enabled drug accumulation at spinal lesion sites, pro-
viding a pharmacokinetic basis for evaluating NaR as a
therapeutic candidate for DSCI. Whether NaR can mitigate
neuronal apoptosis induced by sustained DIS, and through
which molecular pathways it acts, however, remains un-
known.

Erb-B2 receptor tyrosine kinase 4 (ErbB4) is widely
expressed in the CNS and regulates neuronal survival, mi-
gration, and neurite outgrowth among others [11]. Upon
binding to its ligand, neuregulin-1, ErbB4 forms het-
erodimers with ErbB2 and activates the downstream phos-
phoinositide 3-kinase (PI3K)—protein kinase B (Akt) sig-
naling pathway that promotes neuronal survival, repair, and
metabolic homeostasis after CNS injury [12,13]. Dysreg-
ulation of ErbB4 has been implicated in multiple neuro-
logical disorders, including ischemic stroke, SCI, and neu-
rodegenerative diseases [4,14]. Although ErbB4 is rec-
ognized for its neuroprotective effect in brain injuries, its
specific function in SCI remains incompletely understood.
Notably, systematic bioinformatic analyses of SCI datasets
have identified ErbB4 as a potential therapeutic target with
mechanosensitive properties relevant to DSCI [15]. Ex-
perimental studies have further indicated that phosphory-
lated ErbB4 (p-ErbB4) levels are reduced after SCI and that
restoration of ErbB4 signaling promotes neuronal survival
through PI3K/Akt activation [4,16]. Despite these findings,
whether suppression of ErbB4 signaling contributes to neu-
ronal apoptosis under sustained DIS stress, and how this
pathway intersects with mitochondrial injury, remain un-
clear.

Mitochondrial oxidative stress is a key driver of
neuronal apoptosis, with mitochondria serving as central
regulators of reactive oxygen species (ROS) homeostasis
[17,18]. Within the mitochondrial matrix, superoxide dis-
mutase 2 (SOD2) converts superoxide anions to hydrogen
peroxide, which is detoxified by glutathione peroxidase 4
(GPX4), forming a coordinated antioxidant defense sys-
tem [19]. Previous evidence also suggested that ErbB4
signaling can suppress ROS-mediated apoptosis through
PI3K/Akt activation [20]. However, the changes in mito-
chondrial ROS levels after DSCI and their role in neuronal
apoptosis following DSCI have not been defined.

Here, we investigated whether DIS regulates ErbB4
and ROS signaling to trigger neuronal apoptosis and
whether NaR can attenuate these effects. We showed that
mechanical DIS reduces ErbB4/Akt pathway activation, ac-
tivates ROS signaling, and induces mitochondrial dysfunc-
tion and activation of intrinsic apoptotic pathways. Pharma-
cological administration of NaR restores ErbB4 and ROS
signaling, enhances mitochondrial antioxidant capacity, al-

leviates neuronal apoptosis, and improves functional recov-
ery after DSCI. These findings indicate that ErbB4 and ROS
signaling link mechanical DIS to neuronal apoptosis and
support NaR as a potential therapeutic strategy for DSCI.

2. Materials and Methods
2.1 Reagents

NaR was synthesized by our group according to previ-
ously reported protocols and patents (CN201810227319.6
and CN201821671201.4) [9,10]. Dacomitinib (Dac), an
ErbB4 inhibitor, was obtained from MedChemExpress
(MCE, Monmouth Junction, NJ, USA; Cat# HY-13272).

2.2 Neuronal Cell Lines and Culture

VSC4.1 motor neuron—like cells were obtained from
Fenghui Biotechnology (Changsha, Hunan, China; Cat#
CL0674). SH-SYSY cells (RRID: CVCL_0019) were ob-
tained from the Cell Bank of the Chinese Academy of Sci-
ences (Shanghai, China). All cell lines were authenticated
via short tandem repeat profiling and routinely tested neg-
ative for mycoplasma by polymerase chain reaction. Cells
were cultured in DMEM (Gibco, Grand Island, NY, USA;
Cat# 11995065) supplemented with 10% fetal bovine serum
(FBS, Gibco, USA; Cat# 10099141C) at 37 °C in 5% CO,.

