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Hesperidin improves motor and sensory recovery and modulates the
balance of pro- and anti-inflammatory cytokine profiles after contusive
spinal cord injury in mice
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Abstract; Background: Hesperidin (HES) has anti-inflammatory and antioxidant properties, but coordinatéd i vivo
evidence linking HES to functional recovery, cytokine rebalancing, microglial activation and MAPKs signaling after
contusive spinal cord injury (SCI) remains limited. Objectives: To evaluate whether HES improveS met@fand sensory
function after SCI and to characterize associated changes in the spinal inflammatory microenvitenment, oxidative stress
and ERK/INK-MAPK signaling. Methods: SCI was induced by a modified Allen weight-drdp gontusion at T10 in 100
C57BL/6 mice randomly assigned to sham, SCI, or HES low-, medium- and high-dose groups/(25, 50 and 100 mg/kg; n
= 20 each). HES was administered by gavage once daily for 21 days beginning 2 h, after jufy. Motor and sensory
outcomes were assessed by BMS scoring and mechanical and thermal tests;_spinal /€ard cytokines, redox indices and
neurorepair-related factors were measured by ELISA/biochemical gassays, microglial activation by Ibal
immunohistochemistry and MAPK phosphorylation by western blotting Results: On day 21, significant functional
improvement was observed in the 100 mg/kg group (p < 0.05), whereas lowerfdoses showed non-significant trends. In
day-7 spinal cord tissue, HES reduced pro-inflammatory cytokines and increasedapti-inflammatory cytokines; TNF- a
decreased from 218.17 + 28.11 to 54.39 £ 11.37 pg/mg in the high-dose group” (p < 0.05). MDA levels were lower,
whereas SOD, GSH-Px and CAT activities and T-AOC were higherithan in the SCI group (p <0.05). HES also reduced
Ibal-positive microglia and ERK1/2 and JNK phosphorylation without altering total ERK1/2 or JNK levels. Conclusion:
HES was associated with improved motor and sensory recovery, a less inflammatory cytokine profile, attenuated
oxidative stress and microglial activation and reduced ERKMAINK phesphorylation after contusive SCI; pathway-specific
experiments remain necessary to establish causality.
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INTRODUCTION window while also carrying risks of serious systemic
adverse effects (Kaniuk et al., 2025; Khachatryan et al.,
2022). Therefore, safe neuroprotective agents capable of
acting on multiple targets within the secondary injury

cascade are needed. Hesperidin (HES), a natural

Spinal cord injury (SCI) is @imajor<cause of long-term
neurological  disabilities Reeent  epidemiological
estimates have reported’amannual jincidence of acute SCI

of approximately 60.6°per million and a lifetime disability
rate of approximately, 85% (Eli et al., 2021). SCI often
results in lasting disability and markedly impairs daily
functioniggand quality of life (Zhang et al., 2021).
Following primary®mechanical insult, secondary tissue
responsesiievolve over days to weeks and coincide with
persistent deficits in motor control and sensory processing
(Kong et aly2025; Singh et al., 2024). MAPK signaling
is one of the pathways activated after injury and is
positioned to regulate inflammatory and stress-responsive
programs in the damaged cord.

Despite advances in perioperative care and rehabilitation,
curative therapies for SCI remain elusive. Surgical
decompression and high-dose steroid pulse therapy may
provide limited benefits within a narrow therapeutic

*Corresponding author: e-mail: yanzhiliangm3@163.com

dihydroflavone glycoside widely present in citrus species,
has been shown to have anti-inflammatory, antioxidant,
immunomodulatory and  anti-apoptotic  activities
(Pyrzynska, 2022). It also has a favorable safety profile
and has been reported to cross the blood-spinal cord
barrier (Lee et al., 2020). HES has shown neuroprotective
effects in several central nervous system disease models,
including cerebral ischemia and neurodegenerative
disorders (Buzdagli et al., 2023; Fang et al., 2025).
Notably, few preclinical studies HES and its metabolite
hesperetin in SCI: Liu et al. (2023) demonstrated that
hesperetin ameliorates SCI via Nrf2-mediated inhibition
of pyroptosis, while Raguraman et al. (2024) showed that
HES promotes neural regeneration in vitro (Liu et al.,
2023; Raguraman et al., 2024). These studies suggest that
HES-related compounds may influence several
components of secondary SCI, but the existing evidence
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remains fragmented. The available SCI literature has
mainly emphasized either Nrf2-related pyroptosis
inhibition or in-vitro neural regeneration, whereas the
relationship among behavioral recovery, spinal cytokine
balance, microglial activation and stress-responsive
kinase signaling has not been examined specifically for
HES (Liu et al., 2023; Raguraman et al., 2024). This
distinction is important because secondary SCI is not
driven by a single molecular event. Inflammatory
cytokine imbalance, microglial activation, oxidative
stress, mitochondrial dysfunction and regulated cell death
programs form an interdependent injury network that
affects both motor and sensory outcomes.

