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ABSTRACT

Spinal cord injury (SCI) is a serious neurological trauma causing permanent functional
impairments. This retrospective study (2022-2024) of 80 SCI patients examined dynamic protein
changes during neural repair and their link to peripheral inflammatory mediators.

Before and at 2 and 4 weeks after treatment, patients' spinal cord function was assessed with
the American Spinal Injury Association (ASIA) impairment scale. Motor nerve conduction velocities
(MCV) and sensory nerve conduction velocities (SCV) were measured. Enzyme-linked
immunosorbent assay (ELISA) was used to quantify serum levels of pro-inflammatory cytokines
intetleukin-6 (IL-0), intefleukin-17 (IL-17), and tumor necrosis factor-a (TNF-a), alongside
neurotrophic factors basic fibroblast growth factor (bFGF), mature brain-derived neurotrophic
factor (mBDNF), neutotrophin-3 (NT-3), and neurotrophin-4 (N'T-4). Patients' self-care abilities
were evaluated with the Functional Independence Measure (FIM) scale and quality of life with the
Wortld Health Organization Quality of Life-Brief Version (WHO-QOL-BREF) scale.

During treatment, ASIA sensory and motor scores improved significantly. MCV and SCV of
median, ulnat, tibial, and common peroneal nerves increased significantly. The levels of pro-
inflammatory cytokines IL-6, IL-17, and TNF-a decreased significantly, while the serum levels of
neurotrophic factors bFGF, mBDNF, NT-3, and NT-4 increased significantly. There was a
significant negative cortelation between pro-inflammatory cytokines and neurotrophic factors at 2
and 4 weeks after treatment, which was stronger at 4 weeks. FIM and WHO-QOL-BREF scores
also improved significantly with treatment time.

These findings suggest a close interaction between the dynamic changes in key proteins and
systemic inflammatory profiles during neural repair after SCL

Keywords:  Inflammation mediators; Neural conduction; Neuroimmunomodulation; Spinal
cord injuries

INTRODUCTION
While the general interplay between neurotrophic
factors and cytokines after spinal cord injury (SCI) is
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well recognized, the existing literature largely relies on
cross-sectional designs, single-factor analyses, or
preclinical animal models. Consequently, the time-
dependent, quantitative relationship between the
dynamic changes of multiple key proteins and the
evolving peripheral inflammatory response—and how
this relationship directly correlates with measurable
functional recovery in patients—remains poorly
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defined. This study provides three specific innovations:
(1) it is the first to simultaneously track the longitudinal
changes (baseline, 2 weeks, 4 weeks) of four
neurotrophic factors (BDNF, bFGF, NT-3, NT-4) and
three pro-inflammatory cytokines (IL-6, IL-17, TNF-a)
in a relatively large (N=80), homogeneous cohort of SCI
patients receiving standardized treatment; (2) it
quantifies a progressively strengthening negative
correlation between cytokine and neurotrophic factor
levels from 2 to 4 weeks; and (3) it establishes a time-
resolved, quantitative framework that links these
systemic biomarkers directly to clinically meaningful
improvements in ASIA scores, nerve conduction
velocities, functional independence, and quality of life
(WHO-QOL-BREF). These findings advance the field
by providing clinical evidence for neuro-immune
modulation, thereby offering a more precise theoretical
foundation for future targeted interventions.

Spinal cord injury (SCI) is a condition caused by
trauma, tumors, or inflammation that damages the
integrity and continuity of the spinal cord, leading to the
dysfunction of motor, sensory, and autonomi¢ systems. !
Currently, millions of people worldwide are suffering
from the pain inflicted by SCI.? The.incidence of SCI
continues to rise globally, imposing immeasurable
losses on individual patients and society.> SCI can be
divided into two stages: the acute phase and the subacute
phase. During the acute phase, due to physical injury,
cells at the injured site undergo disintegration, necrosis,
and apoptosis, accompanied by vascular rupture and
tissue edema.* In the subacute stage, secondary tissue
damage follows the. initial acute phase. Meanwhile, a
notable infiltration of macrophages, T lymphocytes,
microglial cells, and neutrophils into the lesion site takes
place. This cellular influx compromises the blood-spinal
cord barrier's integrity, induces substantial release of
inflammatory mediators, and. initiates a series of
inflammatory cascades that contribute to secondary
damage.® Secondary SCI further impedes synaptic
remodeling and neural circuit regeneration, becoming
one of the major obstacles to SCI repair.® In addition,
SCI patients not only face challenges related to motor
and sensory dysfunction but are also highly susceptible
to severe complications such as respiratory system
infections, urinary system infections, and deep vein
thrombosis.” These complications significantly shorten
the patients' average lifespan and drastically reduce their
quality of life.
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At present, the main treatment strategies for SCI
involve  pharmacological  treatments,  surgical
operations, rehabilitation therapy, and cell therapy,
among others. In terms of pharmacological treatment,
neuroprotective agents and anti-inflammatory drugs are
used to mitigate inflammation and protect neural tissue.®
Surgical interventions primarily involve spinal
decompression surgery to remove bone fragments or
intervertebral disks that compress the spinal cord,
maintaining spinal stability and preventing further
injury.” Rehabilitation therapy aims to help patients
restore function through methods such as physical
therapy —and functional —electrical ~stimulation. '’
Additionally, cell therapy, as an emerging treatment
approach, involves transplanting stem cells to promote
neural regeneration and functional recovery.!' Despite
the numerous breakthroughs in neuroscience achieved
by modern medicine, the issue of neural repair following
SCI remains a major challenge. The core obstacle lies in
the extremely limited inherent regenerative capacity of
the central nervous system.!? Although current clinical
treatment methods«for SCI can alleviate patients'
symptoms to a certain extent, the recovery of neural
function in patients is still far from satisfactory.

