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Treadmill training improves lung
function and inhibits alveolar cell
apoptosis in spinal cord injured rats

Xianbin Wang'?, Yingxue Ful23, XianglianYang?3, Yan Chen?, Ni Zeng?, Shouxing Hu?,
Shuai Ouyang?, Xiao Pan? & Shuang Wu2**

Secondary lung injury after SCl is a major cause of patient mortality, with apoptosis playing a key
role. This study aimed to explore the impact of treadmill training and miR145-5p on the MAPK/

Erk signaling pathway and apoptosis in rats with complete SCI. SD rats were used to establish

T10 segmental complete SCl models and underwent treadmill training 3, 7, or 14 days postinjury.
Various techniques including arterial blood gas analysis, lung wet/dry weight ratio, HE staining,
immunofluorescence staining, immunohistochemical staining, qRT-PCR, and Western blotting were
employed to assess alterations in lung function and the expression levels of crucial apoptosis-related
factors. In order to elucidate the specific mechanism, the impact of miR145-5p on the MAPK/Erk
pathway and its role in apoptosis in lung cells were confirmed through miR145-5p overexpression and
knockdown experiments. Following spinal cord injury (SCl), an increase in apoptosis, activation of the
MAPK/Erk pathway, and impairment of lung function were observed in SCl rats. Conversely, treadmill
training resulted in a reduction in alveolar cell apoptosis, suppression of the MAPK/Erk pathway,

and enhancement of lung function. The gene MAP3K3 was identified as a target of miR145-5p. The
influence of miR145-5p on the MAPK/Erk pathway and its impact on apoptosis in alveolar cells were
confirmed through the manipulation of miR145-5p expression levels. The upregulation of miR145-5p
in spinal cord injury (SCI) rats led to a reduction in MAP3K3 protein expression within lung tissues,
thereby inhibiting the MAPK/Erk signaling pathway and decreasing apoptosis. Contrarily, rats with
miR145-5p knockdown undergoing treadmill training exhibited an increase in miR145-5p expression
levels, resulting in the inhibition of MAP3K3 protein expression in lung tissues, suppression of the
MAPK/Erk pathway, and mitigation of lung cell apoptosis. Ultimately, the findings suggest that
treadmill training may attenuate apoptosis in lung cells post-spinal cord injury by modulating the
MAP3K3 protein through miR145-5p to regulate the MAPK/Erk signaling pathway.
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Spinal cord injury (SCI) is a severe trauma that leads to paralysis beneath the injury segments, accompanied
by severe complications, which significantly impact patients in their daily lives and societal contributions. The
global annual incidence of SCI is approximately 900,000 cases, with an age-standardized incidence rate of 12 per
100,000 The increased mortality rate is due to secondary complications from SCI, encompassing respiratory
tract and urinary tract infections, among others’. Respiratory complications emerge as a predominant contributor
to post-SCI mortality, with varying degrees of respiratory dysfunction observed following cervical and upper
thoracic SCI*®. Despite this, pulmonary function tests in patients with SCI displaying lower injury segments
remain suboptimal, leading to secondary lung injuries such as pulmonary hemorrhage, edema, and inflammatory
infiltrates in the early stages of lower thoracic SCI with intact major respiratory muscles, suggesting that intricate
mechanisms underlie SCI-induced respiratory complications®’. In cervical and upper thoracic SCI, impaired
respiratory muscle function and the inability to clear airway secretions contribute to respiratory dysfunction.
However, the mechanisms underpinning respiratory dysfunction in lower thoracic SCI could involve apopto-
sis, systemic inflammatory response, and cellular autophagy®~'°. Prior research documented the occurrence of
apoptosis in lung tissues of rats following SCI, yet the precise mechanism driving apoptosis in SCI-induced lung
injury remains unclear.
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Exercise training is a widely employed rehabilitation strategy in clinical settings for various conditions,
including neurological, musculoskeletal, and respiratory disorders. Current evidence suggests exercise training
positively influences pulmonary function in patients with respiratory conditions!!. For instance, exercise train-
ing can enhance cardiorespiratory and motor function in pulmonary fibrosis patients'>. Animal experiments
have demonstrated that aerobic exercise mitigates apoptosis in COPD mice, operating through the miR150-5p/
PI3K/Akt signaling pathway to ameliorate cardiac function in chronic heart failure-afflicted rats'>'*. However,
the precise impact of treadmill training on apoptosis in lung tissues after SCI and its underlying mechanisms
remain unclear.

The MAPK signaling pathway orchestrates diverse biological processes such as cell proliferation, differentia-
tion, migration, senescence, and apoptosis, operating through various cellular mechanisms. It is widely thought
that the MAPK pathway regulates apoptosis-associated occurrences, influencing the onset and progression of
respiratory disorders. For instance, irisin protects against LPS-induced lung injury by inhibiting alveolar epi-
thelial cell apoptosis'®. Lidocaine attenuates hypoxia/reoxygenation-triggered apoptosis in lung epithelial cells
by modulating the MAPK pathway'. However, the precise mechanism by which the MAPK signaling pathway
contributes to lung cell apoptosis after SCI remains unresolved.

MicroRNA (miRNA), a highly conserved non-coding single-stranded RNA comprising approximately 22
nucleotides, has attracted substantial attention for its role in apoptosis mechanisms in lung tissues. Various stud-
ies have demonstrated miRNAS’ involvement in apoptosis mechanisms within the lungs. For instance, miR34b-
5p knockdown alleviated lung cell apoptosis in LPS-induced lung injury in mice by targeting progranulin'’.
MiR-27a mitigates lung cell apoptosis and alleviates LPS-induced lung injury in mice by inhibiting the TLR4/
MyD88/NF-«B signaling pathway'®. As a member of the miRNA family, miR145-5p plays a crucial role in the
pathophysiological mechanisms of diverse respiratory disorders involving apoptosis, proliferation, and differ-
entiation. For example, Circ_YTHDF2 sponges miR145-5p to target RUNX3, ameliorating methamphetamine-
induced chronic lung injury'®. However, the effects and regulatory pathways of miR145-5p on apoptosis in rat
lung tissues following SCI remain unclear.

While miR145-5p’s influence on lung injury development via apoptosis is acknowledged, its association with
the MAPK signaling pathway remains unclear. Thus, this study sought to investigate whether treadmill training
modulates the MAPK pathway via miR-145-5p and its relationship to apoptosis.

Material and methods

Animals

Adult female specific pathogen-free (SPF) Sprague-Dawley (SD) rats (body weight: 220-250 g; age: 8-10
weeks) were purchased from Liaoning Changsheng Biotechnology Co., Ltd, Certificate of Conformity No.:
SCXK(Lia0)2020-0001. The animals were housed under controlled conditions, including a room temperature
of 22-26 °C, relative humidity of 40-60%, and a day/night cycle of 12/12 h, and were provided water and
food ad libitum. After 7 days of acclimatization feeding, the rats were divided into the following groups: Sham
group (n=45), SCI group (n=45), SCI exercise group (SCI+TT group, n=45), normal control group (control
group, n=6), non-load group (n=6), negative control+SCI group (NC+SCI group, n=30), NC+SCI+TT group
(n=15), AAV9-miR145-5p group (n=6), AAV9-miR145-5p/SCI group (n=15), AAV9-miR145-5p inhibition
group (n=6), AAV9-miR145-5p inhibition /SCI group (n=15) and AAV9-miR145-5p inhibition SCI+TT group
(n=15) by using the random number table method. The protocols related to animal experiments were approved
by the Ethics Committee for the Use of Animals of Guizhou Medical University, license No. 2000949.