In this context, ERK/JNK-MAPK signaling was
prioritized not because ferroptosis, apoptosis, or
autophagy are unimportant, but because it offered a more
integrated and experimentally tractable readout for the
outcome structure of the present study. In this context,
ERK/INK-MAPK signaling was selected as a focused
stress- and inflammation-related axis, not as a substitute
for assessing apoptosis, ferroptosis or autophagy. Because
MAPK signaling may act upstream of, downstream of or
parallel to these regulated cell death programs, reduced
ERK/JINK  phosphorylation cannot exclude their
involvement in HES-mediated neuroprotection (Huang et
al., 2024). Thus, the present data support a candidate
MAPK-related pharmacodynamic association, whereas
direct causality requires pathway-specific markers and
rescue experiments. Recent studies further support this
inflammatory signaling perspective in SCI: obaeunone
improved  functional  recovery ,by  atteruating
TLR4/MyD88/p38-MAPK-mediated neuroinflammation,
low-intensity pulsed ultrasound promoted xecovery by
regulating microglia-mediated neureinflammation and
kakkalide improved SCI repair By shifting’ microglia
toward a reparative M2-like phenetype through SIRT3-
dependent mitophagy (Kuang/€etal., 2026 Li et al., 2026;
You et al, 2026). Meanwhile, recent review-level
evidence indicates that/apeptosis,/ferroptosis, autophagy
and necroptosis arefinterconnéected downstream injury
programs in SCI sather than mutually exclusive linear
mechanisms (Zeng ane, Zeng, 2026). Accordingly, the
present stlidy,did not regard MAPK signaling as the sole
mechanism of “HES” action. Instead, ERK/INK-MAPK
was selected’as a focused pharmacodynamic axis linking
the known)anti-inflammatory and antioxidant properties
of HES with"the observed cytokine, microglial, oxidative
stress and behavioral outcomes.

In this study, an SCI model was established in C57BL/6
mice using the Allen’s impact method (Wang et al., 2025).
This study evaluated the effects of HES on the recovery
of motor and sensory motor and sensory function,
characterized  changes in the inflammatory
microenvironment and oxidative stress within injured
spinal cord tissue and examined the involvement of the

MAPK pathway. The goal was to provide experimental
support for HES as a natural candidate for SCI
interventions. Notably, while the anti-inflammatory and
antioxidant properties of HES have been reported in other
neural injury models, most previous studies focused on
isolated endpoints and did not systematically link HES-
mediated modulation of the MAPK pathway to
simultaneous improvements in both motor and sensory
function in the context of contusive SCI. This study fills
this gap by providing a comprehensive evaluation of HES
effects across behavioral, histopathological{ bioehemical
and molecular domains, establishing “@" coferent
association between MAPK signalifg attenUagion and
modulation of the spinal inflammatoryamieroenvironmen.

MATERIALS AND METHODS

Experimental animals

A total of 100 SPF=grade male C57BL/6 mice (6-8 weeks
old, 20-224Q) were obtained from Nantong Jingqi
Biotechnofogy. €04 Ltd. (license SYXK (Su) 2023-0028).
Animals were hQused under controlled conditions (2242
°C, 55+5% humidity, 12 h light/dark cycle) with ad
libitum access to food and water and were acclimatized
for 7 days before the experiments. All animal procedures
were approved by the Institutional Animal Ethics
Committeé (No. IACUC2023355) and conducted in
accordance with the relevant guidelines. Before
allecation, animals were screened according to
prespecified inclusion and exclusion criteria.

Inclusion criteria

Mice were eligible if they were SPF-grade male C57BL/6
mice aged 6-8 weeks, weighed 20-22 g and showed
normal activity, grooming and feeding after the 7-day
acclimatization period.