Delving into the pathophysiological mechanisms
following SCI is essential for identifying effective
treatment strategies. In this process, key proteins
involved in neural repair and the immune
microenvironment play crucial roles. Key neural repair
proteins, such as brain-derived neurotrophic factor
(BDNF), basic fibroblast growth factor (bFGF),
neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4), are
indispensable regulators in processes such as the
survival, differentiation, migration, axonal growth, and
synapse formation of neural cells.’*"> The immune
microenvironment also exerts a dual role in the
pathophysiological process after SCI. Following SCI,
the body's immune system is rapidly activated, with a
large influx of immune cells into the injured area,
leading to drastic changes in the immune
microenvironment.'® In the initial phase of injury, pro-
inflammatory cells, primarily neutrophils and M1-type
macrophages, rapidly accumulate. They participate in
clearing damaged tissues and pathogens by releasing
pro-inflammatory cytokines, including interleukin-6
(IL-6), interleukin-17 (IL-17), and tumor necrosis
factor-o. (TNF-a), as well as reactive oxygen species.
However, an excessive inflammatory response can result
in secondary injury, exacerbating neural cell death and
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loss of neural function.!” Over time, the increasing
number of M2-type macrophages, which secrete anti-
inflammatory cytokines, can mitigate the inflammatory
response and promote tissue repair and neural
regeneration.'® Nevertheless, our current understanding
of how the immune microenvironment collaborates with
key proteins to regulate the neural repair process
remains relatively limited. The dynamic changes in
neurotrophic factors are not independent of the immune
microenvironment; instead, they exhibit a complex and
intricate interrelationship. Inflammatory factors within
the immune microenvironment can modulate the
expression and function of key neural repair proteins
through various signaling pathways. Conversely,
alterations in neurotrophic factors can influence the
activity, differentiation, and migration of immune cells,
thereby changing the state of the immune
microenvironment.'*?! This interaction permeates the
entire pathophysiological process after SCI, presenting
distinct characteristics and roles at different stages,
jointly determining the progression and outcome of
neural repair. Elucidating the interplay mechanisms
between the fluctuations of key proteins and the immune
microenvironment not only aids in_obtaining a more
thorough and profound comprehension of the
pathophysiological mechanisms subsequent to SCI, but
also offers a theoretical foundation for pinpointing novel
therapeutic targets and devising groundbreaking
treatment approaches:

Based on the aforementioned background, this study
hypothesizes that there is a close association between the
dynamic changes .in key proteins and systemic
inflammatory mediator levels during the neural repair
process following SCI. This interaction is expected to
influence patients' neural function recovery, self-care
abilities, and quality of life. The study enrolled 80
patients with SCI who received conventional treatment
and rehabilitation.  It.is anticipated that during the
treatment process, indicators such as patients' spinal
cord function and nerve conduction velocity will
significantly improve. Additionally, the levels of pro-
inflammatory cytokines are expected to decrease and
show a significant negative correlation with
neurotrophic factors. Patients' self-care abilities and
quality of life are also anticipated to enhance. This will
provide a theoretical basis for developing targeted
intervention strategies targeting key proteins and the
immune microenvironment. It holds promise for
improving the neural function recovery outcomes of SCI

patients, enhancing their self-care abilities and quality of
life, and offering a new direction for the clinical
treatment and rehabilitation of SCI.

MATERIALS AND METHODS

The research is a retrospective clinical study. This
retrospective design was chosen as an initial,
exploratory approach to identify dynamic patterns and
correlations between key proteins and immune markers
in a real-world /clinical cohort receiving standardized
treatment. While prospective studies are better suited for
mechanistic inference; retrospective analysis of existing
clinical data allows for the generation of hypotheses
regarding potential interactions that can be tested in
future prospective trials. Data collection and analysis
were performed by researchers who-did not participate
in the treatment of the patients. A total of 80 patients
with SCL.admitted to our hospital's SCI Rehabilitation
Department from January 2022 to December 2024 were
included. Conventional treatment and rehabilitation
were given to all the patients. Nerve potential-related
indicators were examined using an electromyography-
evoked potential instrument. Serum levels of
inflammatory cytokines and neurotrophic factors were
measured. Additionally, the patients' self-care abilities
and quality of life were evaluated. The study flowchart
is shown in Figure 1.
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Assessed for eligibility (n=105)

Exclude patients (n=25)

(D Patients with severe disorders or chronic diseases of vital
organs such as the heart, brain, liver, kidneys, or lungs;

(@ Patients with conditions affecting neurological examinations,
such as neuropathic pain, limb spasticity, or heterotopic
ossification of joints;

(3 Patients with tumors or tumor metastases;

(@ Patients with compound injuries (e.g.. brain trauma,
thoracoabdominal organ injuries), unstable vital signs, or
|mpa1red CONSCIOUSNEss;

() Patients with a history of central nervous system diseases;
(® Patients with incomplete clinical data.

| Patients with spinal cord injury (n=80)

| Clinical data were collected before and after 2 and 4 weeks of treatment

l

Analysis

nerves using KEY-PONT:

(1) Assess spinal cord sensory/motor functions via ASIA scale:
(2) Measure MCV/SCV of median, ulnar, tibial, and common peroneal

(3) Detect serum IL-6, IL-17, TNF-u levels by ELISA;

(4) Detect serum mBDNE, BFGF, NT-3, NT-4 levels by ELISA;
(5) Evaluate daily living self-care with FIM scale;

(6) Assess quality of life using WHO-QOL-BREF.

Figure 1. Retrospective study design flowchart. ASIA: American Spinal Injury Association; MCV: motor nerve conduction
velocity; SCV: sensory nerve conduction velocity; I1L-6: interleukin-6; IL-17: interleukin-17; TNF- & : tumor necrosis factor-

a ; ELISA: enzyme-linked immunosorbent assay; mBDNF: mature brain-derived neurotrophic factor; bFGF: basic fibroblast
growth factor; NT-3: neurotrophin-3; NT-4: neurotrophin-4; FIM: Functional Independence Measure; WHO-QOL-BREF:

World Health Organization Quality of Life-Brief Version.

Inclusion Criteria

The inclusion criteria were: (1) age > 18 years; (2)
time from injury to-hospital visit < 24 hours; (3) physical
examination reveals forced posture, tenderness over
spinous processes, and abnormal sensory and motor
functions in the trunk and limbs, or the presence of
pathological reflexes, and imaging examinations show
spinal cord compression, edema, hematoma around the
spinal cord, accompanied by spinal fractures or
dislocations, narrowing of the intervertebral space, etc.,
confirming the diagnosis of SCI; and (4) no history of
spinal surgery or fractures within the past 2 years.

Exclusion Criteria

The exclusion criteria were: (1) patients with severe
dysfunction or chronic diseases of vital organs such as
the heart, brain, liver, kidneys, or lungs; (2) patients with
conditions affecting neural function examination, such
as neuropathic pain, limb spasticity, or heterotopic
ossification around joints; (3) patients with tumors or
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tumor metastases; (4) patients with compound injuries
such as traumatic brain injury, thoracoabdominal organ
injuries, unstable vital signs, or altered consciousness;
(5) patients with a previous history of central nervous
system diseases; and (6) patients with incomplete
clinical data.

