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Abstract

Background Exercise rehabilitation therapy has garnered widespread recognition for its beneficial effects on the res-
toration of locomotor function in individuals with spinal cord injury (SCI). Notably, resistance exercise has demon-
strated significant improvements in muscle strength, coordination, and overall functional recovery. However, to opti-
mize clinical management and mimic exercise-like effects, it is imperative to obtain a comprehensive understanding
of the molecular alterations that underlie these positive effects.

Methods We conducted a randomized controlled clinical trial investigating the effects of resistance exercise therapy
for incomplete SCI. We integrated the analysis of plasma proteomics and peripheral blood mononuclear cells (PBMC)
transcriptomics to explore the molecular and cellular changes induced by resistance exercise. Subsequently, we
established a weight-loaded ladder-climbing mouse model to mimic the physiological effects of resistance exercise,
and we analyzed the plasma proteome and metabolome, as well as the transcriptomes of PBMC and muscle tissue.
Lastly, to confirm the transmissibility of the neuroprotective effects induced by resistance exercise, we intravenously
injected plasma obtained from exercised male mice into SCI female mice during the non-acute phase.

Results Plasma proteomic and PBMC transcriptomic profiling underscored the notable involvement of the com-
plement pathways and humoral immune response in the process of restoring locomotor function following SCI

in the human trial. Moreover, it was emphasized that resistance exercise interventions could effectively modulate
these pathways. Through employing plasma proteomic profiling and transcriptomic profiling of PBMC and muscle
tissues in mice, our study revealed immunomodulatory responses that parallel those observed in human trials. In
addition, our analysis of plasma metabolomics revealed an enhancement in lipid metabolism following resistance
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exercise. We observed that resistance exercise plasma exhibited significant effects in ameliorating locomotor disability
after SCl via reducing demyelination and inhibiting neuronal apoptosis.

Conclusions Our investigation elucidates the molecular alterations associated with resistance exercise therapy
promoting recovery of locomotor function following incomplete SCI. Moreover, we demonstrate the direct neuropro-
tective effects delivered via exercise plasma injection, which facilitates spinal cord repair. Mechanistically, the com-
prehensive multi-omics analysis involving both human and mice reveals that the principal constituents responsible
for the observed neuroprotective effects within the plasma are predominantly immunoregulatory factors, warranting

further experimental validation.

Trial registration The study was retrospectively registered on 17 July, 2024, in Chinese Clinical Trial Registry (No.:

ChiCTR2400087038) at https://www.chictr.org.cn/.

Keywords Resistance exercise, Multi-omics, Proteome, Metabolome, Spinal cord injury, Neuroprotection

Background

Over the decades, exercise has been recognized as an
effective intervention for enhancing tissue functionality
under normal physiological conditions and facilitating
functional recovery in various pathological states, which
offers novel strategies for regenerative medicine and finds
extensive applications in various domains [1-3]. While
the advantages of exercise in improving overall health
and managing various diseases are widely recognized,
the precise molecular mechanisms responsible for these
exercise-associated benefits remain elusive and are cur-
rently being actively explored. Notably, it has been dis-
covered that exercise stimulates the production of a wide
range of bioactive molecules, including cytokines, growth
factors, hormones, and other signaling molecules, in
different tissues throughout the body [4, 5]. These mol-
ecules, collectively known as exerkines, play pivotal roles
in maintaining internal homeostasis and acting as media-
tors of inter-organ communication, which has emerged
as a novel avenue in the pursuit of tissue functional res-
toration [6].

Currently, physical exercise has been well-documented
to offer notable benefits to the central nervous system,
leading to its widespread adoption as a routine treat-
ment for various neurological disorders, including spinal
cord injury (SCI) [7-11]. SCI represents a severe neu-
ropathological condition that often results in compro-
mised somatic motor function, sensory perception, and
autonomic regulation, potentially posing life-threatening
consequences for affected individuals [12]. Compel-
ling clinical evidence supports the notion that exercise
training in individuals with chronic SCI vyields signifi-
cant improvements in various fitness outcomes, includ-
ing enhancements in cardiorespiratory fitness, power
output, and muscle strength [13-15]. It is worth noting
that the majority of fitness benefits have been observed
across various endurance exercise modalities, such as
rowing, wheeling, and ambulation with an exoskeleton

or body weight-supported treadmill [16]. Indeed, it has
been widely recognized that endurance exercise benefits
the nervous system by enhancing synaptic plasticity, pro-
moting remyelination and neuronal survival, and facili-
tating neurovascular angiogenesis [17-19]. Moreover,
the discovery of exerkines, such as brain-derived neuro-
trophic factor (BDNF) [20, 21], clusterin [22] and glyco-
sylphosphatidylinositol (GPI)-specific phospholipase D1
(Gpld1) [23], that confer neuroprotective effects signifi-
cantly enhances the theoretical foundation for promot-
ing neural health through endurance exercise. Indeed,
endurance exercise or gait rehabilitation often relies on
specialized equipment, such as exoskeletons or tread-
mills, which may limit its accessibility and convenience.
In contrast, resistance exercise (strength exercise) can
be implemented with relative convenience and flexibil-
ity. Furthermore, considering the well-established ben-
efits of resistance exercise in promoting muscle strength
among healthy individuals, resistance exercise training
has gained considerable importance in rehabilitation
of paralyzed muscles following SCI [24, 25]. Recently,
it has been summarized the notable increases in mus-
cle strength, endurance, and power following resistance
exercise training in chronic SCI patients [26]. However,
there is limited research on whether resistance exercise
can promote locomotor ability in individuals with SCI. In
addition, the presence of factors in exercise-conditioned
plasma that can positively affect locomotor function after
SCI, as well as their potential for direct transferability,
remains still uncertain.

Based on our current hypothesis, it was proposed
that resistance exercise could not only improve muscle
strength but also facilitate the recovery of locomotor
function following SCI. Importantly, it was hypothesized
that these therapeutic effects might be mediated through
the release of circulating molecules. Thus, we con-
ducted a human trial recruiting a cohort of participants
with incomplete SCI. These patients were assigned ran-
domly to two distinct resistance exercise treatment
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groups: isometric resistance exercise (unchanging range
of motion) and isotonic resistance exercise (unchang-
ing force throughout a range of motion). We assessed
the patients’ locomotor function and evaluated systemic
changes at a comprehensive level through proteomic and
transcriptomic analyses. Subsequently, we established a
mouse model of weight-loaded ladder-climbing exercise
mimicking resistance training and further demonstrated
the systemic adaptive physiological changes induced by
resistance exercise across various dimensions, includ-
ing plasma metabolome, plasma proteome, and periph-
eral blood mononuclear cells (PBMC) transcriptome.
Finally, we administered plasma obtained from exer-
cised male mice to evaluate its therapeutic potential for
alleviating locomotor disabilities in female mice during
the non-acute phase of SCI. Thus, our findings identi-
fied resistance exercise enhanced the muscle strength
and improved locomotor ability in patients with incom-
plete SCI, with isotonic resistance exercise being more
effective than isometric resistance exercise. Remarkably,
our study provides validation that short-term resistance
exercise induced molecular changes primarily associated
with the activation of the humoral immune response and
complement pathways in both humans and mice. Thera-
peutically, we observed that resistance exercise plasma
markedly reduced demyelination and inhibited neuronal
apoptosis following SCI, thereby ameliorating locomotor
disability in mice, revealing the potential transformative
value of plasma substances.

Methods

Participant recruitment

All participants were recruited from Shanghai Yangzhi
Rehabilitation Hospital from April 2020 to October 2021
(Additional file 2: Fig. S1). This clinical trial has ceased
recruiting participants, with the first participant enrolled
in April 3rd, 2020, and the last participant enrolled in
September 3rd, 2021, respectively. The study protocol
was approved by the Ethics Committee of the Shanghai
Yangzhi Rehabilitation Hospital (YZ-2020-019). All the
participants signed the informed consent form before
the trial. The study was retrospectively registered in Chi-
nese Clinical Trial Registry (No.: ChiCTR2400087038)
at https://www.chictr.org.cn/. The detailed protocol for
this clinical trial is presented in an additional document
(Additional file 3).

Participants were admitted to the study if they met the
following criteria: (a) incomplete SCI patients aged over
18 years old with no progressive diseases (met with the
2019 International Neurological Classification of Spi-
nal Cord Injury) [27]; (b) non-acute stage (duration of
injury exceeding 3 months); (c) bilateral knee extensors
strength were grade 3 or 4; (d) targeted muscles had
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stable innervation (muscle strength had not increased by
more than 2 grades in the past 3 weeks). While patients
were excluded from the study if any of the following cri-
teria were present: (a) any obstacles to test or train tar-
geted muscles (inability to change posture, insufficient
range of knee extension or targeted lower-extremity
muscular tension was rated above level 2 by the Modi-
fied Ashworth Scale); (b) inability to cooperate or tolerate
training (severe cardiopulmonary dysfunction, cognitive
impairment and unable to communicate); (c) smoking,
concurrent systemic disease, metabolic disorders, can-
cers, and other neurological diseases.

Human exercise interventions

The exercise intervention comprised a 4-week period
of resistance exercise training, targeting the quadriceps
muscles. The participants underwent either isometric
or isotonic exercises, with 3 sets per day and 3 days per
week, under the guidance of a trained facilitator (Fig. 1A).
Within the weekly training regimen, a structured
approach to resistance exercise was adopted, with alter-
nating exercise and rest days (e.g., training on the first,
third, and fifth days). This design allowed for a period of
72 h of uninterrupted rest following 3 consecutive exer-
cise days, prior to proceeding with the subsequent week’s
training plan. Such an arrangement ensured adequate
recovery and adaptation between sessions, thereby opti-
mizing the effectiveness and outcomes of the resistance
exercise intervention.