Establishment of the SCI rat model

After intraperitoneal anesthesia with 3% pentobarbital sodium (30 mg/kg), the rats were fixed prone on the
operating table, and the skin was prepared and disinfected in the routine operation area. The skin, fascia, and
paravertebral muscles of the rat’s back were incised longitudinally layer by layer to expose the vertebral arch roots
of the spinal segments from T9 to T11, and the arch roots on both sides of T10 were cut off with bone-biting
forceps®. Subsequently, the spinal cord was fully severed at the T10 spinal cord segment. At the point of sever-
ance, the rat’s tail exhibited swinging or bending motion, followed by hind limb paralysis following convulsions.
The 2-mm-wide spinal cord tissue was resected. Two researchers confirmed that the spinal cord was completely
transected under direct visualization. Hemostatic sponges were used to stop bleeding locally and were then
sutured layer by layer. In the sham-operated group, only the spinal cord was exposed without dissecting it. After
surgery, penicillin was injected intraperitoneally for 3 consecutive days, and the lower abdomen of the rats was
massaged to assist urination four times per day.

The Basso, Beattie, and Bresnahan (BBB) score assessment was performed after the rats were awake from anes-
thesia after surgery, and the final score for each rat was determined by averaging the scores of the two observers.
Scores ranged from 0 to 21 (with 0 indicating no locomotion and 21 indicating normal locomotion)?'. A score
of 0 for both lower limbs on the day of surgery was considered successful modeling.

Treadmill training

The rats in the SCI exercise group (SCI+TT group) began exercise training three days after the operation and
the rats underwent treadmill training on a small animal treadmill (model: ZS-PT, Zhongshi Technology, Beijing,
China) twice a day (one cycle of continuous exercise for 10 min with 5 min of rest, and three cycles of one exercise
training session at a speed of 5 m/min)*.
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Measurement of pulmonary edema

The procedures for measurement of pulmonary edema were performed as previously reported®. Rats were
anesthetized, the thoracic cavity was opened, and intact lung lobes on both sides were removed to evaluate
pulmonary edema. Lung tissues were cleared of extrapulmonary tissues, weighed immediately to obtain wet
weights, and then dried at 60 °C for 48 h so that the tissues were kept at a constant weight and weighed again to
obtain dry weights. The wet weight/dry weight ratio was calculated to analyze the degree of pulmonary edema.

Blood gas analysis

The procedures for blood gas analysis were performed as previously reported*!. Rats were anesthetized, and
arterial blood samples were drawn via the abdominal aorta with a blood needle on days 3, 7, and 14, respectively.
The pH, partial pressure of oxygen (PaO,), and partial pressure of carbon dioxide (PaCO,) in the samples were
measured immediately using a blood gas analyzer (Nova Biochemical, Waltham, US).

Hematoxylin—eosin (HE) staining

The procedures for HE staining were performed as previously reported®. Rats were anesthetized, and the lung
lobes were taken after transcardiac perfusion with cold saline and 4% paraformaldehyde, fixed in paraformal-
dehyde at room temperature, dehydrated by gradient alcohol, embedded in paraffin, and stored at room tem-
perature. Paraffin Sects. (4pm thick) were deparaffinized and stained with HE. Lung pathophysiologic changes
were observed with an ordinary light microscope and scored for lung injury pathology at high magnification
(400 x magnification), with the pathologist blinded to the grouping. Histological scoring was based on inflamma-
tory cell infiltration, edema, congestion, and intra-alveolar hemorrhage (0 as normal, 1 as mild, 2 as moderate,
and 3 as severe), with a maximum score of 12.

Immunohistochemistry staining

The procedures for immunohistochemistry staining were performed as previously reported?. Paraffin Sects. (4um
thick) were deparaffinized, hydrated, and repaired with EDTA antigen, blocked with 15% hydrogen peroxide to
block endogenous peroxidase, and closed with a 10% goat serum solution. They were incubated with PBS-diluted
Erk (1:500, Proteintech, Wuhan, China, Cat No. 51068-1-AP), caspase 9 (1:500, Proteintech, Wuhan, China, Cat
No.66169-1-Ig), and caspase 3 (1:500, Proteintech, Wuhan, China, Cat No.19677-1-AP), respectively, overnight
at 4 °C. After incubation at 4 °C overnight, the slices were combined with secondary antibodies (1:500, Abcam,
Cambridge, UK) and then stained with DAB. The staining was terminated when positive expression was observed
under a light microscope, and the slices were re-stained with hematoxylin, then dehydrated step by step after
differentiation, and then blocked with a neutral resin. The positive rate was calculated by the positive coloring
cell counting method, positive rate = (number of positive cells/total number of cells) x 100%.

Immunofluorescence staining

The procedures for immunofluorescence staining were performed as previously reported®. Paraffin Sects. (4 um
thick) were deparaffinized, and the sections were antigenically repaired with 0.01 M citrate buffer. Sections were
labeled with antibodies Bax (1:400, Proteintech, Wuhan, China, Cat No.60267-1-Ig), Bcl-2 (1:400, Proteintech,
Wauhan, China, Cat No.60178-1-Ig), and CytC (1:400, Proteintech, Wuhan, China, Cat No.10993-1-AP), and
then incubated with the appropriate secondary antibodies (1:300, Proteintech, Wuhan, China), the nuclei were
identified by DAPI (1:100, Abcam, Cambridge, UK) staining, and the positive staining was indicated by a fluo-
rescent green dot. Positive rate = (number of positive cells/total number of cells) x 100%.

For the TUNEL assay?, after routine dehydration, hydration, and repair of paraffin sections of each set of
brain tissues, 100 pl of proteinase K (20 pg/ml) was added to each sample according to the instructions of the
TUNEL kit and incubated for 30 min at room temperature. Then, 50 pl of TUNEL assay was added dropwise to
the samples and incubated for 60 min at 37 °C, protected from light. Finally, DAPI (1:100, Abcam) was added,
and incubated for 5 min at room temperature away from light, washed three times with PBS, and sealed with a
drop of anti-fluorescent extractant. At the end of it, the sections were observed under an orthogonal fluorescence
microscope.

Western blotting

The procedures for western blotting were performed as previously reported®. Rats were anesthetized, and the
lung tissues were dissected and removed by cardiac perfusion with cold saline and frozen at — 80 °C for stor-
age. After ultrasonic crushing of the tissues, proteins were extracted with RIPA lysate (Solarbio, Beijing, China)
mixed with PMSF (100:1). After detecting the protein concentration according to the instructions of the BCA
kit (Solarbio, Beijing, China), adding loading buffer for high-temperature denaturation, and using SDS-PAGE
gel electrophoresis, 30pug of protein per well was loaded, transferred to the PVDF membrane, and blocked with
5% skimmed milk. The blots were cut prior to hybridisation with antibodies for convenience. Then they were
incubated at 4 °C overnight with MAP3K3 (1:1000, Proteintech, Wuhan, China, Cat No. 21072-1-AP), Erk
(1:1000, Proteintech, Wuhan, China, Cat No. 51068-1-AP), caspase 9 (1:1000, Proteintech, Wuhan, China, Cat
No. 66169-1-Ig), caspase 3 (1:1000, Proteintech, Wuhan, China, Cat No. 19677-1-AP), Bax (1:1000, Proteintech,
Wuhan, China, Cat No. 60267-1-1g), Bcl-2 (1:1000, Proteintech, Wuhan, China, Cat No. 60178-1-Ig), CytC
(1:1000, Proteintech, Wuhan, China, Cat No. 10993-1-AP) primary antibodies. When washed with TBST, it was
then combined with horseradish peroxidase (HRP)-coupled secondary antibody (1:5000, Proteintech, Wuhan,
China), visualized by ECL analysis (Millipore, US), and used as a reference for quantification by glyceraldehyde
3-phosphate dehydrogenase (GAPDH, Proteintech, Wuhan, China, Cat No. 10494-1-AP).
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qRT-PCR