2.3 Establishment of the in vitro Mechanical Distraction
Model

The neuronal cells were seeded onto BioFlex® type |
collagen—coated six-well plates (Flexcell International Cor-
poration, Burlington, NC, USA; Cat# BF-3001C) and al-
lowed to adhere overnight. When the cultures reached ap-
proximately 80% confluence, mechanical DIS was applied
using a Flexcell-5000T™ Tension System (Flexcell Interna-
tional Corporation, Burlington, NC, USA). A constant 10%
static DIS was applied to neuronal cells for 6 h to simu-
late the sustained DIS stress experienced by neurons during
the acute phase of clinical DSCI [21]. Meanwhile, the con-
trol group was maintained in the same environment but was
spared from any mechanical DIS.

2.4 Establishment of the DSCI Rat Model

Prior to surgery, the rats were anesthetized via an in-
traperitoneal injection of sodium pentobarbital (50 mg/kg)
to ensure a deep surgical plane and abolish pain reflexes.
The DSCI rat model was generated as previously de-
scribed [8]. A custom spinal distraction device (Patent
No. CN202220982496.7) was used to distract the T11—
T12 intervertebral space by 1 cm for 15 min. Rigid in-
ternal fixation was then performed using a custom fixator
(Patent No. CN202420096029.3). Successful model in-
duction was confirmed by a postoperative Basso—Beattie—
Bresnahan (BBB) score of 0. At the designated experimen-
tal endpoints, all animals were humanely euthanized via an
intraperitoneal injection of an overdose of sodium pento-
barbital (200 mg/kg).
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2.5 Grouping and Drug Administration

Drug administration for the four rat groups began on
postoperative day 1 and continued for 28 days. NaR was
dissolved in sterile 0.9% NaCl. The rats that underwent
DSCI surgery were randomly allocated into three groups:
a DSCI model group and two NaR treatment groups, which
received NaR via oral gavage at a low dose NaR (LNaR, 25
mg/kg/day) or a high dose NaR (HNaR, 50 mg/kg/day) [9].
Rats in the Sham and the DSCI group received an equivalent
volume of 0.9% NaCl. Rats were maintained in a standard
laboratory environment under a 12-h light/dark cycle and
provided with ad libitum access to food and water.

Based on the clinical dosage of troxerutin and previ-
ously validated in vitro NaR intervention protocols [10],
the neuronal cells were pre-treated with NaR (20 pg/mL)
or vehicle (PBS) and cultured for 24 h. Prior to a 6-hour
mechanical DIS, cells were pre-treated with 73.7 nM Da-
comitinib (Dac) for 2 h [22]. Neuronal cells were divided
into four groups. The normal control (NC) group received
PBS without mechanical DIS. The remaining three groups
were subjected to a 6-hour mechanical DIS following their
respective pretreatments: the DIS group (PBS for 24 h), the
NaR group (20 pg/mL NaR for 24 h), and the NaR + Dac
group (20 pg/mL NaR for 24 h and 73.7 nM dacomitinib
for 2 h).

2.6 Behavioral Assessment

Locomotor function changes were assessed using the
BBB scale at 1-28 days post-injury (dpi) [23]. Footprint
analysis was performed at 28 dpi, as described previously
[8]. The animals were prompted to traverse a straight cor-
ridor following the application of red and blue dyes to their
forelimbs and hindlimbs, respectively. Stride length was
quantified from footprint images.

2.7 Molecular Docking Simulation

Because the full-length crystal structure of ErbB4 is
not available, a three-dimensional model (UniProt Q15303)
was generated using AlphaFold3 (Google DeepMind, Lon-
don, UK). The chemical structure of NaR was constructed
with deprotonation of the 7-hydroxyl group of rutin to
form the sodium salt. The ligand structure was sketched
in ChemOffice 14.0 (Revvity Signals Software, Waltham,
MA, USA), and the energy was minimized using Chem3D.

Potential binding pockets were identified using Au-
toLigand 1.5.6 (The Scripps Research Institute, La Jolla,
CA, USA) with a blind docking approach. Molecular dock-
ing was performed using AutoDock Vina 1.2.5 (The Scripps
Research Institute). The AutoDockTools 1.5.6 software
package (The Scripps Research Institute) was employed
for the structural preparation of both receptors and ligands.
NaR was docked into 10 predicted binding sites and ranked
by binding energy, estimated inhibition constant (Ki), and
ligand efficiency. The highest-affinity pose was analyzed
using PyMOL 3.1 (Schrodinger, New York, NY, USA) and
Discovery Studio 2024 (BIOVIA, San Diego, CA, USA).
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2.8 Histological Analysis

Animals were euthanized at 3 dpi and 28 dpi. Spinal
cord tissues were routinely fixed, embedded in paraffin, and
sectioned at 4 um. Sections were stained using a hema-
toxylin and eosin (H&E) kit (Servicebio, Wuhan, Hubei,
China; Cat# G1076), and a Nissl staining Kit (Servicebio,
Cat# G1086). Slides were scanned using a NanoZoomer
S60 digital slide scanner (Hamamatsu Photonics, Hama-
matsu, Japan). Histological scoring [24] and the number
of Nissl-positive neurons were quantified as described pre-
viously [25].