The participants were randomly assigned to the iso-
metric resistance exercise group and the isotonic resist-
ance exercise group. Regardless of whether the training
strategy was isotonic or isometric, the bilateral lower
extremities underwent sequential training, with the left
lower extremity trained prior to the right lower extremity.
The training frequency for each leg of both groups was
standardized as follows: 10 repetitions per set, a 2-min
rest period between sets, 3 sets per day, and training ses-
sions conducted 3 days per week over a total duration of
4 weeks. In detail, the participants of isometric resistance
exercise group were seated with their hips flexed at an
angle of 80 to 85° and their knees flexed at 90°, and they
were instructed to contract the quadriceps with maxi-
mum force without any motion, as the distal legs were
fixed [28]. Visual feedback was provided with air pres-
sure stabilizer. Participants took rest for 5 s after 5 s of
exertion. While the participants in the isotonic resistance
exercise group were seated in the same position as those
in the isometric exercise group. They were instructed to
straighten their knees as much as possible, aiming for
maximum extension. Prior to the subjects’ initial train-
ing session, a one-repetition maximum (1RM) test was
conducted, during which participants were instructed
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to perform resistance exercises using a predetermined
weight until exhaustion. The resistance weight and the
number of repetitions achieved were duly recorded and
subsequently entered into an online website (https://
strengthlevel.com/one-rep-max-calculator) for calcula-
tion. The formal isotonic training commenced with a
load corresponding to 60% of each participant’s baseline
1RM. Following the completion of 3 sets consisting of 10
repetitions each, the weight was progressively increased
by 5 to 10% for subsequent training sessions [29].

All participants received other regular rehabilita-
tion programs, and participant’s muscles could undergo
strength training at the request of their therapists except
for the quadriceps. The regular rehabilitation treatment
consisted of managing secondary complications, learning
the skills of mat exercise and personalized rehabilitation
education. Based on participants’ individualized rehabili-
tation goals, their rehabilitation protocols were designed
by the whole team consisting of doctors, physical thera-
pists, occupational therapists, social workers, and nurses.

Clinical outcome assessment

In this trail, the peak torque of the quadriceps femoris
was designated as the primary clinical outcome, while
parameters related to balance and walking, including
10-m walk test (I0MWT), functional reach test (FRT),
and 3-Meter Timed Up and Go (TUG), were classified
as secondary clinical outcomes. The clinical outcome
assessments were conducted on the participants at three
time points: prior to the initiation of training, 48 h after
the last training session in the second week and in the
fourth week (typically between 8 a.m. to 10 a.m.). Dur-
ing the assessment process, blinded assessors, who were
unaware of the participants’ group allocation, performed
the assessments for all participants. Participants were

(See figure on next page.)
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given strict instructions, emphasizing the importance of
refraining from discussing their training or group alloca-
tion with both the assessors and other participants.

Peak torque assessment

Peak torque of the quadriceps muscle was tested using
the isokinetic device (Biodex Isokinetic Dynamometer—
System 4, USA). The participants were seated with 80 to
85° of hip flexion and 70° of knee flexion when testing
peak torque. For the knee extension isometric contrac-
tions, participants performed 3 sets of continuous force
exertion for 3 s each, with a break of 50 s between each
contraction [30]. To determine the strength of each side,
the mean of the three peak torques obtained from test-
ing on that specific side was calculated. Additionally, to
assess overall strength for each subject, the average of the
peak torques from both sides (bilateral) was computed
and considered as the outcome measure for strength.

10-m walk test

Participants positioned themselves at the starting line,
which was set at 10 m. If they required walking aids,
such as canes or frames, they were allowed to hold them
in their hands. Participants were then instructed to walk
twice along the 10-m distance at their normal walking
speed. The time taken to cover the distance from the sec-
ond to the eighth meter was recorded. To calculate the
participant’s normal walking speed, the distance covered
within the 6 m (from the second to the eighth meter) was
divided by the average time spent on the test. This calcu-
lated value represented the result of the 10MWT.

Functional reach test
Participants assumed either a sitting or standing posi-
tion while facing a wall. With their shoulder joint flexed

Fig. 1 Locomotor function in response to resistance exercise, and locomotorfunction-associated proteome. A Workflow of the clinical trial

of resistance exercise treating the patients with incomplete spinal cord injury (SCI). (Created with BioRender). B Bar plot showing the mean values
of the clinical outcomes in response to resistance exercise treatment across the overall patients. Fold change (FC) of peak torque represents

the performance of muscle strength, FC of walking speed represents performance of the 10-m walk test, FC of time represents performance

in the Timed Up and Go test, and FC of reaching distance represents performance in the functional reach test. Each dot is expressed as the ratio

to the mean of baseline in all samples. Data are expressed as means = SEM. One-way repeated measures ANOVA with Dunnett’s multiple
comparisons test, n=20. C Bar plots showing the mean values of the clinical outcomes in subgroups (Isometric exercise and isotonic exercise
groups), respectively. Each dot is expressed as the ratio to the mean of baseline in each exercise group. Data are expressed as means +SEM.
One-way repeated measures ANOVA with Dunnett’s multiple comparisons test, n=10. D Venn diagram illustrating the overlap of proteins identified
in the isometric exercise and isotonic exercise groups, and three-dimensional scatter plot showing principal component analysis (PCA) based

on the overlapping proteins. Each dot represents a sample and colors represent detection time. E Bar plot representing the partial-correlated
protein quantities of the four clinical outcomes, and Venn diagram showing the overlap of these proteins. The proteins listed within the box
represent the overlapping regions of the Venn diagram, with the color of the box corresponding to the colors of the numbers displayed

within the diagram. F Gene Ontology (GO) enrichment analysis showing key enriched terms of 21 proteins that overlap among the three locomotor
function-related proteins, including biological process (BP), cellular component (CC), and molecular function (MF). The bar represents the fold
enrichment factor, and the line graph indicates the count of proteins enriched by the pathway. G-I Chord diagram visualizing the top enriched
pathways (GO: BP) associated with peak torque (G), walking speed (H), and TUG (I), and their Spearman’s rank correlations with associated proteins
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at 90°, participants were instructed to clench their fist
and extend it forward as far as possible without taking
a step. The difference in distance between the start-
ing and ending positions of the third metacarpal bone
and the wall was recorded as the value of the FRT. Par-
ticipants performed three reaching attempts, and the
average value of the last two trials was calculated and
considered as the result of the FRT.
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Timed Up and Go

Participants were seated in a chair with a backrest posi-
tioned at the beginning of a 3-m grid. If needed, they held
walking aids such as canes or walk frames in their hands.
Following their usual walking gait, participants walked
forward for 3 m until they passed a marker. Then, they
turned around and walked back to the chair, sat down,
and leaned against the chair’s backrest. The assessor
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recorded the time starting from when the participants’
back left the backrest of the chair until they sat down
again. The procedure was repeated twice, and the average
time from the two tests was calculated and taken as the
result of the TUG.

Human blood sampling and processing

Blood sampling was performed prior to each assessment
of clinical outcomes. To ensure research precision, par-
ticipants were instructed to fast for 8 h prior to blood
collection. Before the clinical outcome assessments, 5-ml
blood samples were collected by drawing venous blood
from the participant’s median cubital vein and trans-
ferring it into vacutainer tubes containing EDTA (BD,
367,525). Plasma fraction was collected after centrifu-
gation at 1300g at 4°C for 10 min, aliquoted, and stored
at—80°C until use. PBMC were prepared immediately by
Ficoll density gradient centrifugation (Cytiva, 17144003).
Aliquots of 1x10° dry cell pellets were frozen in liquid
nitrogen until use for RNA-seq.

Animals

For this study, C57BL/6] mice (Charles River, China)
were kept in randomized groups of 5 mice, before any
exercise or plasma injections. All mice were housed in
a temperature- and humidity-controlled environment
on a 12-h light/12-h dark cycle (8 a.m. and 8 p.m.), with
ad libitum access to food and water. And all groups
within one experiment contained individual mouse with
the same strain and sex, showing similar body weight and
age. The animal study was carried out in compliance with
the Animal Research: Reporting of In Vivo Experiments
guidelines and the ARRIVE guidelines, as overseen by the
Institutional Animal Care and Use Committee of youshu-
life Co. (YS-m202212001).

Ladder-climbing training

The ladder-climbing exercise, as previously described
[31], was implemented for C57BL/6] male mice (aged
8-10 weeks). The exercise training involved utilizing a
ladder measuring 1 m in height, with grid intervals of
1 cm. The ladder was set to attain an 80° angle with the
ground. The complete formal training cycle spanned over
a duration of 4 weeks, encompassing rigorous training
sessions conducted consecutively for 5 days per week.
Subsequently, a vital period of 2 days was allocated for
rest and recovery before initiating the subsequent round
of training. During each day’s training routine, the mice
were engaged in a task that entails ascending from the
bottom to the top of the ladder, followed by a brief inter-
mission of 20 s for rest, prior to commencing the subse-
quent climb. This sequence was repeated precisely ten
times, ensuring an adequate number of repetitions for
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effective training. Three days of adaptation before train-
ing was conducted by letting mice to climb up the ladder
without any resistance. After the adaptation, resistance
at 20% of body weight was given to the mice by adding
weight on the tail for the first week. To progressively
increase exercise intensity, 50%, 75%, and 100% of body
weight was applied as resistance for the next 3 weeks
respectively. The control group of mice was subjected to
the same environmental conditions throughout the entire
experimental duration, with ad libitum access to food
and water. Body weight measurements were obtained at
three critical time points: before the commencement of
training, prior to the initiation of the third week of train-
ing, and upon completion of the entire training period.
Furthermore, following the training cycle, an assessment
was conducted to determine the maximum voluntary
carrying capacity of the mice [32].

Plasma and tissue sample preparation from exercised mice
Ladder-climbing and control mice were euthanized 2
days after the last training. Mice were anaesthetized with
3% isoflurane in preparation for sampling. Blood sam-
ples were collected by retro-orbital bleeding in centri-
fuge tubes covered with EDTA (BKMAM Biotechnology
Co.Ltd, 110,403,014). Plasma fraction was collected after
centrifugation at 1300g at 4°C for 10 min, pooled together
from 7 to 8 exercised or control mice, and then frozen
at—80°C until use. While PBMC were prepared imme-
diately by Ficoll density gradient centrifugation (Cytiva,
17,544,602), pooled from 15 exercised or control mice.
Following the extraction of PBMC, a portion of 1x10°
cells was set aside for RNA-seq, while the remaining cells
were promptly utilized for injection. Additionally, the
bilateral quadriceps muscles were isolated and carefully
preserved at —80°C for subsequent utilization.

Compression spinal cord injury and plasma injection

C57BL/6] female mice (aged 8—10 weeks) were anaes-
thetized by intraperitoneal injection with 15yl of a 2.5%
solution of 2,2,2-tribromoethanol (Aladdin, T161626)
per gram body weight in preparation for surgery. Lami-
nectomy of a single vertebra was performed to expose the
spinal cord at the level of T10. SCI was made by the appli-
cation of an aneurysm clip to exert bilateral compression
on the T9 to T10 segment, resulting in approximately
50% deformation, which was maintained for 30 s. Sham-
injured animals were only subjected to laminectomy. The
mice were returned to the home cages after recovery on
a heating pad. Twice-daily manual compression of the
bladders was performed until the restoration of sponta-
neous urination, and a water solution containing Enro-
floxacin (Sangon Biotech, A507089) at a concentration
of 160 mg/L was administered orally for 5 consecutive
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days after injury. SCI mice were systemically treated
with plasma (100 pl/injection) or PBMC (1 x 10%/injec-
tion) isolated from exercised or sedentary mice starting
from 14 days post injury (DPI). Plasma and PBMC were
administered via intravenous tail vein injection 8 times
over 24 days or 4 times over 28 days, respectively.