The procedures for qRT-PCR were performed as previously reported®. Lung tissues cryopreserved at — 80 °C
were removed, ruptured by ultrasound and homogenized with 1 ml of Trizol reagent (Ambion) to extract total
RNA. First-strand cDNA was synthesized using the RT kit (Takara) and the miRNA First-strand cDNA Synthesis
kit (Stem Loop Method) according to the manufacturer’s instructions. Real-time PCR was performed using the
TB-Green RT-PCR kit on the 7500 Real-Time PCR System (Applied Biosystems) using the TB-Green RT-PCR
kit, and the relative expression levels of the target genes were calculated by the 2722¢T method, with GAPDH
and U6 as internal references. The primer sequences are shown in Table 1.

Dual-luciferase reporter gene assay

The procedures for dual-luciferase reporter gene assay were performed as previously reported’!. Wild-type
and mutant binding site sequences for MAP3K3 were designed based on predictions found in the miRWalk,
miRDB, and ENCORI databases. The binding site sequences were cloned into the pmirGLO vector. The pGL3-
MAP3K3-WT vector, the pGL3-MAP3K3-Mut vector, miR145-5p MIMIC, and MAP3K3-NEG were randomly
introduced under four different transfection conditions (MIC-NEG+MT2-WT group, MIC-NEG+MT2-Mut
group, MIC+MT2-WT group, and MIC+MT2-Mut group) for 48 h and were analyzed with a Thermo Fisher
Science chemiluminescence analyzer to detect luciferase activity.

Overexpression and knockdown of miR145-5p in the lungs of rats

MiR145-5p was either overexpressed or knocked down using an adeno-associated virus (AAV) from Jikai, China.
The AAV was diluted in 200 pL of PBS. Rats were anesthetized and secured on a small animal tracheal intubation
platform. The rat laryngoscope was used to expose the vocal fissure. The nozzle of an intrapulmonary nebulizer
drug delivery device (Yuande Kaisen, China) was inserted into the trachea, and then it was retracted 1-2 mm
after reaching the rongeur before being firmly advanced into AAV suspension at once®~.

Statistical analysis

Statistical tests were performed using SPSS software (version 23.0; SPSS, Chicago, IL, USA) and GraphPad Prism
9.0 (GraphPad Software Inc., San Diego, CA, USA) using one-way or two-way analysis of variance (ANOVA) for
multiple comparisons, followed by Tukey’s test. Statistical significance was set at P<0.05.

Results
Treadmill training improves pulmonary dysfunction after SCI
To determine the successful establishment of the SCI rat model, the BBB score assessment was employed
(Fig. 1A). Rats in the Sham group achieved a score of 21, while postoperative SCI and SCI+TT groups scored
0, confirming the successful establishment of complete SCI at the T10 segment. To assess the impact of SCI and
treadmill training on rat pulmonary function, PaO,, PaCO,, and pH in the abdominal aorta were measured
during arterial blood gas analysis (Fig. 1B-D). Results demonstrated that compared to the Sham group, SCI
induced reduced pH and PaO, levels alongside increased PaCO, levels (p <0.05). Conversely, the SCI+TT group
exhibited elevated pH and PaO, along with reduced PaCO, compared to the SCI group (p <0.05). Lung edema
was assessed using wet/dry weight ratios (Fig. 1E), revealing significant edema in the SCI and SCI+TT groups
compared to the Sham group (p <0.05). Notably, the wet/dry weight ratio was significantly lower in the SCI+TT
group compared to the SCI group (p <0.05). Pathological examination using HE staining (Fig. 1F-G) revealed
inflammatory cell infiltration, edema, congestion, and intra-alveolar hemorrhage in SCI-afflicted rat lung tissues.
However, the pathological score attributed to lung injury was notably lower in the SCI+TT group versus the SCI
group (p <0.05). These findings substantiated an improvement in lung function and histopathological changes
over time post-SCI. Treadmill training significantly mitigated lung tissue damage and pulmonary dysfunction,
leading to a shortened duration of lung injury after SCL

These results collectively suggest that SCI triggered lung tissue damage, resulting in pulmonary dysfunction,
whereas treadmill training attenuated pathological lung tissue damage, consequently alleviating pulmonary
dysfunction.

Gene name | Forward primer (5'-3') Reverse primer(5'-3')

miR145-5p CGGTCCAGTTTTCCCAGGA AGTGCAGGGTCCGAGGTATT

Bax CAGGATCGAGCAGAGAGGA TGTCCAGTTCATCGCCAA

Bcl-2 GGG GAAACAC CAG AATCA GGCCCGAAAGAGAGAAA

CytC CTGGATTCTCTTACACAGATGCC TGCCCTTTCCTTCTTCTTAATTCC
Caspase3 GCGGTATTGAGACAGACAGTGGAAC | AACCATGACCCGTCCCTTGAATTTC
Caspase 9 ATCCTTGTGTCCTACTCCACCTTCC CAGCATTGGCGACCCTGAGAAG

Ue6 AGAGAAGATTAGCATGGCCCCTG ATCCAGTGCAGGGTCCGAGG
GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA

Table 1. The primer sequences.
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Figure 1. Effects of treadmill training on lung function and lung histopathologic morphology in SCI rats. (A)
BBB scores, n=15. (B) PaCO, level, n=6. (C) PaO, level, n=6. (D) pH level, n=6. (E) Lung wet/dry weight
ratio, n=6. (F) Lung tissues HE staining results, n =6, scale bar =50 um. (G) Lung pathology score results.
*P<0.05, compared with the Sham group at the same time point; #P<0.05, compared with the SCI group at the
same time point; @P < 0.05, compared with the same group at day 3; A P<0.05, compared with the same group
at day 7. P<0.05 was determined by two-way ANOVA (Bonferroni’s multiple comparison test). PaO,: partial
pressure of oxygen; PaCO,. carbon dioxide partial pressure.

Apoptosis increases in rat lung tissues after SCl and treadmill training inhibits apoptosis
TUNEL staining (Fig. 2A,E) demonstrated a significant increase in apoptotic cells in the SCI group compared
to the Sham group, which significantly decreased following treadmill training (P < 0.05). Immunohistochemical
staining results (Fig. 2I-L) indicated significantly higher expression levels of caspase 9 and caspase 3 in the SCI
group compared to the Sham group, with significantly lower levels observed in the SCI+TT group compared
to the SCI group (P <0.05). Immunofluorescence staining (Fig. 2B-D,F-H) revealed that Bax and CytC expres-
sion levels increased in the SCI group compared to the Sham group, while Bcl-2 expression levels decreased
(P<0.05). Conversely, treadmill training led to decreased Bax and CytC expression levels and increased Bcl-2
expression levels (P <0.05). Western blotting and qRT-PCR (Fig. 3A-K) revealed consistent results, illustrating
elevated expression levels of caspase 9, caspase 3, Bax, and CytC, coupled with reduced expression Bcl-2 levels
in the SCI group versus the Sham group (P <0.05). On the other hand, the SCI+TT group displayed significantly
elevated Bcl-2 expression levels and reduced caspase 9, caspase 3, Bax, and CytC expression levels compared to
the SCI group (P <0.05).