2.9 Transmission Electron Microscopy (TEM)

Ultrathin sections (90 nm) were stained with uranyl
acetate and lead citrate and imaged using a JEM-100SX
transmission electron microscope (JEOL, Tokyo, Japan).
The pathological changes of neuronal and myelin ultra-
structure were analyzed.

2.10 Immunofluorescence (IF)

Conventional IF staining was conducted on cultured
neuronal cells and spinal cord sections as described pre-
viously [8]. Images were captured using a confocal flu-
orescence microscope (TCS SP8 STED, Leica Microsys-
tems, Wetzlar, Germany). For quantitative analysis, multi-
ple non-serial tissue sections per animal were analyzed us-
ing ImagelJ 1.53t (NIH, Bethesda, MD, USA). Antibody de-
tails are provided in Supplementary Table 1.

2.11 Terminal Deoxynucleotidyl Transferase dUTP Nick
end Labeling (TUNEL) Staining

Neuronal apoptosis was evaluated with a TUNEL
staining Kit (Servicebio, Wuhan, Hubei, China; Cat#
G1504-50T) combined with NeuN immunofluorescence.
After permeabilization and blocking, the sections were
treated with an anti-NeuN (Abcam, Waltham, MA, USA;
Cat# ab104224) antibody followed by a secondary anti-
body. The slides were equilibrated and incubated with
the TUNEL reaction mixture, followed by nuclear coun-
terstaining with 4',6-diamidino-2-phenylindole (DAPI, Be-
yotime, Shanghai, China; Cat# C1002). Images were ac-
quired using a Leica confocal fluorescence microscope.
Positive cells were quantified from identical anatomical re-
gions in eight rats per group using ImagelJ [26].

2.12 Western Blot

Cells were lysed and protein concentrations were de-
termined. Subsequently, Western blot assays were rou-
tinely performed as previously described [8]. Signals were
detected using enhanced chemiluminescence reagents and
imaged using a FluorChem FC3 system (ProteinSimple,
San Jose, CA, USA). Band intensity was quantified using
Imagel]. The antibody information is listed in Supplemen-
tary Table 1.
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2.13 Measurement of Intracellular ROS, Mitochondrial
ROS and A¥m

The three indicators were detected using kits for
2'7"-dichlorodihydrofluorescein diacetate (DCFH-DA,
Beyotime, Cat# S1105S) [27], MitoSOX Red mito-
chondrial superoxide indicator (MitoSOX, Beyotime,
Cat# S0061S) [5] and 5,5',6,6'-tetrachloro-1,1',3,3'-
tetraethylbenzimidazolylcarbocyanine  iodide  (JC-1,
Beyotime, Cat# C1475S). The AYm was calculated as
the ratio of red (JC-1 aggregates) to green (monomers)
fluorescence. Live-cell mitochondria were labeled with
MitoTracker Green (Beyotime, Cat# C1048), and nuclei
were counterstained with Hoechst 33342 (Servicebio,
Cat# G1127). Fluorescence images were captured using
a confocal fluorescence microscope and analyzed using
ImageJ.

2.14 Statistical Analyses

All quantitative experiments were performed with at
least three independent biological replicates. Randomiza-
tion and blinding were employed for all behavioral assess-
ments and histological quantification, with analyses con-
ducted by two investigators blinded to the experimental
condition. Data are presented as mean + standard devia-
tion (SD). Statistical analyses were conducted using Graph-
Pad Prism 10 (GraphPad Software, San Diego, CA, USA).
Two-group comparisons were performed using two-tailed
Student’s ¢ tests. Multiple comparisons were analyzed with
one-way analysis of variance followed by Tukey’s post hoc
test. Statistical significance was set at p < 0.05.