Behavioral/locomotor assessment

Open field test and BMS score

BMS score for locomotion was used to evaluate hind limb
locomotion recovery in the SCI mice [33]. To increase
the activity of the mice, the open-field test was scheduled
between 7 p.m. and 9 p.m. Briefly, mice were allowed to
walk freely in an open field for 4 min. The open field was
a plastic square with 15-cm sidewall height and 50-cm
diameter. Evaluation was performed before injury and
on 2, 14, 21, 28, 35, 42, 56, 70, and 84 DPI. The scores
were judged by two independent experimenters in a
blinded manner. The final score was the average of the
two experimenters.

Inclined plate test

The inclined plate test was employed to evaluate
hindlimb strength by assessing the weight-bearing capac-
ity of mice on 84 DPI [34]. This test involved placing each
mouse horizontally on a custom-designed smooth iron
plate equipped with an angle measuring device featuring
an equilibrator. The side of the mouse’s head was elevated
by using one side of the iron plate as an axis. The maxi-
mum angle achieved by each mouse while maintaining
their position for a minimum of 5 s without any slippage
was recorded. Each animal underwent three trials, with
a 5-min interval between each trial to minimize fatigue
effects. The resulting mean inclined plate angle from the
three trials was calculated and utilized as an index value
to evaluate hindlimb strength.

Footprint analysis

Footprint analysis was utilized to evaluate body weight
support and physical coordination in mice on 84 DPI [35].
To be specific, blue and red ink were applied to the fore-
limbs and hindlimbs of the subjects, respectively. Subse-
quently, the mice were permitted to pass freely through
a 5-cm wide channel covered with paper. By measuring
the distance between the two sides of the hind paws, the
stance width was determined. Additionally, stride length
was defined as the distance between the point of initial
contact of one hind paw to the same paw’s next initial
contact. The mean stride lengths of both left and right
hind limbs were calculated and used as the final stride
length measurement of one gait cycle. Stance width and
stride length were each evaluated across three different
gait cycles, and the average value was then determined as
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the ultimate outcome. Finally, the frequency of toe drag-
ging was determined by the ratio of one hind limb drag-
ging to total footsteps of the same hind limb. To ensure
accuracy, this assessment was conducted over a walk-
ing distance of more than 10 gait cycles. The result was
represented by the average value derived from both hind
limbs.

Sampling and histology

After finishing all behavioral test, each mouse was eutha-
nized. The mice were perfused with 20 ml of 0.9% saline,
and the right atrial appendage was cut at the same time.
Once the effluent liquid became clear, a 20 ml solution
of 4% paraformaldehyde (Sigma-Alorich, 158,127) was
used for perfusion. The spinal cord tissue near the injury
site at the T9-10 level (5 mm above and below) was then
removed and fixed with 4% paraformaldehyde for 24 h.
Then spinal cord tissue was dehydrated in xylene and
gradient alcohol solutions, embedded in paraffin, and cut
into 5-um serial sections with a slicer. The paraffin sec-
tions were subjected to staining for various purposes.
HE (Sigma-Aldrich, H3136&199,540) staining was per-
formed to evaluate the cellular structure of the tissue.
LFB (Sigma-Aldrich, L0294) staining was used to assess
myelination, while cresyl violet (Solarbio, G1430) stain-
ing was employed to examine neuronal survival in ante-
rior horn by counting Nissl bodies.

Flow cytometry

Single-cell suspensions were prepared from peripheral
blood. Peripheral blood was treated with red blood
cell lysis buffer and resuspended in cell staining buffer.
After incubation with Zombie UVTM Dye (BioLegend,
422234) for 10 min at room temperature, the cells were
washed and resuspended in cell staining buffer and
then stained with anti-mouse CD16/32 (BioLegend,
101319) for 10 min to block non-specific sites. Then
the cells were stained with CD45-APC (BioLegend,
103116), NK1.1-PE (BioLegend, 108707), B220-BV510
(BioLegend, 103248), CD27-PerCP-Cy5-5 (BioLegend,
124213), CD38-FITC (BioLegend, 102705), CD3-BV421
(BioLegend, 100228), CD4-BV605 (BioLegend, 100547),
CD8-PE-CY7 (BioLegend, 100722), CD25-BV785 (Bio-
Legend, 102051), CD69-BV711 (BioLegend, 104537) or
CD45-APC-CY7 (BioLegend, 103116), CD11b-PerCP-
Cy5-5 (BioLegend, 550993), F4/80-BV711 (BioLegend,
123147), CD80-APC (BioLegend, 104714), Ly6G-BV510
(BioLegend, 127633) at 4°C for 30 min. After washing
with cell staining buffer, the cells needed to be per-
formed intracellular staining were fixed and permeabi-
lized in fixation buffer and then stained with CD206-PE
(BioLegend, 141706) for 20 min at room temperature.
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Samples were analyzed on the BD LSR Fortessa X-20
cell analyzer (BD, USA), with 10,000 targeted events
acquired.

Plasma proteomic sample preparation and processing
The frozen human/mouse plasma samples were allowed
to thaw at room temperature for 30 min, and subsequent
high-abundance protein depletion was performed using
Pierce Top 14 Abundant Protein Depletion Spin Columns
(Thermo Fisher Scientific, A36369). Ten microliters of
the plasma sample was diluted with 50 mM NH4HCO3
and subjected to centrifugation at 14,000g for 20 min at
20°C using Millipore 10 kDa cutoff filter units. This pro-
cess was repeated three times. Following that, the sam-
ple was reduced by adding a final concentration of 10
mM dithiothreitol (DTT; Sigma-Aldrich, D0632-1G) and
incubated at room temperature for 1 h. Subsequently, the
sample was alkylated in the dark by adding a final concen-
tration of 55 mM iodoacetamide (IAA; Sigma-Aldrich,
A3221) and incubating at room temperature for 1 h. To
exchange the solvent of the protein mixtures, centrifuga-
tion at 14,000g for 20 min at 20°C was performed three
times using 50 mM NH4HCO3. The proteins were then
digested overnight at 37°C using sequencing grade modi-
fied trypsin (Promega, V5113) at a protein-to-enzyme
ratio of 50:1. Tryptic peptides were collected by centrifu-
gation at 14,000¢ for 20 min at 20°C. The tryptic peptides
were treated with 1% trifluoroacetic acid (TFA; Sigma-
Aldrich, T6508) and purified using C18 Ziptips. Elution
was performed with 0.1% TFA in 50-70% acetonitrile.
The eluted peptides were lyophilized using a SpeedVac
(Thermo Fisher Scientific, USA) and re-suspended in a
solution of 1% formic acid and 5% acetonitrile. Prior to
analysis, iRT peptides (Biognosys, Switzerland) were
spiked into the sample following the manufacturer’s
instructions to serve as internal retention time standards.
The peptides were re-dissolved in solvent A (A: 0.1%
formic acid in water) and analyzed by Orbitrap Exploris
480 with a FAIMS coupled to an EASY-nano-LC 1200
system (Thermo Fisher Scientific, USA). For the analysis,
2 uL of the peptide sample was loaded onto a 25-cm ana-
lytical column with a 75-pm inner diameter, packed with
1.9 pm resin (Dr Maisch, Germany). The peptides were
separated using a 120-min gradient starting at 6% buffer
B (80% acetonitrile with 0.1% formic acid). The gradient
profile consisted of stepwise increases to 20% over 99
min, followed by a step to 32% for 5 min, a step to 80% for
1 min, and a subsequent 5-min hold at 80%. Throughout
the analysis, the column flow rate was maintained at 600
nl/min, and the column temperature was set to 55°C. The
electrospray voltage was set to 2 kV to facilitate ioniza-
tion and subsequent analysis.
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Proteomics data acquisition and processing

The mass spectrometer was operated in DIA mode using
a hybrid data strategy [36]. Briefly, a survey scan was
performed with a resolution of 120,000, a normalized
automatic gain control (AGC) target of 3e6, and a maxi-
mum injection time of 20 ms. For the DIA MS2 acquisi-
tion, variable isolation windows were implemented with
specific window widths: 30 m/z for a mass range of m/z
350-408 (2 windows), 10 m/z for a mass range of m/z
408-795 (43 windows), 20 m/z for a mass range of m/z
795-985 (11 windows), and 50 m/z for a mass range of
m/z 985-1200 (4 windows). Each full scan was followed
by 20 windows with a resolution of 30,000, a normal-
ized AGC target of 1e6, and stepped normalized collision
energy values of 25.5, 27, and 30. Compensation voltages
(CV) of —45 and — 65 V were selected and applied to the
MS/MS scans and the corresponding survey scan.

The raw data obtained from DIA were processed and
analyzed using Spectronaut 14 software (Biognosys,
Switzerland) with the default settings for dDIA analysis.
The retention time prediction type was set to dynamic
iRT, which utilizes an adaptive approach to predict
retention times. Spectronaut was configured to search
the target database UP000005640, assuming trypsin as
the digestion enzyme. Carbamidomethylation (C) was
specified as the fixed modification, while oxidation (M)
was defined as a variable modification. Data extraction
parameters were determined by Spectronaut based on
extensive mass calibration. The software dynamically
determines the optimal extraction window size based on
iRT calibration and gradient stability. To control for false
discoveries, a cutoff of 1% was applied for both precur-
sor and protein-level false discovery rate (FDR). Decoy
generation was set to “mutated,” which is like scram-
bling but involves randomly swapping positions of amino
acids within a peptide (with a minimum of 2 swaps and
a maximum of half the length of the peptide). Normali-
zation strategy was set to global normalization, ensuring
harmonization across samples. The major group quanti-
ties were calculated based on the average of the top three
filtered peptides that passed the FDR cutoff.