Taken together, these findings indicate the activation of apoptotic mechanisms in lung tissues following SCI,
which was effectively mitigated by treadmill training.
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Figure 2. Effects of treadmill training on lung cell apoptosis in rats following SCI. (A) TUNEL staining, scale
bar=50 um. (B) CytC immunofluorescence staining, scale bar=20 pum. (C) Bax immunofluorescence staining,
scale bar=20 pm. (D) Bcl-2 immunofluorescence staining, scale bar=20 pum. (E) TUNEL staining-positive cell
rate, n=3. (F) CytC-positive cell rate, n=3. (G) Bax-positive cell rate, n=3. (H) Bcl-2-positive cell rate, n=3.

(I) caspase 9-positive cell rate, n=3. (J) caspase 3-positive cell rate, n=3. (K) Immunohistochemical staining

for caspase 9, scale bar =50 pm. (L) caspase 3 immunohistochemical staining, scale bar=50 pm. *P<0.05,
compared with the Sham group at the same time point; #P < 0.05, compared with the SCI group at the same time
point; @P<0.05, compared with the same group on day 3; A P<0.05, compared with the same group on day 7.
P<0.05 was determined by two-way ANOVA (Bonferroni’s multiple comparison test).
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Figure 3. (A) Western blotting detection of caspase 9, caspase 3, Bax, Bcl-2, and CytC expression. (B) Relative
expression levels of caspase 9. (C) Relative expression levels of caspase 3. (D) Relative expression levels of Bax.
(E) Relative expression levels of Bcl-2. (F) Relative expression levels of CytC. (G) Relative expression levels of
caspase 9 mRNA. (H) Relative expression levels of caspase 3 mRNA. (I) Relative expression levels of Bax mRNA.
(J) Relative expression levels of Bcl-2 mRNA. (K) Relative expression levels of CytC mRNA.*P<0.05, compared
with the Sham group at the same time point; #P <0.05, compared with the SCI group at the same time point;
@P<0.05, compared with the same group on day 3; A P<0.05, compared with the same group on day 7. P<0.05
was determined by two-way ANOVA (Bonferroni’s multiple comparison test).

The MAPK signaling pathway is activated in lung tissue after SCI and inhibited by treadmill
training
Immunohistochemical staining (Fig. 4A-B) demonstrated that p-Erk expression in the SCI group was signifi-
cantly higher than in the Sham group, while the SCI+TT group exhibited reduced p-Erk expression compared to
the SCI group (P <0.05). Western blotting results (Fig. 4C-E) yielded consistent findings, showing significantly
higher relative expression levels of MAP3K3 and p-Erk protein in the SCI group compared to the Sham group,
with significantly lower levels observed in the SCI+TT group compared to the SCI group (P<0.05).

These findings collectively suggest that the MAPK signaling pathway becomes activated in lung tissues after
SCI and treadmill training effectively suppresses this activation.

MAP3K3 is a target gene of miR145-5p, and overexpression of miR145-5p attenuates lung
injury after SClin rats
To explore the role of miR145-5p in lung injury after SCI and its underlying mechanisms, bioinformatics data-
bases (TargetScan, miRDB) were utilized to predict the sequence of miR145-5p and its binding site on MAP3K3
(Fig. 5A). This regulatory relationship was verified using dual luciferase reporter gene assay (Fig. 5B), substantiat-
ing that co-transfection of miR145-5p mimic and MAP3K3 3'UTR WT significantly reduced luciferase expression
compared to the mimic-NC group (P<0.05). However, there was no significant difference in luciferase expression
in the MAP3K3 3'UTR MUT group (P> 0.05), indicating miR145-5p’s targeting of the MAP3K3 gene.

In addition, examination of plasmid EGFP fluorescence labeling through fluorescence microscopy displayed
fluorescence in both non-loaded viral and overexpression groups’ lung tissues, whereas no fluorescence was
observed in the saline control group (Fig. 5C).
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Figure 4. Effects of treadmill training on the MAPK signaling pathway in lung tissue of rats with SCI. (A)
Immunohistochemical staining of p-Erk, scale bar =50 pm. (B) Rate of p-Erk positive cells, n=3. (C) Western
blotting detection of MAP3K3 and p-Erk protein expression. (D) MAP3K3 protein relative expression levels.
(E) Relative protein expression levels of p-Erk. *P<0.05, compared with the Sham group at the same time point;
#P<0.05, compared with the SCI group at the same time point; @P < 0.05, compared with the same group

on day 3; A P<0.05, compared with the same group on day 7. P<0.05 was determined by two-way ANOVA
(Bonferroni’s multiple comparison test).

To substantiate successful miR145-5p overexpression and its influence on the MAPK signaling pathway,
qRT-PCR and Western blotting were employed to assess miR145-5p expression and the MAPK signaling path-
way (Fig. 5D-F). Compared to the control group, the non-loaded group exhibited no significant alterations in
miR145-5p expression levels, MAP3K3, and Erk protein expression levels (P> 0.05). However, the overexpression
group displayed significantly upregulated miR145-5p expression levels alongside diminished MAP3K3 and Erk
protein levels (P <0.05).

Next, rats underwent transfection with an empty carrier virus and an overexpressed miR145-5p AAV for
14 days to establish SCI modeling, followed by lung function assessment on the 7th day (Fig. 5I-K). Findings
revealed that the AAV9-miR145-5p/SCI group exhibited significantly elevated pH and PaO, levels and notably
reduced PaCO, levels in comparison to both the NC+SCI and the NC+SCI+TT groups (p <0.05). Additionally,
the assessment of lung edema using the wet/dry weight ratio was conducted across all groups (Fig. 5L), with
results indicating a significantly lower ratio in the AAV9-miR145-5p/SCI group relative to the NC+SCI group
and the NC+SCI+TT group (p <0.05). Further observation of lung tissue pathological changes was performed
through HE staining, coupled with pathological scoring (Fig. 5G-H). Clear signs of inflammatory cell infiltration,
edema, congestion, and intra-alveolar hemorrhage were observed in the lung tissues of both the NC+SCI group
and the NC+SCI+TT group. However, the AAV9-miR145-5p/SCI group exhibited notably reduced pathological
scores of lung injury compared to the other two groups (p <0.05).

Taken together, these results suggest the role of MAP3K3 as a miR145-5p target gene. Furthermore, overex-
pression of miR145-5p effectively mitigated lung injury post-SCI in rats. Notably, direct miR145-5p overexpres-
sion exhibited a greater reduction in lung injury in SCI rats compared to treadmill training.

Overexpression of miR145-5p inhibits the MAPK signaling pathway and suppresses apoptosis
in rat lung tissues after SCI

Immunohistochemical staining results (Fig. 6E,L) revealed significantly reduced p-Erk expression in the AVV9-
miR145-5p/SCI group in comparison to both the NC+SCI group and the NC+SCI+TT group (P<0.05). Cor-
respondingly, Western blotting outcomes (Fig. 6A-B) demonstrated significantly lower expression levels of
MAP3K3 and Erk protein in the AVV9-miR145-5p/SCI group relative to the NC+SCI group and the NC+SCI+TT
group (P<0.05).