Exclusion criteria

Animals were excluded before randomization if they
showed overt illness, abnormal behaviour, marked body-
weight loss during acclimatization, skin lesions, limb
dysfunction, or death before model establishment. After
surgery, animals or data points were excluded only if
moderate  contusion could not be confirmed
intraoperatively, comparable initial neurological deficit
was not verified at 24 h after SCI, a humane endpoint was
reached before the scheduled assessment, or a
documented technical failure occurred during sample
processing or assay measurement.

Animal grouping and drug administration

Mice were randomized into five groups (n = 20 each)
using a random number table: Sham, SCI and HES low-,
medium- and high-dose groups. Sample size was
determined based on previous similar SCI studies (Ge et
al., 2021) and power analysis (power = 0.8, a = 0.05)
showing n = 10 per endpoint provides sufficient statistical
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power to detect biologically meaningful differences. The
primary outcome used for sample-size determination was
the POD21 BMS locomotor score, which was
prespecified as the main functional endpoint for
evaluating neurological recovery after contusive SCI.
Allocation concealment was achieved using sequentially
numbered, sealed opaque envelopes prepared by an
investigator not involved in the study. HES (Sigma-

Aldrich, purity >98%) was suspended in 0.5% CMC-Na

(Sigma-Aldrich) and administered by gavage once daily
for 21 days starting 2 h after injury. The doses were 25, 50
and 100 mg/kg, respectively; Sham and SCI mice
received the same volume of vehicle. These doses were
selected based on previous preclinical studies
demonstrating neuroprotective effects of HES in central
nervous system injury models (Lim et al., 2022; Liu et al.,
2023), where 25-100 mg/kg oral administration showed
dose-dependent efficacy without observable systemic
toxicity. Preliminary pilot experiments further confirmed
that doses below 25 mg/kg had no significant
neuroprotective effects, while doses above 100 mg/kg did
not provide additional benefits in locomotor recovery.
Pharmacokinetic studies in rodents have shown that oral
HES has a bioavailability of approximately 12—20%, with
a plasma half-life of 4-6 h and accumulates in neural
tissue at concentrations sufficient to exert biological
effects (Pyrzynska, 2022). The once-daily dosing regimen
for 21 days was selected to maintain sustained therapeutic
levels throughout the critical secondary injury phase of
SCI. After the initial group allocation, mice withingeach
group were further randomly assigned by an independent
investigator, using a random number fable, toleither the
day-7 tissue collection subgroup (n = 10)her thedday-21
behavioral/sensory assessment subgroup <(a = 10);
subgroup allocation was concealed from the inyestigators
responsible for outcome assessment. Noj animals died
unexpectedly, reached a humane\endpoint before the
scheduled endpoint, or were<excluded from the final
analyses. Therefore, allfaflocatedtanimals were included
in the analysis. Behawioralyand sensory outcomes were
analysed using n =40 mice pergroup on POD21. ELISA,
biochemical  assaysy  histopathology and  Ibal
immunaghistochemistrySwere performed using n = 10
biological“samiples,per ‘group on POD7, unless otherwise
stated. Westefn blotting was performed using n = 6
independent biological samples per group.

Establishment of the mouse SCI model

SCI was induced using a modified Allen weight-drop
contusion at the T10 level (Wang et al., 2025). After
anesthesia with 3% pentobarbital sodium (Sigma-Aldrich,
40 mg/kg, i.p.), T9-T10 laminectomy was performed to
expose the T10 spinal cord while keeping the dura intact.
In the injured groups, a 10 g rod was dropped from the
exposed cord (2.5 c¢cm) to create a moderate contusion.
Successful injury was initially confirmed intraoperatively
by immediate hemorrhagic swelling at the impact site and
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a transient tail-flick/tail-swing response; in addition, BMS
scoring was performed 24 h after SCI by a blinded
investigator to verify comparable initial neurological
deficits across the injured groups before treatment-related
recovery was interpreted. Postoperatively, the mice
received penicillin (200,000 U/mouse, i.p.) once daily for
3 days and bladder expression was performed twice daily
until spontaneous voiding returned.