3. Results

3.1 NaR Attenuates Neuronal Apoptosis and Promotes
Locomotor Recovery After DSCI

To evaluate the therapeutic effects of NaR on func-
tional recovery after DSCI, locomotor behavior was as-
sessed at 1, 3, 7, 14, 21, and 28 dpi (Fig. 1A). Rats
subjected to DSCI exhibited severe locomotor impairment,
with BBB scores remaining significantly lower than those
of all other groups from 7 to 28 dpi (Fig. 1B). Treatment
with low- or high-dose NaR significantly improved loco-
motor recovery beginning at 7 dpi, with sustained improve-
ment through 28 dpi. Recovery was more pronounced in the
HNaR group (p < 0.05). These functional improvements
were corroborated by footprint analysis at 28 dpi (Fig. 1C).
Rats in the DSCI group displayed marked hindlimb drag-
ging and impaired coordination, whereas NaR-treated ani-
mals showed improved stepping patterns. HNaR treatment
produced more coordinated hindlimb movement and signif-
icantly increased stride length in a dose-dependent manner
compared with the untreated DSCI group (Fig. 1C).

Histopathological analysis at 3 dpi revealed pro-
nounced structural disruption of the white and gray mat-
ter after DSCI, accompanied by hemorrhage, axonal edema,
and neuronal loss (Fig. 1D). Histopathological scores were

significantly elevated in the DSCI group compared to those
in the sham group (p < 0.001). NaR treatment reduced tis-
sue disruption and neuronal loss, resulting in significantly
lower histopathological scores (Fig. 1D). Because apopto-
sis is a major contributor to neuronal loss during the early
post-injury phase [28,29], we performed TUNEL stain-
ing at 3 dpi. The proportion of TUNEL-positive neurons
markedly increased after DSCI but was significantly re-
duced by NaR treatment in a dose-dependent manner (Fig.
1E). Together, these results indicate that NaR improves
functional recovery and attenuates neuronal apoptosis after
DSCIL.

3.2 NaR Ameliorates Neuronal Ultrastructural Damage in
Spinal Cord Tissue After DSCI

We performed TEM at 3 dpi to determine whether
NaR preserves spinal cord neuronal and myelin ultrastruc-
ture after DSCI. Neurons in the sham group exhibited pre-
served ultrastructural integrity, including distinct nucle-
oli and abundant mitochondria with well-defined cristae
(Fig. 2A). In contrast, neurons in the DSCI group dis-
played marked ultrastructural disruption, characterized by
nuclear shrinkage, irregular nuclear membranes, and ex-
tensive cytoplasmic organelle damage. Mitochondria ap-
peared swollen and vacuolated with disrupted cristae, and
the endoplasmic reticulum was dilated. NaR treatment
attenuated these ultrastructural abnormalities; the HNaR
group showed the most pronounced protection, with neu-
ronal organelles resembling those observed in sham con-
trols.

TEM morphological analyses further characterized
the changes in myelin and axonal structure after DSCI (Fig.
2B). The sham group showed compact myelinated axons.
In the untreated DSCI group, axons were swollen and sep-
arated, and myelin sheaths were loose, disorganized, and
ruptured, consistent with intramyelinic edema. NaR treat-
ment improved these ultrastructural abnormalities, and al-
leviated demyelination and intramyelinic edema. Together,
these findings indicate that NaR preserves neuronal and
axonal ultrastructure and mitigates myelin pathology after
DSCI.

3.3 NaR Promotes ErbB4 Phosphorylation and Activates
ErbB4/Akt Signaling After DSCI

Previous large-scale sequencing analyses identified
ErbB4 as a potential therapeutic target in SCI [15]. Phos-
phorylation of ErbB4 has been linked to improved func-
tional recovery after SCI [4,16]. We performed molecular
docking analysis to investigate the potential binding affinity
between NaR and ErbB4 (Fig. 3A,B). Ten potential binding
pockets were identified and ranked according to their dock-
ing scores, with NaR showing the highest affinity for the
top-ranked pocket. The predicted binding energy was —9.5
kcal/mol, and NaR fit within the active pocket through mul-
tiple hydrophilic and hydrophobic interactions.
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Fig. 1. NaR attenuates neuronal apoptosis and promotes locomotor recovery after DSCI. (A) Experimental design and timeline. Rats
were assigned to sham, DSCI, or NaR treatment groups. Behavioral testing, drug administration, and tissue collection were performed
at the indicated time points. (B) Hindlimb locomotor function was assessed by BBB scoring from 1 to 28 dpi (n = 8). (C) Representative
footprint patterns at 28 dpi. Forepaws were labeled with red ink and hindpaws with blue ink. Quantification of stride length is shown (n
=8). (D) H&E staining of spinal cord tissue at 3 dpi. Histopathological scores were quantified to assess the severity of tissue damage (n
=8). Scale bar =50 or 20 pm. (E) TUNEL staining at 3 dpi. TUNEL-positive apoptotic cells are shown in green, and neurons are labeled
with NeuN (red). The dashed box for the representative region of the merged channel was enlarged. Quantification of TUNEL-positive
neurons is shown (n = 8). Scale bar = 10 um. Data are presented as mean = SD. *p <0.05, #*p < 0.001 vs. LNaR group; **p <0.01, ***p
< 0.001 vs. DSCI group; ns: not significant. NaR, sodium rutin; DSCI, distractive spinal cord injury; BBB, Basso—Beattie—Bresnahan;
dpi, days post injury; H&E, hematoxylin and eosin; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; SD, standard
deviation; LNaR, low dose NaR; HNaR, high dose NaR; DAPI, 4',6-diamidino-2-phenylindole.
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Fig. 2. NaR ameliorates neuronal and myelin ultrastructural damage in spinal cord tissues after DSCI. (A) Representative TEM