Plasma metabolomics sample preparation and processing

The plasma sample was stored at—80°C in a refrigerator
until thawed on ice and vortexed for 10 s. Subsequently,
50 pl of the sample and 300 pl of extraction solution
(ACN: Methanol=1:4, V/V), containing internal stand-
ards, were added to a 2-mL microcentrifuge tube. The
mixture was then vortexed for 3 min and centrifuged at
12,000 rpm for 10 min at 4°C. Following centrifugation,
200 pl of the resulting supernatant was collected and
placed at—20°C for 30 min before undergoing another
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round of centrifugation at 12,000 rpm for 3 min at
4°C. From this, 180-pl aliquots of the supernatant were
extracted for LC—MS analysis.

The sample extracts were analyzed using an LC-ESI-
MS/MS system (SCIEX, USA). The analytical conditions
were as follows, UPLC: column, Waters ACQUITY UPLC
HSS T3 C18 (1.8 pm, 2.1 mm*100 mm); column tempera-
ture, 40°C; flow rate, 0.4 mL/min; injection volume, 2
uL; solvent system, water (0.1% formic acid): acetonitrile
(0.1% formic acid); gradient program, 95:5 V/V at 0 min,
10:90 V/V at 11.0 min, 10:90 V/V at 12.0 min, 95:5 V/V at
12.1 min, 95:5 V/V at 14.0 min. A triple quadrupole-lin-
ear ion trap mass spectrometer (QTRAP; SCIEX, USA)
was used for LIT and triple quadrupole (QQQ) scans.
The QTRAP® LC-MS/MS System, equipped with an ESI
Turbo Ion-Spray interface, operated in both positive and
negative ion mode and controlled by Analyst 1.6.3 soft-
ware. The ESI source operation parameters were as fol-
lows: source temperature 500°C; ion spray voltage (IS)
5500 V (positive), —4500 V (negative); ion source gas I
(GSI), gas II (GSII), curtain gas (CUR) was set at 55, 60,
and 25.0 psi, respectively; the collision gas (CAD) was
high. Instrument tuning and mass calibration were per-
formed with 10 and 100 pmol/L polypropylene glycol
solutions in QQQ and LIT modes, respectively. Specific
multiple reaction monitoring (MRM) transitions were
monitored for each period based on the elution profile of
the metabolites.

Metabolomics MS-data processing and compound
identification

Based on the self-built database MetWare Database
(http://www.metware.cn/), the materials were qualita-
tively analyzed according to the secondary spectrum
information. Briefly, based on the self-built metabolite
database, mass spectrometry was employed for both
qualitative and quantitative analysis of the metabolites
present in the samples. MRM mode in the chromato-
gram was utilized to visualize a multi-peak graph, where
each differently colored peak represented a detected
metabolite. To identify the substances, specific character-
istic ions for each metabolite were selected using triple
quadrupole screening. The signal intensities, measured
in counts per second (CPS), were captured by the detec-
tor. These mass spectrometry files of the samples were
then processed using the MultiQuant software, which
facilitated peak integration and calibration. The software
performed peak integration and calculated the peak area
for each chromatographic peak, reflecting the relative
content of the corresponding substance. This allowed for
an estimation of the abundance or concentration of the
detected metabolites. Finally, all the integrated peak area
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data were exported and saved for further analysis and
interpretation.

RNA-sequencing processing and analyses

Total RNA was extracted using the Trizol Reagent (Invit-
rogen Life Technologies, 15596026), followed by assess-
ment of its concentration, quality, and integrity using a
NanoDrop spectrophotometer (Thermo Fisher Scientific,
USA). For RNA sample preparations, 3 pug of RNA was
utilized as input material. The generation of sequenc-
ing libraries was carried out with the TruSeq RNA Sam-
ple Preparation Kit (Illumina, RS-122-2001). In brief,
poly-T oligo-attached magnetic beads were employed to
purify mRNA from the total RNA. Fragmentation of the
mRNA was achieved under elevated temperature using
divalent cations in an Illumina proprietary fragmenta-
tion buffer. First-strand cDNA synthesis was performed
using random oligonucleotides and SuperScript II. Sub-
sequently, second-strand cDNA synthesis was conducted
using DNA Polymerase I and RNase H. The resulting
overhangs were converted into blunt ends through exo-
nuclease/polymerase activities, and the enzymes were
subsequently removed. Following adenylation of the 3’
ends of the DNA fragments, Illumina PE adapter oligonu-
cleotides were ligated to facilitate hybridization. To select
cDNA fragments of approximately 400-500 bp in length,
the library fragments were purified using the AMPure XP
system (Beckman Coulter, USA). DNA fragments with
ligated adaptor molecules on both ends were then selec-
tively enriched via a 15-cycle PCR reaction using the Illu-
mina PCR Primer Cocktail. The resulting products were
purified once again using the AMPure XP system and
quantified using the Agilent high sensitivity DNA assay
on a Bioanalyzer 2100 system (Agilent, USA). Finally, the
sequencing library was sequenced on NovaSeq 6000 plat-
form (Illumina, USA) by Shanghai Personal Biotechnol-
ogy Cp. Ltd.

Multi-omics preprocessing and normalization

For proteomic data, each pairwise group independently
conducted a filtration process on 14 types of high-abun-
dance proteins and proteins exhibiting more than a 50%
rate of missing values. The metabolomic data underwent
filtering based on removal criteria involving CV values
of quality control samples exceeding 30% and missing
values of overall samples surpassing 50%. For transcrip-
tomic data, an effective expressed gene required count
greater than 0 in more than 50% of all samples. The miss-
ing values of the retained proteins or metabolites were
imputed through the application of the random forest
method in the “missforest” R package. The proteome or
metabolome was then subjected to normalization via the
vsn method, using the “vsn” R package. While counts per
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million mapped reads (CPM) were utilized to measure
the relative abundance of the transcripts in the “edgeR”
R package.

Dimension reduction and clustering

The vsn-normalized data or log2-transformed CPM
served as the basis for unsupervised multivariate statis-
tical analysis, employing PCA (“promor” R package) and
tSNE (“Rtsne” R package). Meanwhile, supervised multi-
variate statistical analysis was executed utilizing sSPLS-DA
via the “mixOmics” R package. OPLS-DA of metabo-
lomic profiling was generated using the “ropls” R pack-
age with the following parameters: permutation = 10,000,
cross-validation =15, scale=center. The normalized data
of DEPs and DEMs were used for the unsupervised hier-
archical clustering analysis in the “pheatmap” R package.

Identification of exercise-responsive substance

For the analyses of the human plasma proteome or
PBMC transcriptome, a robust linear regression model
adjusted for the individual characteristics, incorporat-
ing gender, age, weight, injury classification, and months
post injury, in the “limma” R package was used to find
exercise-responsive proteins or genes. Adjustment of
P-values was performed using the Benjamini-Hochberg
(BH) procedure. Proteins displaying [log2(FC)|>1og2(1.2)
and an adjusted P-value<0.05 were identified as DEPs.
Genes displaying |log2(FC)|>log2(2) and an adjusted
P-value <0.05 were identified as DEGs. For the analyses
of mouse proteome, metabolome, and transcriptome, dif-
ferentially expressed mRNAs, proteins, and metabolites
were also detected using the “limma” R package. P-values
were corrected for multiple hypotheses using the BH
method.

Dynamic expression analysis

For the plasma proteomic data, a fuzzy c-means algo-
rithm of the “Mfuzz” R package was applied to cluster the
proteins according to their dynamic expression patterns.
A robust linear regression model adjusted for the individ-
ual characteristics, incorporating type of training, gender,
age, weight, injury classification, and months post injury,
in the “limma” R package was used to find candidate pro-
teins. Proteins displaying an adjusted P-value <0.05 were
identified as candidate proteins and included in the clus-
tering analysis.

Immunocyte infiltration analysis

To investigate the changes in peripheral blood immune
cell composition in incomplete SCI patients follow-
ing the training, we utilized a deconvolution method to
quantify the proportions of 22 human blood cell types
from bulk RNA-seq samples with the “CIBERSORT” R
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package [37]. We then compared the alterations in blood
cell proportions before and after exercise in each training
groups, respectively.

Correlation and network analysis

The “ppcor” R package facilitated Spearman’s partial cor-
relation examination, with control variables constituting
sex, age, weight, and months post injury. Spearman’s rank
correlations were calculated using the “psych” R pack-
age, and weighted, undirected networks were plotted
with “igraph” R package, while Mantel’s test between pro-
tein sets and DEMs was performed by “vegan” R pack-
age. A threshold for statistical significance was set at a
P-value<0.05.

Pathway enrichment analysis

Over-representation analyses were implemented through
the KEGG and GO databases, accomplished using the
“clusterProfiler” R package. Pathway significance was
assessed applying a hypergeometric test, with the BH
method employed for multiple testing correction, setting
statistical significance adjusted P-values<0.05. Ingenu-
ity pathway analysis (IPA) platform (QIAGEN, Germany)
was also used to search for enriched pathways. Signifi-
cance of pathways was determined by the hypergeomet-
ric test (one-sided) in IPA, setting statistical significance
P-values <0.05. GSEA was also performed with the “clus-
terProfiler” R package. Molecular Signatures Database
(MSigDB) of hallmark gene sets, curated gene sets, and
ontology gene sets were used for enrichment analysis.
The number of permutations was set to 10,000 and statis-
tical significance was set at P-values <0.05.

Statistical analysis

All values in figures were shown as meantSEM,
mean+SD or median (IQR). Statistical analysis was
performed with GraphPad Prism (Version 9.5.1), SPSS
(Version 23.0), or R (Version 4.2.3) unless stated other-
wise. Area of demyelination and number of Nissl bodies
were analyzed by using Fiji software (Image]). The flow
cytometry data were analyzed and plotted using Flow Jo
(Version 10.8.1). For comparisons between two groups,
continuous data were analyzed using an unpaired, two-
sided Student’s ¢ test. Categorical data, on the other hand,
were tested using either the chi-squared test or Fisher’s
exact test, as appropriate. In human clinical trials involv-
ing repeated measurements, one-way repeated measures
analysis of variance (ANOVA) with Dunnett’s multiple
comparisons test was conducted to identify significant
differences among three groups. In animal experiments,
one-way ANOVA or two-way ANOVA with Tukey’s
multiple comparisons test was performed to identify
significant differences among three or more groups. A
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significance level of P-value <0.05 was considered signifi-
cant (*P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001).