Motor and sensory function assessment

BMS locomotor scoring was performed onPODgly, 3, 7,
14 and 21 to monitor the recovery trajectory,“whereas the
inclined plane, grid-walking, rotarod,footprintiwen Frey,
hot-plate and cold-plate tests were perfefmed on POD 21
as endpoint functional and sensory@assessments. Hindlimb
locomotion was scored using thWe Basso Mouse Scale
(BMS; 0-9) (Ge et al., 2028), With seoring based on joint
movement, coordinatiomy!trunk stability, paw placement
and weight support, ‘Balance was assessed using the
standard inclined plane test:{each mouse was placed on a
rubber-coveredhboard, the angle was increased in 5°
increments and“the maximal angle at which the mouse
maintained its position for 5 s was recorded as the
inclined-plane angle. All behavioral and sensory
assessments were performed under standardized
conditions (eonstant temperature 22+2 °C, dim lighting
and-guiet €nvironment) between 9:00 AM and 12:00 PM
to mijnimize circadian variation and all tests were
conducted by a single investigator who was blinded to the
group assignments. Skilled stepping was examined using
a grid-walking apparatus by counting the hindlimb slips
during locomotion. Endurance and coordination were
evaluated using a rotarod and the latency to fall was
recorded at a constant rotation speed. Gait was further
characterized by footprint analysis to obtain hindlimb
stride length (Shanghai Yuyan Scientific Instrument Co.,
Ltd.). The sensory testing was conducted in parallel.
Before testing, all mice were acclimatized to the testing
environment for 30 min daily for 3 consecutive days,
followed by a 15-min acclimatization period immediately
before each test session. For von Frey filament testing,
each mouse received 5 trials per filament with a 5-min
interval between trials and the mechanical threshold was
calculated using the up-down method as previously
described. For hot plate and cold plate tests, each mouse
was tested 3 times with a 10-min interval between trials
and the final withdrawal latency was defined as the
average of the 3 trials. A cutoff time of 30 s was set for
both thermal tests to prevent tissue damage. Mechanical
sensitivity was assessed using von Frey filaments and was
recorded as the minimal force (g) eliciting a withdrawal
response. Thermal sensitivity was measured using a hot
plate set at 55+0.5 °C and a cold plate set at 4+0.5 °C and
paw withdrawal or licking latency was recorded.
Mechanical allodynia was evaluated using the up—down
method.
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Animal euthanasia and humane endpoints

Mice were euthanized on POD?7 for tissue collection or
after POD21 behavioral testing. Euthanasia was
performed in a non-prefilled chamber using 100% CO: at
a gradual displacement rate of 30-70% of chamber
volume/min. CO., exposure was maintained for at least 1
min after respiratory arrest, followed by cervical
dislocation. Death was confirmed by absence of
breathing, heartbeat and pedal reflex. Animals reaching
humane endpoints, including severe weight loss,
infection, autophagia or moribund status, were euthanized
immediately. Expected postoperative events after SCI
included transient hindlimb dysfunction and temporary
bladder dysfunction, which were managed by routine
postoperative care and twice-daily bladder expression
until spontaneous voiding returned. No unexpected
adverse events, procedure-related deaths, severe infection,
autophagia, or early humane-endpoint euthanasia
occurred before the planned POD7 or POD21 endpoints.

Sample collection and processing

Day 7 was selected for tissue analysis because it
corresponds to the peak of inflammatory response and
microglial activation in the contusive SCI model
(Hellenbrand et al., 2021), while day 21 was chosen for
behavioral assessment as it represents a stable time point
for evaluating long-term functional recovery in mice (Ge
et al., 2021). Spinal cord segments T8-T11 were collected
and briefly rinsed with ice-cold PBS to remove residual
blood. Each specimen was divided for downstream
analyses. One portion was fixed in 4% paraformaldehyde
for 24 h, processed by dehydration and/ cl€aring,
embedded in paraffin and sectioned at/4%m forthistology
and immunohistochemistry. The remaininghportion was
snap-frozen in liquid nitrogen and steped at'<80 °C for
ELISA/biochemical assays and western blotting.