images of neuronal cell bodies in spinal cord tissue at 3 dpi. Top row, low magnification (6000x); the regions within the red boxes were
further magnified at a higher magnification (bottom row, 25,000x). Scale bars: 2 pm (top) and 0.5 pm (bottom). (B) Representative TEM

images of myelinated axons. The regions within the red boxes in the top row (top, 6000x%) are further shown at a higher magnification

(bottom, 25,000%). Scale bars: 2 um (top) and 0.5 um (bottom). TEM, transmission electron microscopy.

We assessed ErbB4 phosphorylation in spinal cord tis-
sue to validate these findings in vivo (Fig. 3C). IF staining
showed that p-ErbB4 levels in NeuN-positive (NeuN™) neu-
rons were significantly reduced after DSCI. NaR treatment
restored neuronal p-ErbB4 expression in a dose-dependent
manner. Because ErbB4/Akt signaling supports neuronal
survival and repair after SCI [4,16], we next examined this
pathway in vitro using VSC4.1 motor neurons subjected to
DIS (Fig. 3D, the original Western blot images are available
in the Supplementary Material-WB images). Western
blot analysis demonstrated that DIS suppressed the phos-
phorylation of both ErbB4 and Akt, whereas NaR treatment
restored the phosphorylation of these proteins. Notably, the
NaR-induced activation of ErbB4/Akt was reversed by the
ErbB4 inhibitor Dac. Together, these data indicate that NaR
activates the ErbB4/Akt signaling pathway in a manner that
depends on its promotion of ErbB4 phosphorylation after
DSCL

3.4 NaR Inhibits Neuronal Apoptosis Through the B-cell
Lymphoma 2 (Bcl-2)/Bcl-2-associated X Protein
(Bax)/Caspase-3 Pathway by Activating ErbB4/Akt
Signaling After DSCI

To determine whether NaR suppresses apoptosis
through this pathway, we examined apoptotic markers in
SH-SYSY cells subjected to DIS (Fig. 4A, the original
Western blot images are available in the Supplementary
Material-WB images). Western blot analysis showed that
DIS reduced the anti-apoptotic protein Bel-2 and increased
the pro-apoptotic proteins Bax and cleaved Caspase-3. NaR
treatment reversed these changes, restoring Bcl-2 levels
while reducing Bax and cleaved Caspase-3 expression. No-
tably, the upregulation of Bcl-2 and downregulation of Bax
and Caspase-3 expression by NaR could be reversed by the
ErbB4 inhibitor Dac. IF analysis in DIS cells confirmed
these findings and revealed significantly reduced intracellu-
lar cleaved Caspase-3 after NaR treatment, which could be
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Fig. 3. NaR promotes ErbB4 phosphorylation and activates ErbB4/Akt signaling after DSCI. (A) Identification of potential NaR-
binding pockets in ErbB4 using molecular docking. Ten candidate pockets were ranked by docking score, and the highest-affinity pocket
was highlighted. (B) Predicted interaction between NaR and ErbB4. Left panel: 2D interaction diagram showing the key residues
involved in hydrogen bonding (green dotted line), “n-sulfur” (yellow dotted line, Met772), electrostatic interactions (orange dotted line,
Asp861), and hydrophobic interactions (pink dotted line, VAL732). Right panel: 3D structural representation of the NaR—ErbB4 complex
binding pocket. The ErbB4 protein backbone is shown as white ribbons, and the NaR ligand is displayed as cyan sticks. Key interacting
residues are labeled and shown as grey sticks. Black dashed lines represent the hydrogen bond network stabilizing the complex. (C)
Immunofluorescence analysis of p-ErbB4 in NeuN" neurons in spinal cord tissue. p-ErbB4 is shown in green, NeuN in red, and nuclei are
counterstained with DAPI (blue). Quantification of the fluorescence intensity is presented (n = 5). Scale bar = 10 um. (D) Western blot
analysis of p-ErbB4/ErbB4 and p-Akt/Akt in VSC4.1 cells from normal control (NC), DIS, NaR, and NaR + Dacomitinib (Dac) groups (n
= 3). Data are presented as mean + SD. *p <0.05, **p <0.01, ***p <0.001 for comparisons between groups. ns: not significant; ErbB4,
Erb-B2 receptor tyrosine kinase 4; Akt, protein kinase B; p-ErbB4, phosphorylated ErbB4; NeuN", NeuN-positive; DIS, distraction;