Ethical Statement

This study is a retrospective clinical research project
that strictly adheres to the ethical principles outlined in
the Declaration of Helsinki.?> The research plan has
gained the endorsement of the Jinan Central Hospital
ethics review board (approval No. KY-20200551).
During the study, only de-identified, anonymous
historical clinical data were used, and no additional
interventions were imposed on the patients. All data
were stored and managed in an encrypted database,
accessible only to authorized researchers. Considering
the characteristics of this research and the data
protection measures put in place, this research poses no
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additional risks to the participating patients or risks of
privacy breaches.

Sample Size Calculation

In this study, a repeated measures analysis of
variance (ANOVA) design was employed to compare
differences in neural function recovery across three time
points. Based on sample size estimation using G¥*Power
3.1 software,?® with a medium effect size (effect size
/=0.25), a significance level (0=0.05, two-tailed), and a
test power (power=0.95) set for a single-group repeated
measures design (with 3 time points and an intraclass
correlation coefficient 1CC=0.3), the minimum
theoretical sample size was calculated to be 60 cases.
However, this ideal estimate does not account for
missing data, interpatient variability, or biomarker noise.
After inflating the sample size by 20% to 25% to
accommodate these factors, the required sample size
increased to approximately 75 to 80 participants. This
study ultimately included 80 subjects, which meets this
more conservative requirement and ensures adequate
statistical power.

Research Design

Symptomatic treatment was administered based on
the patients' symptoms, physical signs, and examination
results. For patients experiencing difficulty or labored
breathing, routine oxygen inhalation was provided.
Those with cervical spinal cord injuries at the mid-to-
upper cervical levels received endotracheal intubation
and mechanical ventilation. Dehydrating agents such as
mannitol or(furosemide were used to treat spinal cord
edema, and steroidal hormones like methylprednisolone
were employed for the treatment of acute SCI. For spinal
fractures and dislocations, surgical intervention was
considered based on imaging examination findings.
Antibiotics were used as appropriate for anti-infective
treatment. Additionally, hyperbaric oxygen therapy
(HBOT) was administered using a medical air
hyperbaric oxygen chamber (Model: YC320J-X;
Manufacturer: Yantai Moon Hyperbaric Oxygen
Chamber Co., Ltd.). Patients undergoing hyperbaric
oxygen therapy were accompanied and monitored by
physiotherapists. The chamber pressure was set at 0.2
MPa. All patients receiving hyperbaric oxygen therapy
wore masks and inhaled pure oxygen in two 30-minute
sessions, with a 5-minute break in between. The
treatment was administered once daily for a duration of
4 weeks.? In addition to hyperbaric oxygen therapy, all

patients received a standardized, multimodal
rehabilitation program. The program included: (1)
physical therapy (range of motion exercises, trunk and
limb strengthening, balance and transfer training); (2)
occupational therapy (training in activities of daily
living, self-care, and fine motor skills); and (3)
functional electrical stimulation (applied to affected
limb muscles to maintain muscle mass and promote
motor recovery). Rehabilitation sessions were
conducted once daily, 5 days per week, for 4 weeks, each
session lasting 45 to 60 minutes at moderate intensity.
The same rehabilitation protocol was applied to all
enrolled patients to ensure-consistency. All baseline
measurements were performed upon admission to the
rehabilitation department after initial acute-phase
management, not within 24 hours post-injury.

Observation Indicators

(1) American Spinal Injury Association (ASIA)
Impairment Scale:>® The ASIA Impairment Scale was
used to evaluate patients' spinal cord function, including
sensory function scores and motor function scores. The
sensory function score has a maximum of 112 points,
and the motor function score has a maximum of 100
points: Higher scores indicate better spinal cord function
in patients.

(2) Nerve potential-related indicators: Before and
after treatment, patients were examined using the KEY-
PONT electromyography-evoked potential instrument
(Medtronic, USA) to measure motor nerve conduction
velocity (MCV) and sensory nerve conduction velocity
(SCV) of the median nerve, ulnar nerve, tibial nerve, and
common peroneal nerve.?® Limb skin temperature was
maintained at 32°C to 34°C using a warm blanket or
infrared lamp, and monitored with a surface
thermometer, as temperature variations can significantly
affect nerve conduction parameters. Limb positioning
was standardized for each nerve tested, with the limb
fixed in a neutral position to avoid artificial nerve
elongation or compression. All electrophysiological
examinations were performed by the same two trained
technicians, who were blinded to the patients’ clinical
status and treatment time points. Inter-examiner
variability was minimized through pre-study training
and a standardized testing protocol. The KEY-PONT
electromyography-evoked potential instrument was
calibrated weekly using a built-in calibration function
and validated with a biological signal simulator (Natus
Neurology, USA).
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(3) Serum inflammatory cytokine levels: Before and
after the treatment, 5 mL of fasting venous blood was
drawn from each patient. The blood underwent
centrifugation at 3000 r/min for 10 minutes, and the
supernatant was retained. Enzyme-linked
immunosorbent assay (ELISA) kits produced by
Shanghai Enzyme-linked Biotechnology Co., Ltd. were
used to detect the levels of IL-6, IL-17, and TNF-a. The
operations strictly followed the kit instructions. The
detection instrument was the iMark fully automated
microplate reader from Bio-Rad, USA. The detection
sensitivities of the IL-6, IL-17, and TNF-a kits were all
<1 pg/mL.

(4) Serum neurotrophic factor levels: The levels of
mature brain-derived neurotrophic factor (mBDNF),
basic fibroblast growth factor (bFGF), neurotrophin-3
(NT-3), and neurotrophin-4 (NT-4) in peripheral blood
were detected using the ELISA method, and the kit has
no significant cross-reactivity with pro-BDNF (<0.1%
as reported by the manufacturer). The mBDNF and
bFGF ELISA kits were purchased from Shanghai
Sangon Biotech Co., Ltd., with sensitivities both less
than 1 pg/L. The NT-3 and NT-4 ELISA kits were from
Shanghai Yeasen Biotechnology Co: Ltd., with
sensitivities of 22.17 ng/L each! Data reading and
analysis were performed using the fully automated
microplate reader (Model: iMark) produced by Bio-Rad,
USA.

(5) Self-care ability: The Functional Independence
Measure (FIM) scale?” was. used to assess patients' self-
care ability, with a total score ranging from 0 to 126
points.

(6) Quality of life: The World Health Organization
Quality of Life-Brief Version(WHO-QOL-BREF)*
was used to assess patients' quality of life, with a total
score ranging from 0 to 100 points. The score is
positively correlated with patients' quality of life.