Measurement of inflammatopypeytokines'and
neurorepair-related factors

The frozen spinal cord/tissue was processed to obtain a
clear supernatant for @nalysisyRroinflammatory cytokines
(TNF-a, IL-1pB, ILAIL-17 and IFN-y), anti-inflammatory
cytokines (IL-10, IL-40LGF-B1 and IL-13), neurorepair-
related facters, (BDNF NGF and GAP-43) and redox
indices [malopdialdehyde (MDA), superoxide dismutase
(SOD), glutdthione peroxidase (GSH-Px), catalase (CAT)
and total antioxidant capacity (T-AOC)] were measured in
the tissue supernatant. Briefly, frozen spinal cord tissue
was homogenized in ice-cold RIPA buffer (1:10 tissue-to-
buffer ratio, w/v) supplemented with a complete protease
inhibitor cocktail (Roche, 11836170001) using a glass
homogenizer. The homogenate was centrifuged at 12,000
rpm for 15 min at 4 °C and the clear supernatant was
collected for analysis. These analytes were quantified
using commercially available mouse ELISA kits from
Wuhan Huamei Bioengineering Co., Ltd., according to
the manufacturer’s instructions. All samples were assayed

in duplicate and an assay was accepted only when the
standard curve met the manufacturer’s linearity criteria,
duplicate coefficients of variation were <10% and blank
controls remained below the lower detection limit. The
reported intra-assay and inter-assay coefficients of
variation were <8% and <10%, respectively, with
detection limits ranging from 1.0 to 10.0 pg/mL for
cytokines. Because these Kits were not independently
cross-validated against another supplier, cytokine
concentrations were interpreted as internallyeontrolled
comparative measurements rather than absolute reference
values. Inter-observer reliability for behavieral testing
was confirmed by a second blinded jhvestigatap”Scoring
20% of randomly selected animals;gwith an intraclass
correlation coefficient (ICC) of 0@2for BMS scores.

Histopathological semi-quantificatioff and microglial
activation

Paraffin sections®@iurh) Were deparaffinized and stained
with  hematoxylin}’ and “gosin to evaluate tissue
morphology. “Micteglial activation was assessed by Ibal
immunohistochemistry using a DAB chromogenic
readout after pH 6:0)Citrate antigen retrieval and sections
were counterstained with hematoxylin to identify
nucleated, cells. Histopathological semi-quantification was
conductediin‘a blinded manner, focusing on inflammatory
cellyinfiltration and tissue necrosis  (Servicebio
Technology Co. Ltd.). All slides were coded with random
Auimbers to conceal group identities and the same blinded
investigator performed all quantitative analyses using
ImageJ software (National Institutes of Health). For Ibal
quantification, five non-overlapping fields per section
were selected at 400x magnification and Ibal-positive
cells were expressed as the percentage of hematoxylin-
counterstained nucleated cells in the same field. Using a
0-3 semi-quantitative scoring scale: 0 = no abnormality; 1
= mild inflammatory infiltration and focal necrosis
involving <25% of the spinal cord cross-sectional area; 2
= moderate inflammatory infiltration and necrosis
involving 25-50% of the area; 3 = severe inflammatory
infiltration and extensive necrosis involving >50% of the
area.

Western blot analysis of MAPK pathway-related proteins
Frozen spinal cord tissue was lysed in RIPA buffer
(Beyotime Biotechnology Co., Ltd.) supplemented with
phenylmethylsulfonyl fluoride (PMSF, 1 mM), a complete
protease inhibitor cocktail (Roche, 11836170001) and a
phosphatase inhibitor cocktail (Roche, 04906837001) on
ice for 30 min and clarified by centrifugation (12,000
rpm, 15 min, 4 °C). The protein concentration was
measured using a BCA assay (Beyotime Biotechnology
Co., Ltd.). Equal amounts of protein were separated by
SDS-PAGE (Beyotime Biotechnology Co., Ltd.) and
transferred to PVDF membranes (MilliporeSigma). After
blocking with 5% non-fat milk (BD Biosciences) for 2 h
at room temperature.
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Fig. 1: Hesperidin improves locomotor recovery and alleviates pain-related¢hypersensitivity after SCI. (A) Motor
function outcomes on postoperative day 21, including BMS locomotor score, inelined-plane maximal angle, hindlimb
slips in the mesh test, rotarod latency, and base step length; (B) Sensory function outcomes on postoperative day 21,
including mechanical pain threshold, hot-plate withdrawal latencygeold-plate withdrawal latency and abnormal pain
score. * means p < 0.05 compared with sham group, # means p K 0.05,compared with SCI group, @ means p < 0.05
compared with HES-low dose group and & means p < 0605 compared with"HES-medium dose group.