Dac, Dacomitinib.
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reversed by Dac (Fig. 4B). We assessed cleaved Caspase-
3 expression in spinal cord neurons at 3 dpi to validate
these observations in vivo. Cleaved Caspase-3 levels were
markedly elevated in neurons after DSCI but were signifi-
cantly reduced by NaR treatment in a dose-dependent man-
ner (Fig. 4C). Together, these results indicate that NaR
suppresses the intrinsic apoptotic program involving Bcl-
2, Bax, and Caspase-3 by activating ErbB4/Akt signaling,
thereby preserving neuronal viability after DSCI.

3.5 NaR Alleviates Mitochondrial Oxidative Stress and
Dysfunction

To further define how NaR preserves neuronal in-
tegrity, we examined mitochondrial oxidative stress, a key
upstream driver of neuronal apoptosis [30]. Total intracel-
Iular ROS and mitochondrial ROS (mtROS) were detected
using DCFH-DA (Fig. 5A) and MitoSOX staining (Fig.
5B), respectively. DIS markedly increased both total in-
tracellular ROS and mtROS levels, whereas NaR treatment
significantly attenuated this accumulation. Loss of mito-
chondrial membrane potential (MMP; A¥m) is a hallmark
of mitochondrial apoptotic initiation [31]. We therefore as-
sessed MMP changes using JC-1 staining (Fig. 5C). DIS
induced pronounced mitochondrial depolarization, while
NaR treatment restored MMP toward control levels. To-
gether, these data indicate that NaR suppresses mechani-
cal DIS-induced mitochondrial oxidative stress, preserves
mitochondrial function, and limits the activation of the
mitochondria-dependent apoptotic pathway.

3.6 NaR Attenuates Mitochondrial Oxidative Stress by
Upregulating SOD2 and GPX4

To determine whether NaR modulates mitochondrial
antioxidant defenses after DSCI, protein expression was as-
sessed in SH-SYSY cells subjected to DIS using western
blot analysis. We found that DIS reduced SOD2 and GPX4
protein levels, whereas NaR treatment restored their expres-
sion (Fig. 60A, the original Western blot images are avail-
able in the Supplementary Material-WB images). Con-
sistent with the in vitro findings, we next examined the ex-
pression of SOD2 and GPX4 in spinal cord neurons at 3
dpi (Fig. 6B,C). IF analysis showed that SOD2 and GPX4
expression in NeuN"™ neurons was markedly reduced after
DSCI compared to that in sham controls. NaR treatment
restored the expression of both antioxidant enzymes in a
dose-dependent manner. Together, these results indicate
that NaR enhances mitochondrial antioxidant capacity by
upregulating SOD2 and GPX4, which is consistent with the
reduced oxidative stress and suppression of mitochondria-
dependent apoptotic signaling after DSCI.

3.7 NaR Significantly Promotes Motor Neuron Survival
Following DSCI

Nissl staining demonstrated a significant reduction in
the number of surviving motor neurons in the anterior horn

of the spinal cord at 28 days post-DSCI compared to the
sham group (p < 0.001) (Fig. 7). However, treatment with
either dose of NaR effectively rescued this neuronal loss,
and the HNaR group exhibited superior neuroprotective ef-
ficacy (p < 0.001). These findings indicate that pharmaco-
logical administration of NaR after injury exerts a profound
and sustained protective effect on anterior horn motor neu-
rons after DSCIL.