Results

Muscle strength, ambulation, and balance ability improve
with resistance exercise in incomplete SCl patients

To investigate the rehabilitative effects of resistance exer-
cise on locomotor function in SCI patients, we conducted
a 4-week clinical trial (Fig. 1A). A total of 20 patients with
incomplete SCI were enrolled and completed the proce-
dures (Additional file 2: Fig. S1). The cohort’s average age
was 43.1+10.0 years, with a median post-injury duration
of 5.5 (3.75-11) months. The participants were randomly
assigned to two experimental groups: isometric resist-
ance exercise and isotonic resistance exercise. Following
randomization, there were no significant differences in
baseline characteristics between the two groups (Addi-
tional file 2: Table. S1). As expected, it was demonstrated
the patient’s muscle strength (peak torque of quadriceps
femoris) progressively increased with the duration of
training (Fig. 1B). To comprehensively assess lower limb
locomotor function, we employed three clinical tests:
ERT for static balance ability, TUG test for dynamic bal-
ance ability, and 10 MWT for ambulation ability, which
were demonstrated the reliability and consistency when
mutually corroborated each other (Additional file 1: Fig.
S1A-C). Of note, all clinical outcomes related to loco-
motor function showed significant improvement after
just 2 weeks of intervention, and these improvements
were maintained until the end of the trial (Fig. 1B). Fur-
thermore, we made another intriguing discovery that
the change in peak torque of the target muscle showed
only weak correlations with walking speed (Spearman’s
rho=0.3132, P=0.0491) and no significant correlations
with the other clinical outcomes (FRT and TUG) (Addi-
tional file 1: Fig. S1D-F). Together, these findings imply
that the resistance exercise-induced improvements in
ambulation and balance function are not primarily driven
by the enhancement of target muscle strength. While a
subgroup analysis of the two resistance exercise patterns
revealed that both cohorts of patients demonstrated pro-
gressive improvements in muscle strength, walking per-
formance, and balance abilities throughout the course of
the intervention (Fig. 1C). Furthermore, isotonic exer-
cise resulted in a remarkable increase in target muscle
strength, whereas isometric exercise demonstrated lim-
ited improvements (Additional file 1: Fig. S1G). Similarly,
isotonic exercise training had shown superiority over iso-
metric resistance training in the recovery of ambulation
and balance abilities as well (Additional file 1: Fig. S1H-
]), suggesting that isotonic exercise training is a supe-
rior approach compared to isometric exercise training in
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promoting locomotor function recovery in incomplete
SCI patients.

Plasma proteome associated with changes in locomotor
function focuses on humoral immune response

and complement activation

To systematically analyze underlying blood substance
associated with changes with locomotor function, data-
independent acquisition mass spectrometry (DIA-MS)-
based proteomics for plasma was performed, and 788
proteins were identified in total. To ensure the technical
reproducibility of the study, rigorous quality control was
implemented. The number of proteins detected in each
sample did not exhibit a significant difference across the
different time points. However, it is worth noting that
one sample showed a notably lower protein detection,
with only 532 proteins identified, whereas the average for
the remaining samples was 694+ 19 proteins (Additional
file 1: Fig. S2A). Following Pearson’s and Spearman’s cor-
relation analyses, it was observed that the correlation
exhibited by this specific sample deviated significantly
from the rest of the samples (Additional file 1: Fig. S2B,
C). Thus, we identified this sample as an outlier and
excluded it from subsequent analyses. Consequently, 29
samples were included in the final analysis, and a total of
709 plasma proteins were integrated into in the isometric
exercise group, and 700 plasma proteins were included
in the isotonic exercise group, with 691 proteins in com-
mon (Fig. 1D). Though t-distributed stochastic neigh-
bor embedding (tSNE) scatterplots displayed noticeable
heterogeneity among the patients (Additional file 1: Fig.
S2C), principal component analysis (PCA) and sparse
partial least squares discriminant analysis (sPLS-DA)
revealed a slight but clear variance between samples of
baseline and post-exercise (Fig. 1E and Additional file 1:
Fig. S2D). Meanwhile, the coefficient of variation (CV)
showed no significant difference between the two treat-
ment groups, indicating stability of the two interventions
(Additional file 1: Fig. S2E). PCA analyses did not exhibit
significant variance of proteomics between post-exercise
and sedentary conditions respectively, subsequent sPLS-
DA showed significant variance in each group (Addi-
tional file 1: Fig. S2F, G). These quality control analyses
confirmed the integrity and validity of the dataset prior
to the in-depth proteomic profiling.

Given the substantial patient heterogeneity, partial
correlation analysis was employed to identify plasma
proteins associated with various clinical outcomes, with
controlled variables including gender, age, weight, and
the months of post-injury. As a result, we identified 100
proteins partial-correlated with change of peak torque,
as well as 36, 44, and 35 proteins with normal walk-
ing speed, TUG performance, and FRT performance,
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respectively (Fig. 1E). Despite the absence of completely
overlapping regions among the four kinds of associ-
ated proteins, we still identified 21 proteins that overlap
among the three locomotor function-related proteins,
with two of these proteins being associated with all three
locomotor functions (Fig. 1E). Subsequent Gene Ontol-
ogy (GO) enrichment analysis also revealed that these
overlapping proteins primarily activated the complement
pathway (Fig. 1F). The results of the GO analysis revealed
that although the proteins associated with FRT did not
exhibit significant pathway enrichment, the other three
kinds of proteins associated with clinical outcomes dem-
onstrated enrichment in shared pathways, such as the
humoral immune response and complement activation
pathways (Fig. 1G-I). Additionally, the proteins associ-
ated with peak torque were enriched with biological pro-
cesses related to coagulation pathway and wound healing
(Fig. 1G). Notably, the proteins involved in the pathways
of humoral immune response and complement activa-
tion exhibited predominantly positive correlations with
walking velocity and negative correlations with TUG per-
formance, respectively (Fig. 1H, I). Collectively, our find-
ings provide support for the crucial roles of the proteins
involved in complement activation and humoral immune
response in mediating the recovery of locomotor func-
tion in individuals with incomplete SCI.

Plasma proteome highlight signatures of resistance
exercise-induced immunomodulation in incomplete SCI

As a limited variance between the samples collected
at 2 weeks and 4 weeks identified by PCA, the sam-
ples from both time points were combined to set a
post-exercise group to identify proteins that exhibit
stable and sustained changes following exercise. Due
to the heterogeneity of patients, proteins significantly
affected by resistance exercise were identified using a
robust linear regression model adjusted for baseline
characteristics, including age, gender, weight, types of
resistance exercise, months of post-injury, and classi-
fication of injury. As a result, it was identified 56 sig-
nificantly upregulated exercise-responsive proteins
and 40 downregulated exercise-responsive proteins
[fold change (FC)>1.2, adjusted P-value<0.05] fol-
lowing resistance exercise intervention compared
with baseline. The hierarchical clustering analysis
of the resistance exercise-responsive differentially
expressed proteins (DEPs) showed distinguishable
expression patterns over time (Fig. 2A). Although only
a few DEPs (19/96) were previously identified to be
associated with locomotor function, GO enrichment
still yielded noteworthy findings (Additional file 1:
Fig. S2H). Notably, the GO analysis revealed that the
upregulated DEPs were significantly enriched in key
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biological processes associated with complement acti-
vation, coagulation, and humoral immune response
(Fig. 2B). Likewise, the downregulated proteins also
showed enrichment in biological processes related to
complement activation and coagulation (Fig. 2B). Con-
sistently, Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis was performed to identified
complement and coagulation cascades as the underly-
ing signaling pathways in response to resistance exer-
cise (Additional file 1: Fig. S2I). Thus, we marked 11
DEPs involved in complement pathways and humoral
immune response, including CD59, MBL2, SERPINGI,
CAMP, C1QB, C1QA, C4BPA, MASP1, LTF, CFHRI,
and C8A (Fig. 2C). Of note, CD59 and C4BPA are
inhibitors of complement pathway, and their down-
regulation suggests an intensified activation of the
complement pathway. Moreover, gene set enrichment
analysis (GSEA) of proteomics data further confirmed
that lectin pathway induced complement activation
was activated (NES=1.73, P-value=0.007) (Fig. 2D).
Additionally, we also uncovered that signaling path-
ways contributing to tissue regeneration were acti-
vated, including positive regulation of endothelial cell
proliferation, sprouting angiogenesis, and regulation
of vasculature development, which was a common
adaption to exercise [7, 38, 39] (Fig. 2D). Our study
revealed a significant discovery that short-term resist-
ance exercise in individuals with incomplete SCI elic-
ited an inhibitory effect on platelet activity, akin to
the effects observed with regular exercise in previous
studies [40-42] (Fig. 2D). To further investigate the
changes in the dynamic expression patterns induced
by resistance exercise, we employed fuzzy c-means
method to cluster the time-dependent proteins. A total
of 114 time-dependent candidate proteins were cat-
egorized into four clusters (Fig. 2E). Cluster 2, which
was persistently upregulated, exhibited enrichment
in pathways related to acute inflammatory responses,
complement activation, and axonogenesis regula-
tion (Fig. 2F). Interestingly, Cluster 4, characterized
by a predominance of downregulated proteins, was
enriched in pathways related to humoral immune
responses and complement activation (Fig. 2F). Nota-
bly, the proteins enriched within these pathways
were primarily composed of inhibitory factors. An
overlap of 79 proteins was identified between time-
dependent proteins and resistance exercise-responsive
proteins (Additional file 1: Fig. S2J). Notably, both
upregulated and downregulated overlapping proteins
were enriched in pathways associated with comple-
ment activation and humoral immunity (Additional
file 1: Fig. S2K, L). This finding further supports the
notion that resistance exercise exerts a sustained and
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time-dependent immunomodulatory effect in patients
with incomplete spinal cord injury.

Plasma proteome and PBMC transcriptome reveal distinct
forms of immunomodulation associated with different
types of resistance exercise

Given the notable divergence in the restorative effects of
isometric resistance and isotonic resistance on locomotor
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function, our aim was to ascertain potential similarities
or dissimilarities in the physiological responses elicited
by the two exercise modalities. The observed positive
correlation (rho=0.224, P-value <0.0001) in the changes
of proteins between the two groups suggested a degree
of similarity in the plasma protein responses to both dis-
tinct modes of resistance exercise (Fig. 3A). Then, we
identified 57 DEPs in the isometric exercise group and 52
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DEDPs in the isotonic exercise group, with only 11 proteins
shared between the two groups (Fig. 3B). The hierarchi-
cal clustering analysis revealed exercise-induced DEPs
in the two groups exhibited significant and sustained
changes after exercise, respectively (Fig. 3C). Despite
the lower number of differentially expressed proteins
(DEPs) induced by isotonic exercise compared to iso-
metric exercise, it is worth noting that 10 DEPs showed
correlations with changes in locomotor functional out-
comes in the isotonic exercise group, while only 7 DEPs
were identified in the isometric exercise group (Fig. 3D).
These findings supported the finding above that isotonic
exercise had a more significant impact on the alterations
of locomotor function following incomplete SCI. Fur-
thermore, isotonic exercise-responsive DEPs tended to
be enriched in pathways related to activation of comple-
ment and humoral immune responses, whereas isometric
exercise-responsive DEPs were more likely to be enriched
in coagulation pathways (Fig. 3E). GSEA provided further
confirmation of the distinct pathway enrichment induced
by the two different modes of resistance exercise. Iso-
tonic exercise activated several top pathways known to
be beneficial for tissue healing, including lectin pathway
induced complement activation and sprouting angio-
genesis; however, isometric exercise indicated a suppres-
sion of the positive regulation of the acute inflammatory
response (Fig. 3F).