Quality Control for ELISA Measurements

To ensure the reliability ‘and reproducibility of the
ELISA results, strict quality control procedures were
implemented. Standard curves for IL-6, IL-17, TNF-q,
bFGF, mBDNF, NT-3, and NT-4 were generated using
serial dilutions of recombinant proteins provided in each
kit. All calibration curves yielded a coefficient of
determination (R?)>0.99. Intra-assay coefficients of
variation (CVs) were determined by analyzing each
sample in triplicate, and inter-assay CVs were assessed
by measuring the same control samples across three
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independent runs. Intra-assay CVs were <8% for all
analytes, and inter-assay CVs were <10%. Before
centrifugation, all blood samples were inspected for
visible hemolysis; no visibly hemolyzed samples were
included. Serum samples were immediately separated,
aliquoted, and stored at —80°C until analysis, and all
samples underwent no more than one freeze-thaw cycle.
These procedures ensure the reproducibility of the
cytokine and neurotrophic factor measurements reported
in this study. Manufacturer-validated cross-reactivity
among mBDNF, NT-3, and NT-4 kits was all <0.5%,
confirming assay specificity.

Statistical Analysis

Data analysis was conducted using SPSS 25.0
statistical software (IBM, USA). Measurement data,
such as ASIA scores, nerve potential-related indicators,
serum inflammatory cytokine levels, and serum
neurotrophic factor levels, were confirmed to follow a
normal distribution through the Shapiro-Wilk test and
were expressed as mean£standard deviation. Repeated
measures ANOVA .was used for comparisons across
time points, with the Greenhouse-Geisser correction
applied if sphericity was violated. Pearson correlation
analysis was conducted to assess the relationship
between serum inflammatory cytokine and neurotrophic
factor levels. All tests were two-tailed, with p<0.05
indicating statistical significance.

RESULTS

Baseline Data of Patients

Baseline characteristics of patients with SCI are
outlined. Among the patients, there were 48 males
(60.00%) and 32 females (40.00%). The mean age was
45.36 years, the average body mass index (BMI) was
22.44 kg/m?, and the mean time from injury to hospital
presentation was 6.25 hours. The main causes of injury
were traffic accidents (32.50%) and falls from heights
(26.25%). Patients with underlying medical conditions
such as hypertension, hyperlipidemia, and diabetes
accounted for 10.00%, 11.25%, and 7.50% of the cohort,
respectively, while 36.25% of the patients were
smokers. The distribution of injury segments was as
follows: cervical spine (30.00%), thoracic spine
(27.50%), lumbar spine (23.75%), and sacral spine
(18.75%). These characteristics are summarized in
Table 1.
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Dynamic Changes of Patients' ASIA Scores

Spinal injury scale outcomes before and after
intervention are compared. Before treatment, the
patients' ASIA sensory score was 45.66+4.85, and the
motor score was 35.46+4.20. After 2 weeks of treatment,
the sensory score increased to 53.44+6.09, and the motor
score increased to 42.15+4.12. After 4 weeks of
treatment, the sensory score further improved to

66.75£8.19, and the motor score increased to
48.66+4.41. Repeated measures ANOVA revealed that
the effect of time on both the ASIA sensory score
(F=226.241; p<0.001) and motor score (F=185.523;
p<0.001) was significant, indicating a significant
improvement in the patients' sensory and motor
functions over time. The scores are detailed in Table 2.

Table 1. Baseline characteristics of patients with spinal cord injury

Variables

Patients with SCI (N=80)

Gender, n (%)

Male 48 (60.00)
Female 32 (40.00)
Age, mean£SD, y 45.36+6.24
BMI, mean+SD, kg/m? 22.44+£2.12
Time from injury to presentation, mean+SD, h 6.25+2.44

Causes of injury, n (%)
Car accidents 26 (32.50)
Falls from heights 21 (26.25)
Heavy object injuries 16 (20.00)
Sports injuries 17 (21.25)
Underlying medical condition, n (%)
Hypertension 8 (10.00)
High blood lipids 9 (11.25)
Diabetes 6 (7.50)
Smoking history, n (%)
Yes 29 (36.25)
No 51 (63.75)
SCI segment, n (%)
Cervical segment 24 (30.00)
Thoracic segment 22 (27.50)
Lumbar segment 19 (23.75)
Sacral segment 15 (18.75)

BMI: body mass index; SCI: spinal cord injury.

Table 2. Dynamic changes of patient ASIA scores

Time ASIA sensory score ASIA motor score
Pretreatment 45.66+4.85 35.46+4.20

2 weeks posttreatment 53.44+6.09 42.15+4.12

4 weeks posttreatment 66.75+8.19 48.66+4.41

Test Repeated-measures ANOVA Repeated-measures ANOVA
F 226.241 185.523

p <0.001 <0.001

partial 7> 0.741 0.701

ANOVA: analysis of variance; ASIA: American Spinal Injury Association.
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Dynamic Changes of Nerve Potential Related
Indicators in Patients

Motor nerve potential changes are detailed. For the
median nerve, the MCV values were 36.87+2.83 m/s,
42.5543.65 m/s, and 47.77+4.12 m/s respectively; for
the ulnar nerve, they were 36.57+2.49 m/s, 42.35+3.78
m/s, and 46.81+4.22 m/s; for the tibial nerve, the values
were 29.86+3.85 m/s, 37.65+4.29 m/s, and 45.55+5.38
m/s; and for the common peroneal nerve, they were
30.83+3.45 m/s, 41.55+5.01 m/s, and 49.89+5.42 m/s.
Repeated-measures ANOVA revealed that time had a
significant effect on the MCV of the median nerve
(F=166.686; p<0.001), ulnar nerve (F=157.291;
p<0.001), tibial nerve (F=267.777; p<0.001), and
common peroneal nerve (F=350.439; p<0.001),
indicating a significant improvement in the patients'
motor nerves during the treatment process. These
findings are presented in Table 3.

Sensory nerve potential changes are detailed. For the
median nerve, the SCV values were 37.63+2.:68 m/s,
42.02+4.21 m/s, and 48.67£5.32 m/s respectively; for
the ulnar nerve, they were 36.81£2.75 m/s, 44.7743.95
m/s, and 51.65+4.78 m/s; for the tibial-nerve, the values
were 32.33+3.57 m/s, 41.66+5.74-m/s, and 47.56+5.77
m/s; and for the common peroneal nerve, they were
35.62+4.25 m/s, 45.72+5.21 m/s, and 52.21+6.12 m/s.
Repeated-measures ANOVA demonstrated that time
had a significant effect on the SCV of the median nerve
(F=136.187; p<0.001), ‘ulnar nerve (F=292.665;

p<0.001), tibial nerve (F=162.332; p<0.001), and
common peroneal nerve (F=199.866; p<0.001),
indicating a noticeable recovery in the patients' sensory
nerves during the treatment. These findings are
presented in Table 4.