Lung cell apoptosis was further assessed, with immunohistochemical staining (Fig. 6G,K,M,N) revealing
notably reduced expression of caspase 9 and caspase 3 in the AVV9-miR145-5p/SCI group compared to both the
NC+SCI group and the NC+SCI+TT group (P <0.05). Immunofluorescence staining (Fig. 6C-D,F,H-]) consist-
ently indicated the decreased abundance of Bax and CytC positive cells, along with increased Bcl-2 expression in
the AVV9-miR145-5p/SCI group relative to the other two groups (P <0.05). Additionally, Western blotting and
qRT-PCR (Fig. 60-R) further supported these findings, demonstrating significantly higher expression levels of
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Figure 5. MAPK is a target gene of miR145-5p, and the effects of miR-145-5p overexpression and treadmill
training on lung function in SCI rats. (A) Predicted sequence of miR145-5p and binding site of MAP3K3. (B)
Dual luciferase reporter gene assay. (C) EGFP fluorescent labeling assay, scale bar =100 um. (D) miR145-5p
relative expression levels. (E) Western blotting detection of MAP3K3, Erk. (F) Relative protein expression
levels of MAP3K3, Erk. (G) HE staining results of Lung tissues, scale bar =50 um. (H) Lung pathology scoring
results, n=6. (I) pH level, n=6. (J) PaO, level, n=6. (K) PaCO, level, n=6. (L) Lung wet/dry weight ratio, n=6.
*P<0.05 as determined by one-way ANOVA (Tukey’s multiple comparison test).
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Bcl-2 protein and mRNA, while expressions levels of caspase 9, caspase 3, Bax, and CytC protein and mRNA
were significantly lower in the AVV9-miR145-5p/SCI group compared to the other two groups (P<0.05).

Taken together, these results collectively indicate that miR145-5p overexpression effectively suppresses the
MAPK signaling pathway and mitigates lung cell apoptosis in rat lung tissues following SCI.

Knockdown of miR145-5p increases MAPK expression and aggravates lung injury after SCl in
rats, and treadmill training attenuates lung injury in knockdown rats
To validate miR145-5p knockdownss effects, we constructed AAV containing the miR145-5p knockdown plasmid,
nebulizing them into rat lung tissues using the same method as overexpression. Examination under fluorescence
microscopy revealed the presence of fluorescence in lung tissues of both the non-loaded virus group and the
knockdown group, while no such fluorescence was observed in the saline control group (Fig. 7A).

To confirm successful miR145-5p knockdown and its impact on the MAPK signaling pathway, miR145-5p
expression and the MAPK signaling pathway were evaluated through qRT-PCR and Western blotting (Fig. 7B-D).
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Figure 6. Effect of overexpression of miR145-5p on the MAPK signaling pathway and lung cell apoptosis

in rat lung tissues post-SCI. (A) Western blotting detection of MAP3K3, Erk expression. (B) Relative protein
expression levels of MAP3K3, Erk. (C) Bax immunofluorescence staining, scale bar =20 um. (D) Bcl-2
immunofluorescence staining, scale bar=20 pum. (E) p-Erk immunohistochemical staining, scale bar 50 = um.
(F) CytC immunofluorescence staining, scale bar =20 pum. (G) caspase 9 immunohistochemical staining, scale
bar=50 um. (H) Bax-positive cell rate, n=3. (I) Bcl-2-positive cell rate, n=3. (J) CytC-positive cell rate, n=3.
(K) caspase 3 immunohistochemical staining, scale bar 50 =pm. (L) p-Erk-positive cell rate, n=3. (M) caspase
9-positive cell rate, n=3. (N) caspase 3-positive cell rate, n=3. (O-P) Western blotting detection of caspase 9,
Bax, Bcl2, and CytC expression. (Q) Relative protein expression levels of caspase 9, caspase 3, Bax, Bcl-2, and
CytC. (R) Relative expression levels of caspase 9, caspase 3, Bax, Bcl-2, CytC mRNA. *P<0.05 as determined by
one-way ANOVA (Tukey’s multiple comparison test).

In comparison to the control group, the non-loaded group displayed no significant alterations in miR145-5p,
MAP3K3, and Erk protein expression levels. In contrast, the knockdown group exhibited significantly reduced
miR145-5p expression and notably elevated MAP3K3 and Erk protein expression levels (P <0.05).

The rats underwent a 14-day transfection process involving the introduction of an empty carrier virus and
AAV that suppressed miR145-5p expression. This protocol was employed to establish the SCI model. Subse-
quently, the rats were subjected to treadmill training, both with and without this training intervention. Lung
function evaluation for the SCI rats was performed on the 7th day, involving measurement of PaO,, PaCO,, and
pH in the abdominal aorta via arterial blood gas analysis (Fig. 7G-I). Outcomes indicated significantly lower
pH and PaO, levels, along with higher PaCO, levels in the AVV9-miR145-5p inhibition/SCI group compared
to the NC+SCI group (p <0.05). Conversely, the AVV9-miR145-5p inhibition/SCI+TT group exhibited sig-
nificantly higher pH and PaO, levels and significantly lower PaCO, levels compared to the AVV9-miR145-5p
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Figure 7. Effects of knockdown of miR-145-5p and treadmill training on lung injury in SCI rats. (A) EGFP
fluorescent labeling detection, scale bar =100 um. (B) Relative expression levels of miR145-5p. (C) Relative
protein expression levels of MAP3K3, Erk. (D) Western blotting detection of MAP3K3, Erk expression. (E) HE
staining results of lung tissues, scale bar =50 um. (F) Lung pathology score results, n=6. (G) pH level, n=6. (H)
Pa0, level, n=6. (I) PaCO, level, n=6. (J) Lung wet/dry weight ratio, n=6. *P<0.05 as determined by one-way
ANOVA (Tukey’s multiple comparison test).

inhibition/SCI group (p <0.05). Furthermore, an assessment of pulmonary edema through wet/dry weight
ratio measurement was performed (Fig. 7]). The results revealed significantly higher wet/dry weight ratios in
the AVV9-miR145-5p inhibition/SCI group in contrast to the NC+SCI group and significantly lower ratios
in the AVV9-miR145-5p inhibition/SCI+TT group compared to the AVV9-miR145-5p inhibition/SCI group
(p<0.05). Moreover, lung tissue changes were evaluated through HE staining, accompanied by pathological
scoring (Fig. 7E-F). Inflammatory cell infiltration, edema, congestion, and intra-alveolar hemorrhage were
more pronounced in the AVV9-miR145-5p inhibition/SCI group. The AVV9-miR145-5p inhibition/SCI group
also exhibited significantly higher pathological scores of lung injury compared to the NC+SCI group, while the
AVV9-miR145-5p inhibition/SCI+TT group displayed significantly lower scores than the AVV9-miR145-5p
inhibition/SCI group (p <0.05).

In summary, the above results indicate that lung histopathological injury increased and lung function
decreased in SCI rats following miR145-5p knockdown. However, treadmill training was effective in ameliorat-
ing the extent of lung histopathological injury and improving lung function in rats with miR145-5p knockdown.

Knockdown of miR145-5p activates the MAPK signaling pathway and promotes apoptosis in rat lung tissues
after SCI and treadmill training inhibits the MAPK signaling pathway and attenuates apoptosis.