Based on our significant findings regarding the impact
of resistance exercise on systemic immune response of
incomplete SCI, we further aimed to investigate whether
peripheral blood mononuclear cells (PBMC) tran-
scriptome exhibit distinct post-exercised trends using
RNA-sequencing (RNA-seq). After quality control was
implemented, our analysis of RNA-seq revealed 337
differentially expressed genes (DEGs) in the isometric
exercise group and 216 DEGs in the isotonic group (Addi-
tional file 1: Fig. S3A-F). Although the GO enrichment
analysis for DEGs did not identify statistically significant
pathways, GSEA was still able to reveal similar regulation
of immune function in PBMC following exercise in the
two groups, including suppression of B cell homeostasis,
activation of T-cell function, and activation of inflam-
mation response (Additional file 1: Fig. S3G). Notably,
isotonic exercise demonstrated a propensity to activate
monocyte/macrophage function, whereas isometric exer-
cise displayed a predilection towards stimulating neu-
trophil function. Hence, isotonic exercise appeared to be
more favorable for activating innate immunity. As com-
plement proteins are important effector proteins within
the innate immune system, the PBMC RNA-seq analysis
aligned with the findings from the plasma proteome. In
addition, we further employed deconvolution methods to
explore the compositional changes of peripheral immune

Page 15 of 25

cells (Additional file 1: Fig. S3H). In patients undergoing
isometric resistance exercise, no significant changes were
observed in the proportion of immune cells (Additional
file 1: Fig. S3I). In contrast, those participating in isotonic
exercise showed a significant increase in the proportion
of CD8" T cells (Additional file 1: Fig. S3]). In summary,
the comprehensive analysis of plasma proteome and
PBMC transcriptome uncovered compelling evidence of
systemic immune modulation in response to two kinds of
resistance exercise in incomplete SCI patients.

Resistance exercise induces systemic and local
immunomodaulation in mice
To mimic the physiological effects of resistance exer-
cise, a set of wild-type mice was subjected to a 4-week
weight-loaded ladder-climbing training (Fig. 4A, B). After
4 weeks of training, the exercised mice demonstrated
significant reductions in body weight gain and substan-
tial increases in maximum load capacity compared to
the sedentary group (Fig. 4C, D). Subsequently, prot-
eomic profiling using DIA-MS was performed, resulting
in the identification of a total of 1032 proteins. PCA and
sPLS-DA of the plasma proteome revealed clear variance
between the two conditions, indicating robust plasma
proteome changes in response to exercise (Additional
file 1: Fig. S4A, B). The CV within the two conditions
for the proteome was relatively similar, suggesting com-
parable overall variability (Additional file 1: Fig. S4C).
As a result, 36 upregulated DEPs and 57 downregulated
DEPs were identified (FC> 1.5, adjusted P-value<0.05),
hierarchical clustering analysis of which revealed distinct
patterns of changes induced by the exercise intervention
(Fig. 4E). In accordance with previous findings from the
human plasma proteome, GO analysis demonstrated
the enrichment of upregulated DEPs in immune-related
pathways (Fig. 4F). These pathways encompassed the
classical pathway-induced complement activation, B cell
receptor signaling pathway, humoral immune response
mediated by circulating immunoglobulin, positive regu-
lation of B cell activation, and humoral immune response.
Notably, among the upregulated proteins, five immu-
noglobulin heavy chains, including IGHG2B, IGHG2C,
IGHV5-12, IGHV1-31, and IGHV1-82, were key proteins
enriched in relevant pathways (Fig. 4G, H). Moreover, a
weighted network analysis employing Spearman’s rank
correlation was performed to examine the relationships
among the upregulated DEPs (Fig. 4I). The immuno-
globulin heavy chains exhibited the top centrality degree
within the network, suggesting their potential involve-
ment in coordinated changes with other upregulated
DEPs and implying underlying functional relationships
or regulatory interactions. Furthermore, PBMC and
quadriceps muscle RNA-seq was performed to detect
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Fig. 4 Weight-loaded ladder-climbing modeling and immunomodulation in response to exercise. A Pattern diagram of the weight-loaded
ladder-climbing mouse model (Created with BioRender). B Self-made 5-track training climber. C Line graph illustrating the changes in body

weight of mice in the exercise and sedentary group. Two-way repeated measures ANOVA with Bonferroni’s multiple comparisons test, n=15,
*P<0.05,**P<0.01, ***P<0.001. D Bar plot showing mean value of maximum voluntary carrying capacity in the exercise and sedentary group.

Each dot represents a sample. Data are expressed as means + SEM, n=10. P-values are determined by unpaired Student’s t test. E Heatmap showing
scaled abundance of DEPs in response to ladder climbing in mice. F Bar plot showing key enriched terms based on GO enrichment analysis

of upregulated DEPs in plasma proteome. The bar represents the fold enrichment factor, and the line graph indicates the count of proteins enriched
by the pathway. G Volcano plot showing the exercise-responsive DEPs in mice. H Box plot displaying the normalized abundance expressions of five
immunoglobulin heavy chains post exercise. P-values were determined by unpaired Student’s t test, *P <0.05, **P < 0.01, ***P <0.001. | Spearman’s
rank correlation networks of upregulated DEPs. Size of nodes represents their connections (Centrality degree) with the other DEPs. J Sankey plot
presenting intersection between exercise-responsive immune pathways in peripheral blood mononuclear cells (PBMC) transcriptome (Purple)

and plasma proteome (Orange) through Ingenuity pathway analysis (IPA) based on upregulated DEPs in plasma proteome and the overall DEGs

in PBMC transcriptome. K Bubble plot displaying the activated immune pathways identified in the plasma proteome and PBMC transcriptome
through GSEA based on Reactome database of curated gene sets. L Bubble plot displaying the immune pathways identified in PBMC and muscle
transcriptome through GSEA based on hallmark gene sets, including both activated (Red) and suppressed (Blue) pathways
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systemic and local immunomodulation. PCA revealed
a more distinct variance between muscle samples after
exercise compared to PBMC, suggesting that the molecu-
lar changes induced by exercise had a more pronounced
impact on the muscle tissue (Additional file 1: Fig. S4D,
F). However, sPLS-DA still demonstrated a clear vari-
ance between the groups in PBMC (Additional file 1:
Fig. S4E). In our analysis of the PBMC transcriptome,
we identified 90 upregulated DEGs and 66 downregu-
lated DEGs (FC>1.5, adjusted P-value<0.05). Notably,
among the upregulated DEGs, a significant proportion
were found to be involved in humoral immunity and
complement activation, such as Cd22, Ighg2b, Ighg2c,
and Igha (Additional file 1: Fig. S4H). Consistent with
the findings of mouse plasma proteomics, GO analysis
of the upregulated DEGs revealed top enriched pathways
primarily associated with humoral immune response
(adjusted  P-value<0.05), complement activation
(adjusted P-value<0.1), and B cell-related immune func-
tions (adjusted P-value<0.1; Additional file 1: Fig. S4I).
Thus, we conducted a comprehensive investigation of
the immune signaling pathways involved in upregulated
DEPs and overall PBMC DEGs through Ingenuity path-
way analysis (IPA) platform, and several shared pathways
were found, including systemic lupus erythematosus in
B cell signaling pathway, IL-7 signaling pathway, FcyRIIB
signaling in B lymphocytes, and B cell receptor signal-
ing (Fig. 4]). GSEA further underscored the consistency
between the protein and transcript levels, emphasizing
the robustness of immune-related pathways in response
to resistance exercise. Based on gene sets of canonical
pathways, it was also supported that the shared enriched
pathways at the protein and transcript levels predomi-
nantly revolved the pathways of complement activation
and B cell receptor signaling, as well as the activation of
NF-«xB pathway (Fig. 4K). Additionally, GSEA of PBMC
transcriptome based on ontology gene sets confirmed
the activation of molecular mediator production in
immune response, particularly immunoglobulin synthe-
sis (Additional file 1: Fig. S4]J). The analysis also revealed
the activation of other key immune processes, such as
the interleukin-17 signaling pathway and CD40 signal-
ing pathway (Additional file 1: Fig. S4]). Of note, it was
revealed significant suppression of the biological func-
tions associated with various myeloid cells (Additional
file 1: Fig. S4k). In line with the previous reports [43], it
was also noted the suppression of the interferon signal-
ing pathway in both PBMC and muscle tissue, which
supported the consistency between the local immune
microenvironment within muscle tissue and the systemic
immune environment represented by PBMC in response
to resistance exercise (Fig. 4L). Alongside the finding of
the immune response induced by resistance exercise, an
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intriguing discovery that the enhancement of the signal-
ing pathways associated with neural regeneration system-
atically and locally was observed, suggesting the potential
beneficial effects on neural repair of resistance exercise
(Additional file 1: Fig. S4G, L).

Since RNA-seq revealed the modulation of PBMC
function in mice following weight-loaded ladder-climb-
ing training, we further assessed peripheral blood using
flow cytometry to explore changes in cell composition.
The analysis was divided into two panels: lymphoid and
myeloid (Additional file 1: Fig. S5A-D). Interestingly,
while RNA-seq indicated significant alterations in B
cell functionality, the proportion of B cells in mice sig-
nificantly decreased after 4 weeks of resistance training
(Additional file 1: Fig. S5E). Conversely, there was a trend
towards an increase in the proportions of CD27* mem-
ory B cells and plasma cells (Additional file 1: Fig. S5E).
This trend aligns with the cell proportions calculated
from the deconvolution of RNA-seq data in SCI patients
(Additional file 1: Fig. S3H-]). In contrast, the proportion
of T cells in mice significantly increased; however, the
proportions of CD4" and CD8" T cells remained largely
unchanged. Notably, the percentage of CD25% regula-
tory T cells (Tregs) significantly increased, accompanied
by a rise in activated T cells (Additional file 1: Fig. S5E).
Similar trends were observed in human data, showing
an increase in Tregs. However, unlike the mouse model,
patients in the isotonic exercise treatment group exhib-
ited a significant increase in the proportion of CD8* T
cells. In the myeloid panel, both neutrophils and mac-
rophages displayed varying degrees of decrease (Addi-
tional file 1: Fig. S5E). Collectively, these findings suggest
that the regulation of peripheral immune cells by resist-
ance exercise exhibits both conservation and species
specificity, highlighting the need for further investigation
into the changes in cell subpopulations. Importantly, the
mice subjected to weight-loaded ladder-climbing demon-
strated immune responses that were analogous to those
observed in incomplete SCI patients, thereby reinforcing
the findings obtained from our human experiments.