The membranes were incubated overnight at 4 °C with the
following primary antibodies: anti-ERK1/2 (Abcam,
ab184699, rabbit monoclonal, 1:1000), anti-phospho-
ERK1/2 (Thr202/Tyr204) (Abcam, ab214036smrabbit
monoclonal, 1:1000), anti-JNK (Abcam, ab179461¢rabhit
monoclonal, 1:1000), anti-phospho-JINK(Ihr183/Tyr185)
(Abcam, ab124956, rabbit monoclonal, 1:1000) and-anti-
GAPDH (Abcam, ab8245, mouse monoclonal,_1:5000).
The membranes were washed i TBST JABeyotime
Biotechnology Co., Ltd.) ahd incubated with horseradish
peroxidase-conjugated  secomdary “amtibody (1:5000,
Jackson Immuno Research, LLab@ratories, Inc.) for 2 h at
room temperature. Bands Were visualized by
chemiluminescence and ‘guantified using the Imagel
software. Phosphofylated proteins were normalized to
their corresponding“tetal, protein levels and GAPDH
served \as,.the loading control. All western blot
experiments “weregpperformed using 6 independent
biological\ samples”per group and each experiment was
repeated 3ifimes to ensure reproducibility.

Statistical analysis

The experimental unit was an individual mouse across all
allocation, treatment, behavioral, histopathological,
biochemical and molecular outcome assessments. SPSS
26.0 (IBM Corp., Armonk, NY, USA) was used for
statistical analysis. Data distribution and homogeneity of
variance were assessed using the Shapiro-Wilk and
Levene tests. Normally distributed continuous variables
are presented as mean + SD and were compared using
one-way ANOVA followed by Tukey’s HSD test. Ordinal

variahles, including BMS and histopathological scores
and_ron-normally distributed variables are presented as
median (IQR) and were analysed using the Kruskal—
Wallis test followed by Dunn’s post-hoc test with
Bonferroni correction. Statistical significance was defined
as a two-sided p-value of <0.05.

RESULTS

Effects of HES on motor and sensory function in SCI
mice

Serial BMS assessment showed comparable initial deficits
at 24 h after SCI and progressive locomotor improvement
over time, with the most evident between-group
separation observed on POD21; at this endpoint, the SCI
group showed lower locomotor scores and poorer
performance in balance and coordination tasks than the
sham group. At 24 h after SCI, BMS scores were
comparable among the SCI, HES-low, HES-medium and
HES-high groups (p > 0.05), indicating similar initial
injury severity before treatment-related functional
differences were evaluated. The stride length was reduced
and the stepping errors on the grid increased. Sensory
testing also differed from sham, with reduced mechanical
thresholds and shorter withdrawal latencies on hot and
cold plates (p < 0.05). After HES administration, the
readouts improved. The 100 mg/kg group showed the
highest BMS scores compared with the SCI group when
analysed as ordinal data (p < 0.05) and sensory indices
improved in the same direction (Fig. 1).
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reversed;

Regulation of oxidative stress levels in spinal cord tissue
by HES in SCI mice

Oxidative stress markers are also altered after SCI.
Compared with the sham group, MDA increased, while
SOD, GSH-Px, CAT and T-AOC decreased (p < 0.05).
HES moves these indices in opposite directions. MDA

levels were lower and antioxidant capacity was higher in
the 100 mg/kg group than in the SCI group (p < 0.05)

(Fig. 3).

Effects of HES on neurorepair-related factors in spinal
cord tissue of SCI mice

In the SCI group, BDNF, NGF and GAP-43 levels were
lower than those in the sham group (p < 0.05). HES
increased all three factors, with the high-dose group
recovering to more than 85% of sham levels (p < 0.05)

(Fig. 4).