Immunohistochemical staining (Fig. 8A,B) indicated a significantly higher expression of p-Erk in the AVV9-
miR145-5p inhibition/SCI group compared to the NC+SCI group (P <0.05). Moreover, this expression was lower
in the AVV9-miR145-5p inhibition/SCI+TT group in contrast to the AVV9-miR145-5p inhibition/SCI group
(P<0.05). Similarly, Western blotting (Fig. 8C,D) demonstrated significantly higher MAP3K3 and Erk protein
levels in the AVV9-miR145-5p inhibition/SCI group than in the NC+SCI group (P <0.05). Conversely, compared
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Figure 8. Effects of knockdown of miR145-5p on the MAPK signaling pathway and apoptosis in lung tissues
of rats following SCI. (A) Immunohistochemical staining of p-Erk, scale bar 50 = um. (B) Rate of p-Erk-positive
cells, n=3. (C) Western blotting detection of MAP3K3, Erk expression. (D) Relative protein expression levels
of MAP3K3, Erk. (E) Rate of caspase 9-positive cells, n=3. (F) Rate of caspase 3-positive cells, n=3. (G)
Immunofluorescence of Bax staining, scale bar =20 um. (H) Immunohistochemical staining of caspase 9, scale
bar =20 um. (I) Inmunofluorescence staining for Bcl-2, scale bar=20 pm. (J) Immunohistochemical staining
for caspase 3, scale bar =50 pm. (K) Immunofluorescence staining for CytC, scale bar =20 um. (L) Rate of
Bax-positive cells, n=3. (M) Rate of Bcl-2-positive cells, n=3. (N) Rate of CytC-positive cells, n=3. (O)Western
blotting detection of caspase 9, caspase 3, Bax, Bcl-2, and CytC expression. (P) Relative protein expression levels
of caspase 9, caspase 3, Bax, Bcl-2 and CytC. (Q) Relative expression levels of caspase 9, caspase 3, Bax, Bcl-2,
CytC mRNA. *P<0.05 as determined by one-way ANOVA (Tukey’s multiple comparison test).

to the AVV9-miR145-5p inhibition/SCI group, the AVV9-miR145-5p inhibition/SCI+TT group displayed lower
MAP3K3 and Erk protein expression levels (P <0.05).

We further examined apoptosis in lung tissues. Immunohistochemical staining results (Fig. 8E,EH,]) dem-
onstrated significantly increased expression of caspase 9 and caspase 3 in the AVV9-miR145-5p inhibition/
SCI group compared to the NC+SCI group (P<0.05). Conversely, the AVV9-miR145-5p inhibition/SCI+TT
group exhibited reduced expression in comparison to the AVV9-miR145-5p inhibition/SCI group (P<0.05).
Immunofluorescence staining (Fig. 8G,I,K-N) further supported these findings, revealing increased expression
levels of Bax and CytC, and decreased expression levels of Bcl-2 in the AVV9-miR145-5p inhibition/SCI group
compared to the NC+SCI group (P <0.05). Additionally, when compared to the AVV9-miR145-5p inhibition/
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SCI group, the AVV9-miR145-5p inhibition/SCI+TT group exhibited decreased expression levels of Bax and
CytC, and increased levels of Bcl-2 (P <0.05). Furthermore, Western blotting and qRT-PCR (Fig. 80-Q) indicated
decreased Bcl-2 protein and mRNA expression levels in the AVV9-miR145-5p inhibition/SCI group relative to
the NC+SCI group, along with significantly higher expression levels of caspase 9, caspase 3, Bax, and CytC protein
and mRNA (P <0.05). In comparison, the AVV9-miR145-5p inhibition/SCI+TT group displayed significantly
higher Bcl-2 mRNA and protein expression levels and notably lower caspase 9, caspase 3, Bax, and CytC mRNA
and protein expression levels than the AVV9-miR145-5p inhibition/SCI group (P<0.05).

In summary, the results reveal that miR145-5p knockdown exacerbated activation of the MAPK signaling
pathway and increased apoptosis in lung tissues of SCI rats. On the other hand, treadmill training could inhibit
the MAPK signaling pathway and mitigate apoptosis in lung tissues of rats post-SCI with miR145-5p knockdown.

Discussion

The findings of this study indicate that treadmill training can potentially enhance lung injury recovery in rats
with SCI. The underlying mechanism appears to involve the reduction of lung cell apoptosis by targeting the
MAP3K3 to regulate the MAPK/Erk signaling pathway through a specific molecule, miR145-5p. This study not
only highlights the potential of treadmill training as a therapeutic approach for SCI-related lung injury but also
provides novel insights into the rehabilitation of such injuries.

Previous research has indicated that SCI can lead to respiratory complications, potentially linked to dimin-
ished lung capacity, retention of secretions, and autonomic dysfunction®. Indeed, the extent of respiratory
dysfunction varies based on the location of the SCI. Cervical and upper thoracic injuries often result in impaired
respiratory muscle function due to loss of innervation. Interestingly, even segments with functional respiratory
muscles, like the T10 segmental spinal cord, typically exhibit pathological changes in lung tissue after SCI, such
as edema, hemorrhage, and inflammation. These changes could be attributed to various factors like apoptosis,
inflammatory response, and autophagy pathways®*!°. It is now understood that neutrophil and monocyte migra-
tion to lung tissues hours after SCI contributes to lung tissues damage, while mitochondrial dysfunction and
alveolar cell apoptosis have been observed as well®*,

Exercise training is a common rehabilitative strategy for SCI patients, with evidence suggesting its ability to
improve lung function after injury®. In a clinical trial, Duan et al.*® observed that modified Total Body Recum-
bent Stepper (TBRS) training effectively improved exercise capacity, alleviated dyspnea symptoms, and reduced
acute exacerbations in patients with chronic obstructive pulmonary disease (COPD). Moreover, exoskeleton-
assisted walking training demonstrated the ability to enhance lung function parameters in SCI patients, while
weight-supported treadmill training was shown to boost cardiopulmonary function in the same population®”3%.
Exercise training has also displayed beneficial outcomes in addressing lung dysfunction stemming from various
respiratory diseases in animal studies. For instance, Qin et al.*’ discovered that eight weeks of treadmill exercise
prior to PM2.5 exposure mitigated lung injury in aging rats, possibly through the inhibition of the TLR4/NF-kB
signaling pathway. Additionally, aerobic exercise training alleviated airway obstruction, lowered respiratory
muscle strength, reduced bronchial mucosal damage, mitigated ultrastructural harm to lung tissue, and sup-
pressed inflammatory responses in rats with PM2.5-induced lung injury, with these improvements correlated
with diminished activation of p38 and MAPK pathways*’. However, the precise mechanisms through which
exercise ameliorates lung injury in the context of SCI remain to be elucidated.