Resistance exercise improves lipid metabolism in mice

Since changes in metabolites are a crucial aspect of the
physiological response to exercise [44, 45], we conducted
a comprehensive analysis to investigate alterations in
the plasma metabolome following resistance exercise.
A total of 923 metabolites were annotated by LC-MS
analysis, the majority of which were lipids and amino
acids, and their derivatives (Additional file 1: Fig. S6A).
Three-dimensional PCA revealed noticeable differences
in variance between the plasma metabolomes of mice
following exercise compared to those in the sedentary
condition (Fig. 5A). The CV within the two groups were
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found to be similar, indicating the stability and com-
parability of the data (Fig. 5B). Orthogonal projections
to latent structures discriminant analysis (OPLS-DA)
(R*Y=0.993, Q*Y=0.71) was performed to identify dif-
ferentially expressed metabolites (DEMs) (Fig. 5C). The
accuracy and predictive capacity of the model were con-
firmed through permutation tests (Additional file 1: Fig.
S6B). Ultimately, we identified 79 significant metabolites
[variable importance in projection (VIP)>1, FC>1.2,
and adjusted P-value<0.2], with 35 upregulated DEMs
and 44 downregulated DEMs, the majority of which
belonged to the lipid super-pathway (Fig. 5D). Hierarchi-
cal clustering analysis revealed distinct expression pat-
terns among these DEMs, and DEMs belonging to the
same super-pathway showed similar expression patterns
(Fig. 5E). Additionally, IPA of upregulated DEMs high-
lighted significant enrichment of the metabolic pathways,
including triglyceride biosynthesis, aryl hydrocarbon
receptor signaling, and glycerophospholipid biosynthe-
sis (Fig. 5F). Notably, GSEA of the proteomic profiling
also identified the activation of lipid-related pathways
(Additional file 1: Fig. S6C). Furthermore, gene set varia-
tion analysis (GSVA) validated the significant enrichment
of lipid-related signaling pathways (FC>1.5, adjusted
P-value<0.05) among the upregulated pathways (Addi-
tional file 1: Fig. S6D). Through a network analysis of
Spearman’s rank correlation, we observed similar pat-
terns of alterations among most lipid molecules, indicat-
ing their higher centrality within the network (Additional
file 1: Fig. S6E). Importantly, within the network of dif-
ferentially expressed lipids, a set of lysoglycerophos-
pholipids emerged as top-ranked, underscoring their
significance in the physiological response to short-term
resistance exercise (Additional file 1: Fig. S6F). VIP of
all DEMs further demonstrated the prominence of lyso-
glycerophospholipids in the exercise induced plasma

(See figure on next page.)
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metabolome compared to the sedentary condition
(Fig. 5G and Additional file 1: Fig. S6G). Furthermore,
we aimed to delve deeper into the relationship between
changes in immune function and metabolic alterations
induced by resistance exercise. Ultimately, we made a sig-
nificant discovery of strong correlations between seven
metabolites and differential expressed immunoglobulin
heavy chains in plasma proteome (IGHG2B, IGHG2C,
IGHV5-12, IGHV1-31, and IGHV1-82). These metabo-
lites include 8,15-Dihete, 2-Ethyl-2-hydroxybutyric
acid, 3-Hydroxy-4-methoxybenzoic acid, FFA (16:1),
PA  (18:1(9Z2)/18:1(9Z)), S—Allyl—L—cysteine, and
LPE(P —17:0) (Fig. 5H). Notably, five of these metabolites
belong to the lipid molecules. Overall, our findings indi-
cated that short-term resistance exercise predominantly
induced alterations in lipid metabolism, with a particular
emphasis on lysoglycerophospholipids. Furthermore, the
interaction between lipid metabolites and immune mol-
ecules provided valuable insights into the intricate inter-
play between lipid metabolism and immune regulation.

Resistance exercise plasma facilitates locomotor functional
recovery after spinal cord injury in non-acute phase

Given the strong correlations between the improvement
of locomotor function and the exercise induced altera-
tions of systemic immune environment in incomplete SCI
patients, as well as the similarity of physiological changes
exhibited by mice, we formulated a hypothesis that post-
exercise plasma could potentially mimic the therapeu-
tic effects of resistance exercise in facilitating locomotor
function after SCI. To test this hypothesis, we established
a mouse model of impaired locomotor function follow-
ing SCI by clip compression (Fig. 6A and Additional file 1:
Fig. S7A, B). To mimic the condition of receiving physi-
cal rehabilitation treatment more faithfully in humans,
our study deliberately targeted the non-acute phase of

Fig.5 Plasma metabolomic profiling in response to exercise. A Three-dimensional scatter plot showing PCA of plasma metabolomic data
in response to exercise. Each dot represents a sample (n=8). B Violin plots showing inter-individual variability of metabolomic data in sedentary
group (Sed; Blue) and exercise group (Exe; Red). Boxes are median and interquartile range (IQR, 25th—75th percentile). Each dot (Light gray)

represents coefficient of variation for each metabolite. C Scatter plots presenting orthogonal projections to latent structures discriminant analysis
(OPLS-DA) of plasma metabolomic data in response to exercise. Each dot represents a sample (n=8). D Scatter plot (S-plot) generated by OPLS-DA.
The S-plot visualizes the variable influence within a model, combining covariance and correlation loading profiles derived from a projection-based
model. The x-axis of the S-plot represents the contribution (covariance), while the y-axis ranges from—1 to+ 1, reflecting the correlation (reliability),
which has a theoretical minimum of — 1 and a maximum of + 1. Pie diagrams representing the proportion of differentially expressed metabolites
(DEMs) in each super-pathway. Each dot represents a metabolite, with dots closer to the top right and bottom left corners contributing the most
to the variance of OPLS-DA. Size of the dots represents the fold change relative to the sedentary group in the linear regression model, while colors
indicate the classification of the super-pathway. E Heatmap showing hierarchical clustering analysis of exercise-responsive DEMs. Colors represent
the classification of the super-pathway or sub-pathway. F Bar plot showing the enriched pathways based on IPA of the upregulated DEMs. G Bar
plot presenting variable importance in projection (VIP) scores of differentially expressed lipid molecules generated by OPLS-DA. Red bars represent
contributing to exercise group, and blue bars represent contributing to sedentary group. H The curve displaying Mantel’s test between the selected
protein set and DEMs, while the heatmap in the top right corner representing Spearman'’s rank correlation between DEMs. In the heatmap, colors
represent the correlation coefficient, with no color indicating no significant correlation. Colors of the lines represent P-value of Mantel’s test,

while width of the lines represents the correlation coefficient of Mantel’s test
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injury, which was also based on the aim of closely simu-
lating the clinical setting where individuals typically com-
mence physical rehabilitation once the acute phase of
their injury has subsided. Exercise plasma (EP) obtained
from mice accessing weight-loaded ladder-climbing
exercise as the intervention group was administered
intravenously into the SCI mice from 14 DPI. As a con-
trol, sedentary plasma (SP) was collected from mice that

did not undergo weight-loaded ladder-climbing exer-
cise. The hindlimb mobility of the mice was evaluated
weekly using the Basso Mouse Scale (BMS) score. Indeed,
hindlimb mobility in all groups of mice showed a gradual
improvement, as indicated by the BMS scores (Fig. 6B).
Notably, the mice treated with EP (SCI+EP group) exhib-
ited significantly better performance compared to the
control groups starting from 28 DPI, and this superior
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performance was maintained over the course of the study
(Fig. 6B and Additional file 1: Fig. S7C, D). At 84 DP], a
comprehensive gait analysis was performed to evalu-
ate the effects of treatment on hindlimb motor function
in the mice (Fig. 6C). The SCI+EP group exhibited the
significant improvements in stance width, stride length,
and frequency of toe dragging compared to the SCI+SP
group and SCI group, suggesting that the administration
of EP had a positive impact on restoring normal gait pat-
terns following SCI (Fig. 6D-F). Additionally, an inclined
plane test was conducted to assess hindlimb support and
balance ability. Remarkably, the SCI+EP group demon-
strated superior recovery compared to both the SCI+SP
group and the SCI group as well (Fig. 6G). Furthermore,
the histopathological morphology of the spinal cord tis-
sue was analyzed. The hematoxylin and eosin (HE) and
Luxol fast blue (LFB) staining revealed extensive demyeli-
nation and vacuolization in the lesion area of the spinal
cord following SCI (Fig. 6H). Mice treated with SP did
not show significant improvement, while mice treated
with EP exhibited reduced vacuolization and enhanced
preservation of myelin sheaths (Fig. 6I). Nissl staining
revealed a noteworthy decrease in the number and stain-
ing intensity of Nissl bodies in the anterior horn of the
spinal cord following injury; however, mice receiving EP
treatment showed a significant recovery in the number
of Nissl bodies compared to the control groups (Fig. 6],
K), indicating that the infusion of EP mitigated apopto-
sis of motor neurons in the anterior horn. Based on our
previous findings, both plasma factors and PBMC func-
tions exhibited changes following resistance exercise in
mice. Consequently, in addition to administering plasma
for treatment, we also administered intravenously post-
exercise PBMC to the SCI mice. However, contrary to
our expectations, the post-exercise PBMC dosage and
treatment regimen employed did not effectively improve

(See figure on next page.)
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locomotor function following SCI when compared to the
administration of sedentary PBMC (Additional file 1: Fig.
S8A-D). Furthermore, pathological analysis of the injured
spinal cord indicated that treatment with post-exercise
PBMC did not significantly ameliorate the demyelina-
tion or neuronal damage observed (Additional file 1: Fig.
S8E-H). Collectively, it was demonstrated that the resist-
ance exercise plasma directly conferred neuroprotection
via reduction of demyelination and inhibition of neuronal
apoptosis, which holds promise as a potential therapeutic
approach to promote the recovery of locomotor function
following SCI.