Effects of HES on histopathological injury and
microglial activation in spinal cord tissue of SCI mice
H&E sections from the sham group showed preserved
tissue architecture without obvious cavitation, whereas
the SCI group displayed tissue disruption with necrosis
and cavity formation accompanied by inflammatory cell
infiltration.
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ERK1/2 and JNK signaling was evaluated by measuring
the total protein levels and phosphorylation ratios in
spinal cord extracts. Total ERK1/2 and JNK levels did not
differ significantly among the groups (p > 0.05). In
contrast, p-ERK1/2/ERK1/2 and p-JNK/INK increased
after SCI compared to the sham group (p < 0.05). HES
reduced both phosphorylation ratios, with the largest
reduction observed in the high-dose group (>70% vs. SCI
group, p < 0.05). Notably, the reduction in

Low Medium High Sham  SCI Low Medium High

rs in spinal cord tissue after SCI. The levels of (A) BDNF, (B)
.05 compared with sham group, # means p < 0.05 compared with
-low dose group and & means p < 0.05 compared with HES-medium

phosphorylation ratios showed low intra-group variability
(coefficient of variation <15% in all groups), indicating a
consistent association between HES treatment and
attenuation of excessive MAPK pathway activation (Fig.
6).

Overall, a consistent dose-dependent relationship was
observed across all measured parameters, including motor
and sensory function scores, inflammatory cytokine
levels, oxidative stress indices, neurorepair factor
expression, histopathological scores and MAPK
phosphorylation ratios. In all cases, high-dose HES (100
mg/kg) produced the most pronounced effects, followed
by medium-dose (50 mg/kg) and low-dose (25 mg/kg)
HES, with statistically significant differences between
consecutive dose groups for most primary endpoints.

DISCUSSION

In this contusion SCI model, HES improved locomotor
performance and alleviated sensory hypersensitivity.
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These behavioral changes were accompanied by a
cytokine shift toward a less inflammatory profile, reduced
oxidative stress, fewer Ibal-positive microglia, increased
neurorepair-related factors and lower ERK1/2 and JNK
phosphorylation. These findings support an association
between HES-mediated functional improvement and
attenuation of inflammatory and stress-responsive
molecular changes after SCI. However, the present design
does not prove a direct causal sequence from MAPK
inhibition to cytokine rebalancing or neurological
recovery. Therefore, the MAPK-related findings should
be interpreted as a biologically plausible signaling
correlate rather than definitive mechanistic evidence. A
conservative working interpretation is that HES treatment
may reduce excessive ERK/JNK activation in parallel
with decreased microglial activation and a more favorable
inflammatory cytokine profile, thereby contributing to a
tissue environment that is more permissive for
neurological recovery.

Neurological recovery is the central endpoint of SCI
intervention and remains the focus of preclinical research
(Widerstrom-Noga, 2023). In the present study, high-dose
HES improved locomotor capacity, balance/coordination
and gait recovery while also attenuating mechanical
hypersensitivity and abnormal thermal responses. This
combined improvement in motor and sensory outcomes
suggests that HES may act on multiple components of the
secondary injury cascade. Previous studies have shown
that HES improves motor coordination in cerebral
ischemia—reperfusion models and reduces neufopathic
pain in sciatic nerve injury models (Keskin etfals 2025;
Wang et al., 2023). Building on these findings, the,current
results extend comparable motor “and Sensory
improvements to the SCI setting, thuspstrengthening the
functional rationale for HES in neUral injury/ Liu et al.
(2023) reported that hespéretin improved{SCI outcomes
mainly through Nrf2-mediatéd inhibition of NLRP3
inflammasome activations andypyroptosis, providing
important evidence for<amn antioxidant-pyroptosis axis.
Raguraman et al. further’supported the regenerative
potential of HES Af@ian in-vitro composite-based neural
regeneration model, “butthat design did not address
systemi¢ idesing, contusive SCI pathology, behavioral
recoveryyor ip~vivepinflammatory signaling (Raguraman
et al., 2024)¢ Compared with previous studies on HES and
its metabglite hesperetin in SCI, the present study
uniquely defonstrates simultaneous improvements in
both motor and sensory function and establishes a
coherent association between these functional benefits
and modulation of the ERK/INK-MAPK pathway.

In the present dataset, the day-7 spinal cord profile in SCI
mice favored pro-inflammatory signaling: TNF-o and IL-
1B were elevated, whereas IL-10 and TGF-B1 were lower
than in the Sham group. HES shifted these measures in
the opposite direction and simultaneously reduced Ibal-

Shengli Ma and Zhiliang Yan

positive microglia in the injured region. Together, these
findings indicate the attenuation of inflammatory
activation in the injured cord after HES treatment (Liu et
al., 2021). However, the current experiments do not
distinguish whether HES acts directly on microglia
(Hellenbrand et al., 2021) or indirectly through upstream
changes in tissue injury and redox stress (Abd Elmaaboud
et al., 2023); both remain plausible in the context of
contusion SCI.