Recent studies have unveiled the pivotal role of apoptosis in the development of lung injuries. For instance,
Reduning was found to reduce sepsis-induced lung injury through AKT1 targeting to suppress apoptosis in
lung microvascular endothelial cells*!. Artesunate, in mice with intestinal ischemia/reperfusion-induced lung
injury, was found to alleviate apoptosis via upregulation of AKT and HO-1 signaling pathways*>. Moreover,
AMPK exhibited the capacity to ameliorate pneumonia-induced lung injury by mitigating alveolar epithelial cell
apoptosis®. Apoptosis might also be a central mechanism through which exercise training confers benefits against
lung injury. For instance, swimming exercise was shown to mitigate lung-related lesions in type I diabetic mice
through the regulation of apoptosis*. Consistently, treadmill training has been observed to counteract lung tissue
damage during PM exposure in mice by eliminating damaged mitochondria and reducing apoptosis; it similarly
ameliorated COPD-induced lung injury through apoptosis reduction and sirt1 activation'***. In the present
study, we found that treadmill training could decrease the expression levels of pro-apoptotic factors, including
Bax, CytC, caspase 3, and caspase 9, alongside an increase in the expression levels of the anti-apoptotic factor
Bcl-2. Mechanistically, Bax competitively bound to the apoptosis-inhibiting protein Bcl-2, releasing Bax/Bak
from inhibition. This resulted in altered mitochondrial membrane permeability, releasing CytC and activating the
caspase cascade, ultimately triggering apoptosis. CytC further bound to apoptosis-associated factor 1 (Apaf-1),
recruiting caspase 9 precursors within the cytoplasm, with activated caspase 9 subsequently inducing caspase
3-mediated apoptosis*®. Taken together, these findings suggest that treadmill training potentially mitigates lung
injury by attenuating lung cell apoptosis in SCI rats.

To uncover the potential mechanism underlying the improvement of lung cell apoptosis in rats with SCI
through treadmill training, we quantified the expression of the MAPK cascade in lung tissues post-SCI. Our
investigation revealed an elevation in the expression levels of MAP3K3 and p-Erk in lung tissues after SCI,
whereas treadmill training could downregulate the expression of both MAP3K3 and p-Erk. MAP3K3 holds sig-
nificance as an essential upstream controller of the MAPK signaling pathway, playing a pivotal role in its regula-
tion. The MAPK/Erk pathway’s involvement spans various facets of cellular growth and development, including
apoptosis, proliferation, differentiation, migration, and senescence. It has been demonstrated that the MAPK/Erk
signaling pathway is implicated in the progression of diverse lung ailments. For instance, irigenin was observed
to mitigate LPS-induced lung injury through the inhibition of lung cell apoptosis by restraining the MAPK/Erk
signaling pathway*’. In our study, treadmill training exhibited the ability to suppress the expression of MAP3K3
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and p-Erk, resulting in reduced expression of pro-apoptotic factors such as Bax, CytC, caspase 3, and caspase
9, coupled with upregulated expression of the anti-apoptotic factor Bcl-2 within lung tissues of SCI rats. From
this, we formulated a hypothesis that treadmill training’s potential to alleviate lung injury in SCI rats might stem
from its capability to mitigate lung cell apoptosis through the inhibition of the MAPK/Erk signaling pathway.
To further explore the mechanism underlying treadmill training’s therapeutic effect following SCI-induced
lung injury, we assessed the potential involvement of miR145-5p in the pathogenesis and progression of lung
injury post-SCI. Our hypothesis was further substantiated by bioinformatics databases, predicting MAP3K3 as
the target gene of miR145-5p, a conjecture that was subsequently confirmed via dual luciferase reporter gene
assay. Given that MAP3K3 operates upstream in the MAPK signaling pathway, it is highly conceivable that
miR145-5p might govern the MAPK pathway by targeting MAP3K3. This occurs through the direct binding of
miR145-5p to MAP3k3 mRNA, resulting in the downregulation of MAP3k3 expression. To explore miR145-5p’s
regulatory role in the context of SCI-induced lung injury, we conducted experiments involving the overexpres-
sion or knockdown of miR145-5p in rat lungs. In light of previous findings indicating that lung cell apoptosis
peaked at 48 and 72 h post-SCI'’. While the differences in apoptotic factor expression between the SCI group
and the SCI+TT group were significant on days 3 and 7 in our study, the brevity of the 3-day treadmill training
period made it less suitable for assessing its impact on lung injury. Consequently, we opted to assess lung func-
tion and lung cell apoptosis in SCI rats on day 7. Our findings indicated that the overexpression of miR145-5p
led to decreased MAP3K3 expression, inhibited the MAPK signaling pathway, and ultimately mitigated lung cell
apoptosis in SCI rats. Remarkably, overexpressing miR145-5p appeared to be more effective in reducing lung
dysfunction compared to treadmill training alone. Conversely, miR145-5p knockdown led to upregulation of
MAP3K3 expression, activating the MAPK signaling pathway, and exacerbated lung cell apoptosis in SCI rats.
Intriguingly, treadmill training was found to promote the expression of miR145-5p, which in turn led to the
amelioration of lung cell apoptosis in rats with miR145-5p knockdown. This protective role of miR145-5p against
lung injury has been established in prior research, exemplified by its attenuation of LPS-induced lung injury
through the inactivation of the TGF-p1/Smad signaling pathway via targeting ETS2*. Interestingly, miR-145
demonstrated amelioration of sepsis-induced lung injury through the inhibition of TGFBR?2 signaling in another
study®. Similarly, in a mouse model of LPS-induced lung injury, overexpression of miR145-5p led to a reduction
in pro-inflammatory cytokine expression and mitigated lung tissue damage®. The present study findings cor-
roborate that treadmill training’s influence on the MAPK/Erk signaling pathway via targeting MAP3K3 through
miR145-5p results in reduced lung cell apoptosis, ultimately offering a protective effect on lung tissues in SCI rats.
To conclude, our research provides compelling evidence that treadmill training has the potential to diminish
lung cell apoptosis and enhance lung function in rats with SCI. Additionally, we have elucidated the potential
mechanism underlying treadmill training’s effects, which could be mediated by the interaction between miR145-
5p and MAP3K3, leading to the modulation of the MAPK/Erk signaling pathway and the consequent inhibition
of lung cell apoptosis. Nevertheless, it is important to acknowledge our study’s limitations, including the absence
of comprehensive confirmation through in vitro cellular-level investigations. Indeed, further research is para-
mount to expand our understanding of the therapeutic impact of treadmill training on SCI-induced lung injuries.

Data availability

All data generated or analyzed during this study are included in this published article. All experiments were
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ARRIVE guidelines.

Received: 7 January 2024; Accepted: 12 April 2024
Published online: 27 April 2024

References

1. Flack, J. A., Sharma, K. D. & Xie, J. Y. Delving into the recent advancements of spinal cord injury treatment: A review of recent
progress. Neural Regen. Res. 17, 283-291. https://doi.org/10.4103/1673-5374.317961 (2022).

2. Ding, W. et al. Spinal cord injury: The global incidence, prevalence, and disability from the global burden of disease study 2019.
Spine 47, 1532-1540. https://doi.org/10.1097/brs.0000000000004417 (2022).

3. Zheng, R. et al. A critical appraisal of clinical practice guidelines for management of four common complications after spinal cord
injury. Spine J. 23, 888-899. https://doi.org/10.1016/j.spinee.2022.12.001 (2023).

4. Bajjig, A. et al. Diaphragmatic activity and respiratory function following C3 or C6 unilateral spinal cord contusion in mice. Biology
(Basel) https://doi.org/10.3390/biology11040558 (2022).

5. Raab, A. M. et al. Respiratory function and respiratory complications in spinal cord injury: Protocol for a prospective, multicentre
cohort study in high-income countries. BM] Open 10, €038204. https://doi.org/10.1136/bmjopen-2020-038204 (2020).

6. He, B. & Nan, G. Pulmonary edema and hemorrhage after acute spinal cord injury in rats. Spine J. 16, 547-551. https://doi.org/
10.1016/j.spinee.2015.11.065 (2016).