4. Discussion

DSCI represents a distinct and clinically challeng-
ing form of SCIs that fundamentally differs from high-
energy contusion or transection injuries [6,32,33]. Based
on our clinical experience in managing SCI, therapeutic
strategies developed for transient high-energy trauma are
unsuitable for the low-energy, sustained DIS forces that
characterize DSCI, largely because of the lack of defined
mechanosensitive therapeutic targets [1,34,35]. Therefore,
effective treatment of DSCI requires the identification of
molecular pathways that specifically respond to mechan-
ical DIS [1]. Current approaches remain limited in part
because the mechanobiological processes that convert sus-
tained mechanical DIS stress into neuronal injury are poorly
understood. In this study, we established in vivo and in
vitro models of neuronal injury induced by mechanical DIS
and identified a mechanotransduction cascade linking DIS
stress to neuronal apoptosis. Mechanical DIS suppressed
ErbB4/Akt signaling, increased mitochondrial ROS pro-
duction, and activated the Bcl-2/Bax/Caspase-3 apoptotic
pathway. Systemic administration of NaR, together with in
vitro intervention, restored ErbB4/Akt signaling, reduced
mitochondrial ROS, suppressed neuronal apoptosis, and
improved locomotor recovery after DSCI. These findings
identify a mechanosensitive signaling axis through which
mechanical DIS drives neuronal injury and demonstrate that
pharmacological activation of this pathway confers neuro-
protection (Fig. 8).

ErbB4 is a neuroprotective receptor with established
roles in cell survival and oxidative stress regulation and
exhibits features consistent with mechanosensitive signal-
ing [36,37]. Previous studies have documented ErbB4 ex-
pression in brain injury models, and its role in SCI has re-
ceived increasing attention [4,16]. Upon activation, ErbB4
undergoes proteolytic cleavage to generate an intracellu-
lar domain capable of regulating transcriptional programs
linked to neuronal survival and glial responses [38]. Our
data indicate that neurons subjected to sustained mechani-
cal DIS exhibit reduced ErbB4 expression and phosphory-
lation, suggesting that disruption of this pathway is an early
event in DIS-induced injury. Docking analyses supported
a high predicted binding affinity between NaR and ErbB4,
providing a structural basis for the putative NaR—ErbB4 in-
teraction that may underlie the observed increase in ErbB4
phosphorylation. Consistent with this interpretation, NaR
restored ErbB4 phosphorylation and downstream Akt sig-
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naling both in vivo and in vitro; notably, these effects were
effectively abrogated by the ErbB4 inhibitor Dac. Activa-
tion of this survival pathway likely contributes to resistance
against DIS-induced apoptosis and aligns with previous re-
ports implicating ErbB4/Akt signaling in neuroprotection
in SCI and in other neurological disorders [20,39].

The association between the restoration of ErbB4
signaling and improved locomotor recovery suggests that
ErbB4 functions as a mechanosensitive signaling node in
DSCI. Studies in other systems have linked ErbB4 to synap-

10

tic plasticity and to mechanosensitive pathways, such as
Hippo—Yes-associated protein (YAP)/transcriptional coac-
tivator with PDZ-binding motif (TAZ) signaling [40], and
the neuregulin 1-ErbB4 axis has been shown to respond to
cytoskeleton tension during cardiomyocyte maturation and
proliferation [36]. In the spinal cord, ErbB4 expressed in
interneurons regulates mechanical hyperalgesia through the
modulation of glycinergic inhibition [37]. Together with
these observations, our findings support the concept that
ErbB4 functions as a potential neuronal mechanosensor for
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DSCI. We propose that suppression of ErbB4/Akt signal-
ing represents a key event linking sustained mechanical DIS
to mitochondrial dysfunction and apoptotic activation, and
that restoration of this pathway by NaR limits neuronal loss
and facilitates functional recovery after DSCI.

Oxidative stress is a major driver of neuronal apop-
tosis, with mitochondria serving as central regulators of
ROS homeostasis [17]. Within the mitochondrial matrix,
SOD?2 converts superoxide anions to hydrogen peroxide,
which is subsequently detoxified by GPX4, forming a co-
ordinated antioxidant defense system [19]. However, the
role of NaR in regulating mitochondrial oxidative stress and
apoptosis following DSCI remains unclear. In this study, a
marked increase in mitochondrial ROS and loss of MMP
are key events that may promote neuronal apoptosis after
DSCI. Mitochondria-dependent apoptosis has been linked
to excessive activation of ROS-driven mitochondrial fis-
sion pathways, which amplify oxidative stress and cellular
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injury [41]. Moreover, it has been reported that elevated
ROS can trigger apoptotic signaling cascades that promote
Caspase-3 cleavage, further exacerbating neuronal apopto-
sis [42]. As depicted in Fig. 8, this represents the critical
pathway through which ROS-Caspase-3 signaling mediates
neuronal apoptosis post-DSCI. Decline in MMP represents
a critical step in the mitochondrial apoptotic cascade; early
MMP depolarization reflects an irreversible commitment
to apoptosis [43]. Bax/Bak-mediated mitochondrial outer
membrane permeabilization leads to cytochrome c release
and activation of the caspase cascade, ultimately resulting
in programmed cell death [1].