Discussion
Currently, much attention has been given to the physi-
ological responses to acute exercise, as most substances
involved in these responses return to resting levels
shortly after exercise cessation [46]. Our research aimed
to shift the focus towards investigating a physiologi-
cal state that could be maintained consistently following
resistance exercise. Subsequent investigations from our
research have demonstrated that plasma molecules sta-
bly induced by resistance exercise possess the capability
to directly exert neuroprotective effects via mitigating
demyelination and inhibiting neuronal apoptosis, ulti-
mately facilitating the recovery of motor function follow-
ing SCI. Although the specific key molecules responsible
for these neuroprotective effects have not yet been iden-
tified, we provide the evidence that these effects are sup-
posed be associated with the complement pathways and
humoral immune response. Thus, further research should
focus on investigating the specific immune-modulatory
molecules that play pivotal roles in neuroprotection.
Indeed, considerable evidence from a set of clini-
cal trials supports the effectiveness of long-term resist-
ance training (typically 12 weeks) in enhancing muscle

Fig. 6 Exercise plasma improves neurological outcomes and locomotor functional recovery following SCl in non-acute phase. A Overview

of mice experimental strategy. Plasma was administered via tail vein injection from 14 days post injury. The injection strategy consisted of 8
injections over 24 days. Subsequently, behavioral tests were conducted, followed by histopathological examination of the lesioned tissue (Created
with BioRender). B Basso Mouse Scale (BMS) scores were evaluated in an open field at different time-points (0, 14, 21, 28, 35,42, 56, 70, and 84 days
post injury). Two-way repeated-measures ANOVA with Tukey’s multiple comparisons test, n=5-12. *P<0.05, SCl+EP versus SC. C Representative
images of footprints used to analyze recovery of hindlimb motor function at 84 days post injury. The forelimb footprints are shown in blue,

and the hindlimb footprints in red. D-F Statistical results of the footprint analysis, including stance width (D), stride length (E), and toe dragging
(F), at 84 days post injury. Data are expressed as means = SEM. One-way ANOVA with Tukey's multiple comparisons test, n=5. *P < 0.05, **P < 0.01,
and ***P<0.001. G Statistical results of inclined plate test at 84 days post injury. Data are expressed as means + SEM. One-way ANOVA with Tukey’s
multiple comparisons test, n=5-12. *P<0.05, **P<0.01, ***P<0.001, and ****P < 0.0001. H Representative images showing HE and LFB staining

of the transverse spinal cord sections at 84 days post injury. Scale bars: 200, 200, and 50 pm. I Statistical results of demyelination according to LFB
staining. Data are expressed as means +SEM. One-way ANOVA with Tukey’s multiple comparisons test, n=3-6.*P<0.05, **P<0.01, ***P <0.001,
and ****P<0.0001. J Representative images showing Niss| staining of the transverse spinal cord sections at 84 days post injury. The arrows indicate
Nissl bodies. Scale bars: 100 um. K Statistical results of neuron survival in anterior horn according to Niss| staining. Statistical method: in each
biological sample, two fields of view were selected on both the left and right sides of the spinal anterior horn (x40 objective, with an area size

of 640365 um). Data are expressed as means = SEM. One-way ANOVA with Tukey's multiple comparisons test, n=6-10 fields. *P < 0.05, **P <0.01,

***P<0.001, and ****P <0.0001
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strength in partially paralyzed muscles following SCI [26,
47]. In our study, it was observed significant improve-
ments in muscle strength even with a shortened duration
of resistance exercise training (4 weeks). Consistent with
the previous studies investigating the effects of long-term
training [48, 49], the significant improvements of in all
the locomotor-related clinical outcomes provide con-
sistent evidence of the effectiveness of the short-term
resistance exercise intervention on enhancing lower limb
locomotor function. Notably, the finding that changes in
targeted muscular strength did not demonstrate strong

correlations with improvements in the locomotor func-
tional outcomes supports our hypothesis that enhanced
muscle strength does not exclusively drive the recovery
of mobility in SCI patients, prompting us to further ana-
lyze systematic molecular changes. In subgroup analy-
sis, it was demonstrated that isotonic exercise training
yielded superior effects on improving the ambulatory
capacity compared to isometric exercise training, which
would also be attributed to its ability to more effectively
induce plasma molecular changes related to the comple-
ment pathways and humoral immune response.
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Researchers became aware of the impact of exercise
on the immune system decades ago [50, 51]. In human
studies, the effects of chronic exercise on the immune
system are contingent upon exercise intensity. Moderate
exercise has been associated with immune enhancement,
whereas high-intensity or even exhausting exercise may
potentially lead to immune suppression [4]. Importantly,
the complement system, a crucial element of the innate
immune system, is known to be influenced by exercise
[52]. Previous studies have suggested that the comple-
ment system is susceptible to activation during acute
exercise [53]. However, in the context of chronic exer-
cise, its response is comparatively weaker and exhibits
heterogeneity, likely influenced by variations in training
methods and duration. To illustrate, a study involving a
4-week resistance exercise intervention in well-trained
young men demonstrated no alterations in resting C1
or C3 family proteins in the blood [54]. Conversely, in
an intervention that spanned 12 weeks and focused on
progressive resistance training in older adults, reduced
levels of Clq were observed, which corresponded to
increased muscle cross-sectional area [55]. Our results
demonstrated significant downregulation of C1QB and
C1QA, as well as upregulation of C8A following 4 weeks
of resistance exercise. In contrast, the scenario differed in
mice, as no significant changes were observed in C1, C2,
C3, or C8 proteins following resistance exercise, which
reveals the inconsistency between studies in animals and
humans. This discrepancy is also evident in the tran-
scriptome analysis, where resistance training was found
to inhibit the function of human B lymphocytes while in
mice, it was observed to enhance B lymphocytes function.
Collectively, exercise-induced physiological responses
exhibit considerable variability depending on the specific
mode, intensity, and duration of exercise. Furthermore,
factors such as the sampling time of exercise exposure, as
well as the individual’s physiological state, can exert nota-
ble influences on the outcomes observed [56]. Our study
seeks to elucidate the physiological response to resistance
exercise in individuals with SCI, utilizing a multi-omics
molecular approach. Given the limited body of previous
research in this specific population, it is imperative that
our results are followed up with additional experimental
validations to confirm and extend our findings.

As the limited regenerative capacity of neurons, repair
of damage to the central nervous system remains formi-
dable challenges [57]. Previous research has provided
evidence that exercise-induced molecules in blood pos-
sess the capacity to directly transmit neuroprotective
effects, suppressing inflammation [22] and facilitating
neurogenesis [23], which are involved in the comple-
ment coagulation pathway. Our comprehensive multi-
omics analysis has unveiled that substances present in
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the plasma following resistance exercise also possess the
capability to directly confer neuroprotective effects in
SCI, most critical of which should be the immunomod-
ulatory molecules of humoral immunity. Intriguingly,
although notable changes were observed in PBMC of
mice following resistance exercise, these alterations did
not yield sufficient therapeutic effects. We propose that
the narrow therapeutic window for PBMC treatment
may require specific injury levels and timely administra-
tion to achieve optimal efficacy. Our research indicates
that B cells undergo significant functional changes fol-
lowing resistance exercise. Previous studies have shown
that specific subpopulations of B cells possess the poten-
tial to repair tissue damage, demonstrating considerable
therapeutic efficacy when enriched B cells are adminis-
tered [58]. Thus, a low abundance of effector cells may
also contribute to the limited effectiveness of PBMC
treatment. We also postulate that upon transplantation
into recipients, these B lymphocytes may exhibit inad-
equate production of immune regulatory molecules, thus
limiting their capacity for optimal therapeutic efficacy.
Therefore, future investigations should concentrate on
the functional alterations of specific cell subpopulations
while also exploring optimal dosage and duration for cell
therapy. Indeed, immunoglobulins, secreted by B cells,
serve as key representatives of humoral immunomodula-
tory factors. Numerous studies have highlighted the role
of immunoglobulins in suppressing inflammation in the
treatment of SCI [59-61]. These findings align with the
focus and direction of our research endeavors.

However, it is important to acknowledge the limita-
tions of our study. Firstly, the sample size in the clini-
cal trials was small. Our multi-omics data analysis
reveals substantial heterogeneity among patients. Con-
sequently, increasing the sample size can effectively
mitigate biases arising from this heterogeneity, thereby
enhancing statistical power. Although our cohort of
patients included a similar number to previous studies
[47, 62], we encountered challenges in obtaining suf-
ficient blood samples for multiple omics analyses due
to patient refusal or improper sample storage, which
may constrain the detection of subtle differences in the
research. Notably, a crossover trial design can substan-
tially increase the sample size and effectively reduce
heterogeneity between different groups, which has
been employed in many small-sample clinical stud-
ies related to exercise interventions [63, 64]. While it
remains uncertain whether a crossover design will yield
persistent effects on tissue, it is nonetheless a method
worth considering for small sample studies. Another
limitation is the absence of a parallel control group
consisting of incomplete SCI patients without receiv-
ing resistance rehabilitation therapy. While two types
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of resistance training with different activity levels were
included as a form of mutual control, the addition of a
dedicated control group would have provided valuable
insights. The inclusion of a control group that did not
undergo exercise would have helped control for spon-
taneous changes in plasma molecules. Nevertheless,
our findings from subsequent animal experiments have
corroborated similar physiological responses observed
in humans, further strengthening the credibility of our
study. The third limitation is that we utilized a single-
sex mouse model for the establishment of the resist-
ance exercise protocol. In reality, the participant cohort
includes both males and females; however, during our
animal experiments, we exclusively employed male
mice for the weight-loaded ladder-climbing experi-
ment. This choice might have diminished the general-
izability of our findings. Therefore, the optimal design
for our plasma transfer experiment should involve the
simultaneous training of both male and female mice to
compare the differences in plasma molecular changes
between sexes, as well as the differences in therapeutic
effects of plasma derived from different sexes.

Conclusions

Taken together, our study has provided comprehensive
evidence of the physiological responses to resistance
exercise in individuals with incomplete SCI. The results
highlight that resistance exercise can effectively modu-
late the complement pathway and humoral immunity
in SCI patients, potentially serving as key factors in
promoting the recovery of locomotor function. Fur-
thermore, our findings have been reinforced by subse-
quent animal experiments involving the administration
of exercise plasma, which have demonstrated its direct
neuroprotective effects. These findings pave the way for
further exploration of exercise mimetics as potential
therapeutic strategies for individuals with SCIL.
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