MAPK readouts provide a biochemical correlation for
these tissue changes (Liu et al., 2022; Huang-etal., )2024;
Lin et al., 2025). SCI increased ERK1/2 “and JINK
phosphorylation, whereas the total @8RK1/2 and JNK
levels did not differ among 4R€p groups? After HES
treatment, both phosphorylatign satios) decreased and the
high-dose group showedgreductions exceeding 70%,
relative to SCI. This change was observed at the level of
phosphorylatiopsfather’ thah, the total protein abundance,
suggesting mtodulation of pathway activation. Whether
this MAPK change’is required for cytokine and microglial
effects cannot beeoncluded from the present design and
would require direeftesting with pathway inhibitors or
genetic approaches’(Lim et al., 2022; Abd Elaleem et al.,
2025).<Fhis limitation is particularly relevant because
MAPK “activation may function either upstream of
cytekine production or as a downstream response to tissue
injury, oxidative stress and glial activation (Huang et al.,
2024; Lin et al, 2025; Zeng and Zeng, 2025).
ALcordingly, the observed decrease in ERK/INK
phosphorylation should not be interpreted as proof that
MAPK inhibition is the primary mechanism of HES.
Instead, it identifies ERK/INK-MAPK signaling as a
candidate pathway that warrants direct validation in future
studies using pharmacological blockade, genetic
manipulation, or time-course analyses. The focus on
ERK/INK-MAPK should therefore be interpreted in
comparison with, rather than in opposition to, other
secondary injury mechanisms. Ferroptosis, apoptosis and
autophagy are highly relevant to neuronal survival, glial
responses and tissue preservation after SCI, but the
present study did not include iron metabolism markers,
caspase activation assays, LC3/p62 flux analysis, or
pathway-specific rescue experiments. These mechanisms
therefore cannot be excluded as contributors to the
protective effects of HES. The current data support a
narrower conclusion: HES treatment was associated with
suppression of excessive stress-responsive  MAPK
phosphorylation and rebalancing of the inflammatory
microenvironment, while its effects on defined cell death
programs require direct validation in subsequent
mechanistic studies (Zeng and Zeng, 2026).

This study has several limitations. First, only a moderate
contusion model was used, whereas clinical SCI included
diverse injury patterns, such as transection, compression
and ischemia (Barbiellini Amidei et al., 2022); validation
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across additional models is important for generalizability.
Second, the outcomes were assessed up to postoperative
day 21 and long-term functional recovery and safety with
prolonged administration were not evaluated. Third,
although MAPK signaling was associated with HES
protection, pathway-specific inhibitors or genetic
approaches were not used for reverse validation. Fourth,
this study did not include a clinically used neuroprotective
agent as a positive comparator, which limits direct
comparison of therapeutic efficacy. Methylprednisolone,
the only FDA-approved drug for acute SCI, has
significant systemic side effects and narrow therapeutic
window and its clinical use remains controversial. Future
head-to-head studies comparing HES with standard-of-
care agents will be needed to further define its
translational potential. Finally, microglial activation was
assessed using Ibal, a general microglial marker that does
not distinguish between pro-inflammatory (M1) and anti-
inflammatory (M2) phenotypes. Future studies using
double immunofluorescence staining for M1/M2-specific
markers will be needed to further characterize the effects
of HES on microglial polarization. Additionally, some
intra-group variability was observed in behavioral and
biochemical measurements, which is common in
preclinical SCI studies due to inherent biological variation
in injury severity and individual animal responses,
However, the consistent dose-dependent effects across
multiple independent endpoints and the statistically
significant differences between groups support the
robustness of these conclusions.

CONCLUSION

HES improved motor and sensory outcomeshafter SCI in
mice and was accompanied by reduced < imicroglial
activation, rebalanced inflammatory cytokihes, attenuated
oxidative stress, increased‘Meurorepair-related factors and
lower ERK1/2 and JNK phgsphorylation. These results
suggest that HES mayahélp reshape the inflammatory
microenvironment after<jeontusive SCI and identify
ERK/INK-MAPK signalingyas a candidate pathway
associated with this\effect. However, pathway-specific
experiments are still required to confirm whether MAPK
modulatiofpisynecessary for the observed neuroprotective
benefits.
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