Our findings indicate that NaR disrupts this patholog-
ical cycle of oxidative stress and mitochondrial dysfunc-
tion. NaR reduced mitochondrial ROS accumulation and
preserved MMP, consistent with the enhanced expression
of antioxidant enzymes such as SOD2 and GPX4. These
effects were accompanied by suppression of the intrinsic
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i.g., intragastric gavage.

apoptotic pathway, including restoration of Bcl-2 levels and
reduction of Bax and cleaved Caspase-3 expression. The
Bcl-2/Bax/Caspase-3 signaling axis is a well-established
mediator of neuronal apoptosis in SCI [44], and modula-
tion of this pathway by NaR aligns with the reported an-
tioxidant and cytoprotective properties of flavonoids such
as rutin [45]. Crucially, the anti-apoptotic effects of NaR
mediated via the Bcl-2/Bax/Caspase-3 cascade were sig-
nificantly reversed by the ErbB4 inhibitor Dac, underscor-
ing the ErbB4/Akt axis as the pivotal upstream regula-
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tory pathway. Collectively, these findings demonstrate
that following DSCI, impaired ErbB4/Akt-mediated sur-
vival signaling—compounded by mitochondrial ROS accu-
mulation and the loss of MMP—converges to drive neu-
ronal apoptosis. Conversely, NaR treatment counteracts
this pathological cascade by reactivating the protective
ErbB4/Akt pathway while restoring redox homeostasis and
preserving mitochondrial function, ultimately attenuating
neuronal death.
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From a translational perspective, the neuroprotective
effects of NaR in DSCI are associated with the restora-
tion of ErbB4 and ROS signaling and improved locomo-
tor outcomes. Compared with its parent compound rutin,
NaR exhibits improved solubility, bioavailability, and bar-
rier permeability, enabling effective accumulation at spinal
lesion sites, which is consistent with our prior results [9,10].
These findings position NaR as a pharmacological candi-
date capable of targeting mechanosensitive injury pathways
in DSCI and highlight ErbB4/Akt signaling and ROS sig-
naling as a potential therapeutic axis for mitigating DIS-
induced neurological deficits. Future work should focus on
elucidating the pharmacokinetic profile of NaR and evalu-
ating its efficacy in non-human primate models of DSCI,
with the ultimate aim of assessing its potential for clinical
translation.

Although this study provides novel insights into the
mechanisms of neuronal death following DSCI and pro-
poses a potential therapeutic strategy, it has several limi-
tations. First, our investigation primarily focused on apop-
tosis, which is the most common form of neuronal death
post-SCI. Whether other modalities of cell death concur-
rently contribute to neuronal loss in the context of DSCI
requires further exploration. Second, although we demon-
strated that NaR treatment effectively attenuates mitochon-
drial ROS overproduction, whether a regulatory relation-
ship exists between ErbB4 and ROS signaling remains to
be fully elucidated. Future studies employing specific gene
knockdown or overexpression approaches are required to
definitively validate this signaling axis.

5. Conclusions

In summary, this study identified the ErbB4 and ROS
signaling axis as a mechanosensitive pathway regulating
neuronal survival during sustained spinal DIS. Mechanical
DIS reduced ErbB4 phosphorylation, suppressed Akt sig-
naling, and promoted mitochondrial oxidative stress and
activation of the Bcl-2/Bax/Caspase-3 apoptotic cascade.
NaR counteracted these effects by restoring ErbB4 sig-
naling, improving mitochondrial redox balance and MMP,
and alleviating neuronal apoptosis. These molecular ef-
fects were accompanied by improved tissue preservation
and locomotor recovery in a rat model of DSCI. Given its
improved solubility and bioavailability relative to the par-
ent compound, NaR represents a potential pharmacological
strategy for reducing neurological complications associated
with spinal deformity correction and highlights ErbB4 and
ROS signaling as candidate therapeutic targets in DSCI.
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