Dynamic Changes of Serum Inflammatory Factor
Levels in Patients

Inflammatory« cytokine levels over time are
compared. Before treatment, the serum levels of IL-6,
IL-17, and TNF-a in patients were 18.1943.21 pg/mL,
28.88+3.56. pg/mL;. _ and - 23.45+3.51 pg/mL,
respectively. After 2 weeks of treatment, the levels of
IL-6 decreased to 13.34+2.15 pg/mL; IL-17 decreased
to 21.35+1.65 pg/mlL, and TNF-a decreased to
17.66+2.15 pg/mL. By the 4th week of treatment, IL-6
further declined to 8.78+2.62 pg/mL, IL-17 decreased to
13.0742:21 pg/mL, and TNF-a decreased to 11.23+£2.75
pg/mL. Repeated-measures ANOV A demonstrated that
time had a statistically significant effect on the levels of
IL-6 (£=232.770;- p<0.001), IL-17 (F=761.306;
p<0.001), and TNF-a (F=387.465; p<0.001). This
indicates that the treatment can significantly reduce the
levels of pro-inflammatory cytokines such as IL-6, IL-
17, and TNF-a, thereby alleviating the inflammatory
cascade reaction following nerve injury and creating a
favorable microenvironment for nerve repair. These
profiles are shown in Table 5.

Table 3. Dynamic changes of patient motor nerve conduction velocity (MCV)

Time Median nerve, m/s Ulnar nerve, m/s Tibial nerve, m/s Common peroneal
nerve, m/s

Pretreatment 36.87+2.83 36.57+2.49 29.86+3.85 30.83+£3.45

2 weeks 42.5543.65 42.35+3.78 37.65+4.29 41.55+5.01

posttreatment

4 weeks 47.77+4.12 46.81+4.22 45.5545.38 49.89+5.42

posttreatment

Test Repeated-measures Repeated-measures Repeated-measures Repeated-measures

ANOVA ANOVA ANOVA ANOVA

F 166.686 157.291 267.777 350.439

)4 <0.001 <0.001 <0.001 <0.001

partial 7> 0.678 0.666 0.772 0.816

ANOVA: analysis of variance; MCV: motor nerve conduction velocity.
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Table 4. Dynamic changes of patient sensory nerve conduction velocity (SCV)

Time Median nerve, m/s Ulnar nerve, m/s Tibial nerve, m/s Common peroneal
nerve, m/s

Pretreatment 37.63+2.68 36.81+2.75 32.33+3.57 35.6244.25

2 weeks 42.02+4.21 44.77£3.95 41.66+5.74 45.72+5.21

posttreatment

4 weeks 48.67+5.32 51.65+4.78 47.56+5.77 52.2146.12

posttreatment

Test Repeated-measures Repeated-measures Repeated-measures Repeated-measures

ANOVA ANOVA ANOVA ANOVA

F 136.187 292.665 162.332 199.866

)4 <0.001 <0.001 <0.001 <0.001

partial 7 0.633 0.787 0.673 0.717

ANOVA: analysis of variance; SCV: sensory nerve conduction velocity.

Table 5. Dynamic changes of patient serum inflammatory factor levels

Time IL-6, pg/mL IL-17, pg/mL TNF-a, pg/mL
Pretreatment 18.19+£3.21 28.88+3.56 23.45+3.51

2 weeks posttreatment 13.34+2.15 21.35+1.65 17.66+2.15

4 weeks posttreatment 8.78+2.62 13.07+2.21 11.23£2.75

Test Repeated-measures ANOVA Repeated-measures ANOVA Repeated-measures ANOVA
F 232.770 761.306 387.465

P <0.001 <0.001

partial 7 0.746 0.831

ANOVA: analysis of variance; IL-6: interleukin-6; IL-17: interleukin-17; TNF-a: tumor necrosis factor-a.

Dynamic Changes of Serum Neurotrophic Factor
Levels in Patients

Neurotrophic factor changes. are examined. The
results indicate that before treatment, the serum levels
of bFGF, mBDNF, NT-3, and NT-4 in patients were
8.224+0.75 pg/L, 3.52+0.75 pg/L, 3522.45+185.63 ng/L,
and 6033.43+175.22 ng/L, respectively. After 2 weeks
of treatment, the levels of bFGF increased to 11.17+1.11
ng/L, mBDNF increased to 6.25+1.03 pg/L, NT-3
increased to 4223.44+246.74 ng/L, and NT-4 increased
to 7144.25+£188.65 ng/L. By the 4th week of treatment,
bFGF further rose to 16.33+1.76 pg/L, mBDNF rose to
8.33+1.24 pg/L, NT-3 rose to 5612.66+278.44 ng/L,
and NT-4 rose to 8964.33+222.44 ng/L. Repeated-
measures ANOVA demonstrated that time had a
statistically significant effect on the levels of bFGF
(F=889.575; p<0.001), mBDNF (F=436.161; p<0.001),
NT-3 (F=1739.837; p<0.001), and NT-4 (F=4521.282;
p<0.001). This indicates that the serum neurotrophic
factor levels of patients significantly increased during

the treatment process, suggesting that the treatment may
promote the synthesis and release of neurotrophic
factors by glial cells or neurons through activating
relevant signaling pathways, thereby accelerating the
growth of nerve axons and the reconstruction of synaptic
connections. This potentially forms a relationship with
the improvement in patients' ASIA scores. These
changes are shown in Table 6.

Pearson correlation analysis between serum
inflammatory cytokine levels and neurotrophic factor
levels in patients after 2 weeks of treatment was
performed. The results show that IL-6 is significantly
negatively correlated with bFGF, mBDNF, NT-3, and
NT-4 (Pearson r values are —0.567, —0.609, —0.585, and
—0.597 respectively, all p values<0.001). Similarly, IL-
17 is significantly negatively correlated with bFGF,
mBDNF, NT-3, and NT-4 (Pearson r values are —0.732,
—0.733, -0.729, and —0.697 respectively, all P
values<0.001), as is TNF-o (Pearson r values are
—0.723, —0.718, —0.707, and —0.700 respectively, all P
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values<0.001). These correlations are presented in
Table 7.

Pearson correlation analysis between serum
inflammatory cytokine levels and neurotrophic factor
levels in patients after 4 weeks of treatment was
performed. The results reveal that IL-6 is significantly
negatively correlated with bFGF, mBDNF, NT-3, and
NT-4 (Pearson r values are —0.723, —0.738, —0.822, and
—0.764 respectively, all P values<0.001). Likewise, IL-
17 is significantly negatively correlated with bFGF,
mBDNF, NT-3, and NT-4 (Pearson r values are —0.756,
-0.742, —-0.676, and —0.734 respectively, all P
values<0.001), as is TNF-o (Pearson r values are
—0.775, —0.779, —0.830, and —0.789 respectively, all P
values<0.001). These correlations are presented in
Table 8.

Patient capacity to carry out daily activities is
evaluated. The results reveal that before treatment, the
patients' FIM score was 62.36+4.68. After 2 weeks of

treatment, the FIM score increased to 72.23+6.22, and
by the 4th week of treatment, it further improved to
81.4445.63. Repeated-measures ANOVA demonstrated
that time had a statistically significant effect on the FIM
score (F=240.492; p<0.001), suggesting a remarkable
enhancement in the patients' capacity to carry out daily
activities throughout the treatment. These scores are
presented in Table 9.

Quality of life outcomes over time are presented.
The results indicate that the pre-treatment WHO-QOL-
BREF score was 54.33+8.55. After 2 weeks of
treatment, the score increased to 62.45+5.45, and further
rose to_69:33+6.64 at-4 weeks of treatment. Repeated
measures ANOV A revealed that the effect of time on the
WHO-QOL-BREF score was statistically significant
(£=85.056; p<0.001), suggesting that the therapeutic
effect gradually emerged over time, leading to a
continuous improvement in the patients' quality of life.
These data are summarized in Table 10.

Table 6. Dynamic changes of patient serum neurotrophic factor levels

Time bFGF, pg/L mBDNF, pg/L NT-3, ng/L NT-4, ng/L

Pretreatment 8.22+0.75 3.52+0.75 3522.45£185.63 6033.43+175.22

2 weeks 11.171.11 6.25+1.03 4223.44+246.74 7144.25+188.65

posttreatment

4 weeks 16.33+1.76 8.33£1.24 5612.66+278.44 8964.33+£222.44

posttreatment

Test Repeated-measures Repeated-measures Repeated-measures Repeated-measures
ANOVA ANOVA ANOVA ANOVA

F 889.575 436.161 1739.837 4521.282

D <0.001 <0.001 <0.001 <0.001

partial1)® 0.918 0.847 0.957 0.983

ANOVA: analysis of variance; bFGF: basic. fibroblast growth factor; mBDNF: mature brain-derived neurotrophic factor; NT-3:

neurotrophin-3; NT-4: neurotrophin-4.

Table 7. Pearson correlation analysis of patient serum inflammatory cytokines and neurotrophic factors at 2 weeks

posttreatment

Cytokine Statistical metric bFGF mBDNF NT-3 NT-4

IL-6 Pearson r —0.567 —0.609 —0.585 —-0.597
D <0.001 <0.001 <0.001 <0.001

IL-17 Pearson r —0.732 —0.733 —-0.729 —0.697
)4 <0.001 <0.001 <0.001 <0.001

TNF-a Pearson r —0.723 -0.718 —-0.707 —0.700
D <0.001 <0.001 <0.001 <0.001

bFGF: basic fibroblast growth factor; IL-6: interleukin-6; IL-17: interleukin-17; mBDNF: mature brain-derived neurotrophic factor;

NT-3: neurotrophin-3; NT-4: neurotrophin-4; TNF-a: tumor necrosis factor-a.
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Table 8. Pearson correlation analysis of patient serum inflammatory cytokines and neurotrophic factors at 4 weeks

posttreatment

Cytokine Statistical metric bFGF mBDNF NT-3 NT-4

IL-6 Pearson r —0.723 —0.738 —0.822 —0.764
p <0.001 <0.001 <0.001 <0.001

IL-17 Pearson r —0.756 —0.742 —0.676 —0.734
p <0.001 <0.001 <0.001 <0.001

TNF-a Pearson -0.775 -0.779 —0.830 —0.789
p <0.001 <0.001 <0.001 <0.001

bFGF: basic fibroblast growth factor; IL-6: interleukin-6; IL-17: interleukin-17; mBDNE: mature brain-derived neurotrophic factor;

NT-3: neurotrophin-3; NT-4: neurotrophin-4; TNF-a: tumor necrosis factor-o.

Table 9. Dynamic changes of patient FIM scores

Time FIM score
Pretreatment 62.36+4.68
2 weeks posttreatment 72.2346.22
4 weeks posttreatment 81.44+5.63

Test Repeated-measures ANOVA
F 240.492

p <0.001

partial #° 0.753

ANOVA: analysis of variance; FIM: functional independence measure.

Table 10. Dynamic changes of patient WHO-QOL-BREF scores

Time WHO-QOL-BREF score
Pretreatment 54.3348.55
2 weeks posttreatment 62.45+5.45
4 weeks posttreatment 69.3346.64

Test Repeated-measures ANOVA
F 85.056

)4 <0.001

partial #° 0.518

ANOVA: analysis of variance; WHO-QOL-BREF: World Health Organization Quality of Life-Brief Version.

DISCUSSION

SCl is a serious neurological injury that usually leads
to sensory and motor dysfunction in patients, severely
impacting their quality of life and self-care abilities.?
With in-depth research into the mechanisms of SCI,
scholars have gradually come to recognize the
significance of inflammatory responses and the immune
microenvironment in the process of neural repair. The
repair following SCI not only involves the regeneration

Published by Tehran University of Medical

of neurons and functional restoration but is also closely
linked to complex immune reactions. This study
unveiled the dynamic changes in key proteins and their
interactions with the
thereby providing a theoretical basis for targeted
intervention strategies.

In the initial phase following SCI, the inflammatory
response is mainly triggered by tissue destruction and
cell death caused by the injury, encompassing a series of
processes such as vasodilation leukocyte

immune microenvironment,

and
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infiltration.® Leukocyte infiltration is the core

mechanism of the inflammatory response, with
neutrophils being the first immune cells to arrive at the
site of inflammation following tissue damage.’!
Neutrophils clear pathogens through phagocytosis while
simultaneously releasing enzymes like myeloperoxidase
and lysozyme, as well as reactive oxygen species,
forming neutrophil extracellular traps to capture
bacteria.’?> However, in the context of SCI, the excessive
activation of neutrophils and the release of harmful
substances may also damage adjacent neurons, leading
to axonal injury and blood flow disturbances.?
Subsequently, monocytes and macrophages infiltrate the
injured area, clearing cellular debris and pathogens
through phagocytosis and secreting various cytokines to
regulate the severity and duration of the inflammatory
response. The spontaneous apoptosis of neutrophils and
their subsequent phagocytosis by macrophages are
crucial for the resolution of inflammation. If neutrophils
survive excessively or are not cleared promptly, they
may continue to release pro-inflammatory factors,
leading to uncontrolled inflammation.>*
Pro-inflammatory cytokines, specifically IL-6, IL-
17, and TNF-q, can further promote the-development of
the inflammatory  response, < recruiting. more
inflammatory cells to the injured area and amplifying
inflammatory signals. Studies by Shipman et al*® and
Boehl et al*® have both demonstrated that individuals
with SCI exhibit higher levels of IL-6. As a cytokine that
plays a crucial role in the immune system, the abnormal
elevation of IL-6 following. SCI may indicate the
activation of the body's inflammatory response. This
inflammatory response could be one of the significant
factors contributing \to secondary injury after SCI,
potentially adversely affecting neural tissue through
various pathways, such as exacerbating neuronal
damage and inhibiting nerve regeneration. Tang et al*’
discovered that the IL-17 signaling pathway is highly
activated post-SCI and is involved in the inflammatory
cascade. Bone marrow mesenchymal stem cell-derived
exosomes (BMMSC-exos) can inhibit this pathway,
downregulate acyl-CoA synthetase long-chain family
member 4 (ACSL4) expression, and upregulate the
antioxidant enzymes glutathione peroxidase 4 (GPX4)
and xCT expression. This mechanism reduces lipid
peroxidation, elevates glutathione levels, ultimately
alleviates spinal cord pathological damage, and
promotes functional recovery. This finding reveals the
dual protective effects of BMMSC-exos in achieving
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anti-inflammatory and anti-ferroptosis  outcomes
through the regulation of the IL-17 pathway, providing
a theoretical basis for its use as an alternative treatment
for SCI and suggesting that the IL-17 pathway may be a
key target for SCI intervention. Bai et al®® utilized a
multi-omics method to investigate the impact of zinc
ions on the immune response in damaged spinal cord
tissue. Zinc ions were found to significantly regulate
TNF-a signaling molecules, reducing cell apoptosis and
inflammation after SCI by inhibiting the TNF-a
pathway. The study also constructed an immune atlas of
spinal cord tissue treated with zinc ions, revealing that
microglia-vexert anti-inflammatory effects through
suppressed TNF-a signaling. During the comprehensive
treatment of SCI patients, we kept a close eye on the
fluctuations of crucial pro-inflammatory factors within
their bodies. It was observed that the levels of three pro-
inflammatory cytokines, namely IL-6, IL-17, and TNF-
a, significantly decreased over the course of treatment.
This finding is in line with previous studies, highlighting
the essential role of inflammatory factors in SCI. The
abnormal elevation of inflammatory factors may be one
of the important factors contributing to a series of
pathophysiological changes after SCI, and effective
regulation of these factors through comprehensive
treatment holds positive significance for improving the
condition of SCI patients and promoting neural
functional recovery.

During the neural repair process subsequent to SCI,
the dynamic alterations of key proteins are of vital
significance to neuronal regeneration and functional
recovery.®® Neurotrophic factors are a category of
proteins that have the ability to boost the survival,
growth, and differentiation of neurons, and they are of
great significance in neural repair following SCL* In
this study, the neurotrophic factors identified encompass
mBDNF, bFGF, NT-3, and NT-4. The primary mode of
action of mBDNF is through its binding to the tyrosine
kinase receptor B (TrkB), which triggers the activation
of downstream signaling pathways.*! bFGF is a growth
factor with diverse biological functions. It not only
boosts neural stem cell proliferation and differentiation
but also facilitates angiogenesis, providing nutritional
support for neural regeneration.*” NT-3 and NT-4 are
also important neurotrophic factors that regulate
neuronal growth, differentiation, survival, as well as the
regeneration and myelination of nerve fibers by binding
to specific receptors.** Muheremu et al** demonstrated
that through the use of various cellular carriers, viral
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vectors, and tissue engineering scaffold technologies,
these crucial neurotrophic factors can be safely and
continuously delivered precisely to the injured site,
achieving satisfactory neural repair outcomes and
functional recovery in many cases. In our study, as the
treatment duration increased, the levels of mBDNF,
bFGF, NT-3, and NT-4 significantly rose, indicating
their active roles in neural repair after SCI. The
synergistic effects of these neurotrophic factors provide
a powerful driving force and material basis for neural
repair, thereby facilitating axonal growth and synaptic
reconstruction.

The dynamic changes in neurotrophic factors are not
independent of the immune microenvironment; instead,
they exhibit a complex and intricate interrelationship.
Inflammatory  factors  within  the immune
microenvironment can modulate the expression and
function of key neural repair proteins through various
signaling pathways. Conversely, alterations in
neurotrophic factors can influence the activity,
differentiation, and migration of immune cells.'*?! This
interaction is reflected in the progressive strengthening
of the negative correlations observed over time between
pro-inflammatory cytokines (IL-6, 1L-17;. TNF-a) and
neurotrophic factors (bFGF, mBDNF, NT-3, NT-4)
from 2 to 4 weeks posttreatment. This reduction in pro-
inflammatory cytokine levels likely. alleviates the
damage caused by chronic inflammation to neural tissue,
establishing a favorable microenvironment to support
endogenous neural regeneration and functional
recuperation, while the  concurrent elevation . in
neurotrophic¢ factors. directly supports the survival and
growth of regenerated axons.*

In‘parallel with our correlational findings, several
experimental therapeutic strategies have been developed
to directly modulate the post-SCI immune
microenvironment. . Interleukin-10 (IL-10), a classic
anti-inflammatory cytokine, has shown neuroprotective
effects by polarizing microglia and macrophages toward
an M2 phenotype, reducing pro-inflammatory cytokine
release, and promoting axonal sparing.*®*” However, the
short half-life and potential systemic side effects of
exogenous IL-10 have prompted the development of
immune-modulating  biomaterials. For example,
injectable hydrogels or porous scaffolds functionalized
with IL-10, or with surface chemistry designed to adsorb
endogenous inflammatory mediators, can sustain local
delivery and create a pro-regenerative niche.*8%
Separately, exosome-based treatments—particularly

those derived from mesenchymal stem cells (MSC-
exos)—have gained attention for their ability to transfer
anti-inflammatory microRNAs (miRs) and proteins to
injured spinal cord tissues, suppress IL-6, IL-17, and
TNF-0, and simultaneously upregulate neurotrophic
factors such as BDNF and NT-3.5%! While our study did
not test these interventions, the progressively
strengthening negative correlations we observed
between pro-inflammatory cytokines and neurotrophic
factors provide .a quantitative rationale for such
approaches: interventions that reduce IL-6, IL-17, or
TNF-a might indirectly permit or amplify endogenous
neurotrophic support.

Our findings align with and provide clinical support
for several modern therapeutic strategies in SCI. First,
the progressive reduction of pro-inflammatory cytokines
(IL-6, IL-17, TNF-a) over time suggests that
immunomodulatory therapies—such as blocking IL-17
or TNF-a signaling, or promoting M2 macrophage
polarization—could enhance neural repair by
suppressing secondary inflammation. Second, the
simultaneous and -sustained elevation of multiple
neurotrophic factors (BDNF, bFGF, NT-3, NT-4)
supports the rationale for combinatorial neurotrophic
factor delivery strategies using biomaterial scaffolds,
viral vectors, or cell-based platforms. Third, the time-
dependent strengthening of negative correlations
between cytokine and neurotrophic factor levels (from 2
to 4 weeks) implies that early control of inflammation
may be a prerequisite for optimal neurotrophic support,
a concept directly relevant to staged rehabilitation
protocols. Thus, our findings not only describe neuro-
immune dynamics but also provide a quantitative, time-
resolved framework for designing and monitoring
targeted interventions that modulate the immune
microenvironment to enhance endogenous neurotrophic
responses after SCI.

It is important to acknowledge that spinal cord injury
induces systemic inflammation and immune suppression
(SCI-IDS), a well-recognized phenomenon involving
altered circulating cytokine profiles and peripheral
immune cell dysfunction. In this study, all serum
inflammatory markers (IL-6, IL-17, TNF-a) and
neurotrophic factors were measured in peripheral blood.
Therefore, these biomarkers reflect systemic, rather than
spinal cord-specific, immune and neurotrophic
dynamics. We cannot definitively attribute the observed
changes exclusively to local neuro-immune interactions
within the injured spinal cord. Systemic inflammatory
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responses originating from secondary infections,
autonomic  dysreflexia, or other  SCI-related
complications may also contribute to the serum levels
reported here. This distinction is critical because the
immune microenvironment directly at the lesion site—
including microglial polarization, resident macrophage
phenotypes, and perilesional astrocyte responses—
cannot be directly inferred from peripheral blood
measurements. Future studies should combine
cerebrospinal fluid analysis or intrathecal biomarker
sampling with postmortem tissue validation to
disentangle local versus systemic neuro-immune
dynamics.

Research Limitations

This study has several important limitations. All
patients received hyperbaric oxygen therapy as part of a
combined treatment protocol, and no non-HBO control
group was included. Consequently, the specific
contribution of hyperbaric oxygen to the observed
reductions in pro-inflammatory cytokines or increases in
neurotrophic factors cannot be determined. The findings
should therefore be interpreted as the net effect of
multimodal rehabilitation, rather than-asra single-agent
analysis. This study measured only serum cytokine
levels and did not perform any immune. -cell
phenotyping. Therefore, it is not possible to characterize
the local immune microenvironment at the cellular level,
including T-lymphoeyte subsets (CD47/CD8" ratio,
Tul7/Trwe balance), macrophage polarization (M1 vs.
M2 phenotypes), neutrophil activation status, . or
microglial résponses. Serum cytokines reflect systemic
inflammatory states but do not directly capture the
complex cellular interactions within the injured spinal
cord. Addressing these questions would require
cerebrospinal fluid analysis, flow ecytometry, or
immunohistochemistry in prospective studies or animal
models.

The absence of a healthy control group or a non-
rehabilitation SCI control group limits causal inference
regarding treatment specificity. The retrospective design
is inherently susceptible to selection bias and
unmeasured confounding variables. Because this study
relied solely on serum samples from a retrospective
cohort, it was not possible to measure local immune cell
phenotypes, which require invasive cerebrospinal fluid
sampling or tissue immunohistochemistry and were not
feasible in this clinical setting. Future prospective
studies using animal models or cerebrospinal fluid
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analysis are needed to fully characterize the local
immune microenvironment. Blood samples were
collected during routine clinical hours without
standardization for circadian timing or interval from
hyperbaric oxygen therapy, both of which may affect
cytokine and neurotrophic factor levels. Furthermore,
the FIM and the WHO-QOL-BREF are subjective
assessment tools that may be influenced by psychosocial
factors such as patients' mood, motivation, social
support, and cultural expectations. Without concurrent
objective functional measures or adjustment for
psychological confounders, the observed improvements
in self-care-ability and quality-of life may carry potential
measurement bias.

Due to the limited sample size and exploratory
design, this study did not perform subgroup analyses by
imjury level, completeness, or etiology. Future stratified
studies are needed. Some  patients received
methylprednisolone for acute SCI per clinical indication.
Because steroid treatment was not randomized and was
confounded by injury severity, valid statistical
adjustment was not feasible in this retrospective cohort.
Thus, the observed reductions in pro-inflammatory
cytokines may partly reflect steroid effects rather than
spontanecous  neuro-immune  dynamics.  Future
prospective studies with standardized protocols are
needed to isolate these effects. Although signaling
pathways such as TrkB (downstream of neurotrophic
factors) and the TNF-o/IL-17 cascades are discussed,
this retrospective clinical study does not provide direct
mechanistic validation of these pathways, and the
reported correlations do not establish causality. The
Pearson correlation coefficients (approximately 0.7 to
0.8) observed between pro-inflammatory cytokines and
neurotrophic factors, although strong, do not establish
causality or the direction of interaction. Experimental
studies (e.g., blockade of IL-6 or BDNF signaling in
animal models or cell cultures) are required to determine
whether these relationships are causal and, if so, in
which direction they operate.

Through a retrospective clinical study, this research
dynamically monitored and analyzed multiple indicators
in patients with SCI, systematically revealing
associations between key proteins and systemic
inflammatory profiles during the neural repair process.
This interaction is vital for the recovery of neurological
function, improvement of nerve conduction velocities,
and enhancement of quality of life. These findings not
only provides a new perspective for understanding the
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biological mechanisms following SCI but also lays a
theoretical foundation for future targeted intervention
strategies.
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