7. Malas, E. et al. Diaphragm ultrasonography and pulmonary function tests in patients with spinal cord injury. Spinal Cord 57,
679-683. https://doi.org/10.1038/s41393-019-0275-3 (2019).

8. Zhu, L. L, Li, M. Q,, He, F, Zhou, S. B. & Jiang, W. Mitochondria targeted peptide attenuates mitochondrial dysfunction, controls
inflammation and protects against spinal cord injury-induced lung injury. Cell Physiol. Biochem. 44, 388-400. https://doi.org/10.
1159/000484919 (2017).

9. Sun, X. et al. Multiple organ dysfunction and systemic inflammation after spinal cord injury: A complex relationship. J. Neuroin-
flammation 13, 260. https://doi.org/10.1186/s12974-016-0736-y (2016).

10. Chu, R., Wang, J., Bi, Y. & Nan, G. The kinetics of autophagy in the lung following acute spinal cord injury in rats. Spine J. 18,
845-856. https://doi.org/10.1016/j.spinee.2018.01.001 (2018).

11. Xiong, T. et al. Exercise rehabilitation and chronic respiratory diseases: Effects, mechanisms, and therapeutic benefits. Int. . Chron.
Obstruct. Pulmon. Dis. 18, 1251-1266. https://doi.org/10.2147/copd.S408325 (2023).

12. Gao, Y. et al. Efficacy of exercise in patients with pulmonary fibrosis: A systematic review and meta-analysis. Medicine (Baltimore)
101, €31789. https://doi.org/10.1097/md.0000000000031789 (2022).

Scientific Reports |

(2024) 14:9723 | https://doi.org/10.1038/s41598-024-59662-8 nature portfolio


https://doi.org/10.4103/1673-5374.317961
https://doi.org/10.1097/brs.0000000000004417
https://doi.org/10.1016/j.spinee.2022.12.001
https://doi.org/10.3390/biology11040558
https://doi.org/10.1136/bmjopen-2020-038204
https://doi.org/10.1016/j.spinee.2015.11.065
https://doi.org/10.1016/j.spinee.2015.11.065
https://doi.org/10.1038/s41393-019-0275-3
https://doi.org/10.1159/000484919
https://doi.org/10.1159/000484919
https://doi.org/10.1186/s12974-016-0736-y
https://doi.org/10.1016/j.spinee.2018.01.001
https://doi.org/10.2147/copd.S408325
https://doi.org/10.1097/md.0000000000031789

www.nature.com/scientificreports/

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

Hu, L. et al. Aerobic exercise improves cardiac function in rats with chronic heart failure through inhibition of the long non-coding
RNA metastasis-associated lung adenocarcinoma transcript 1 (MALAT1). Ann. Transl. Med. 9, 340. https://doi.org/10.21037/
atm-20-8250 (2021).

Wang, X., Wang, Z. & Tang, D. Aerobic exercise alleviates inflammation, oxidative stress, and apoptosis in mice with chronic
obstructive pulmonary disease. Int. J. Chron. Obstruct. Pulmon. Dis. 16, 1369-1379. https://doi.org/10.2147/copd.S309041 (2021).
Shao, L., Meng, D., Yang, E, Song, H. & Tang, D. Irisin-mediated protective effect on LPS-induced acute lung injury via suppressing
inflammation and apoptosis of alveolar epithelial cells. Biochem. Biophys. Res. Commun. 487, 194-200. https://doi.org/10.1016/j.
bbrc.2017.04.020 (2017).

Ma, X, Yan, W. & He, N. Lidocaine attenuates hypoxia/reoxygenation-induced inflammation, apoptosis and ferroptosis in lung
epithelial cells by regulating the p38 MAPK pathway. Mol. Med. Rep. https://doi.org/10.3892/mmr.2022.12666 (2022).

Xie, W. et al. miR-34b-5p inhibition attenuates lung inflammation and apoptosis in an LPS-induced acute lung injury mouse model
by targeting progranulin. J. Cell Physiol. 233, 6615-6631. https://doi.org/10.1002/jcp.26274 (2018).

Ju, M. et al. MicroRNA-27a alleviates LPS-induced acute lung injury in mice via inhibiting inflammation and apoptosis through
modulating TLR4/MyD88/NF-«B pathway. Cell Cycle 17, 2001-2018. https://doi.org/10.1080/15384101.2018.1509635 (2018).
Chen, L. et al. Macrophage microvesicle-derived circ_YTHDEF2 in methamphetamine-induced chronic lung injury. J. Physiol.
https://doi.org/10.1113/jp284086 (2023).

Luzzi, S. et al. Engraftment, neuroglial transdifferentiation and behavioral recovery after complete spinal cord transection in rats.
Surg. Neurol. Int. 9, 19. https://doi.org/10.4103/sni.sni_369_17 (2018).

Basso, D. M., Beattie, M. S. & Bresnahan, J. C. A sensitive and reliable locomotor rating scale for open field testing in rats. J. Neu-
rotrauma 12, 1-21. https://doi.org/10.1089/neu.1995.12.1 (1995).

Macias, M. et al. Exercise-induced motor improvement after complete spinal cord transection and its relation to expression of
brain-derived neurotrophic factor and presynaptic markers. BMC Neurosci. 10, 144. https://doi.org/10.1186/1471-2202-10-144
(2009).

Kim, Y. S., Cha, H., Kim, H. J., Cho, J. M. & Kim, H. R. The anti-fibrotic effects of CG-745, an HDAC inhibitor bleomycin PHMG-
induced mouse models. Molecules https://doi.org/10.3390/molecules24152792 (2019).

Li, J. et al. Dexmedetomidine attenuates lung apoptosis induced by renal ischemia-reperfusion injury through a(2) AR/PI3K/Akt
pathway. J. Transl. Med. 16, 78. https://doi.org/10.1186/s12967-018-1455-1 (2018).

Zhang, A. et al. The effects of GABA-rich adzuki beans on glycolipid metabolism, as well as intestinal flora, in type 2 diabetic mice.
Front. Nutr. 9, 849529. https://doi.org/10.3389/fnut.2022.849529 (2022).

Liu, Z., Ma, T., Duan, J., Liu, X. & Liu, L. MicroRNA-223-induced inhibition of the FBXW?7 gene affects the proliferation and
apoptosis of colorectal cancer cells via the Notch and Akt/mTOR pathways. Mol. Med. Rep. https://doi.org/10.3892/mmr.2020.
11793 (2021).

Hu, X. et al. Rh-CSF1 attenuates oxidative stress and neuronal apoptosis via the CSF1R/PLCG2/PKA/UCP?2 signaling pathway in
a rat model of neonatal HIE. Oxid. Med. Cell Longev. 2020, 6801587. https://doi.org/10.1155/2020/6801587 (2020).

Sun, S. et al. Roles of the microRNA-338-3p/NOVALI axis in retinoblastoma. Mol. Med. Rep. 23, 1-13. https://doi.org/10.3892/
mmr.2021.12033 (2021).

Bai, Y. et al. VEGEFR endocytosis regulates the angiogenesis in a mouse model of hindlimb ischemia. J. Thorac. Dis. 11, 1849-1859.
https://doi.org/10.21037/jtd.2019.05.18 (2019).

Rued, B. E. et al. Quorum sensing in streptococcus mutans regulates production of tryglysin, a novel RaS-RiPP antimicrobial
compound. mBio 12, 10-1128. https://doi.org/10.1128/mBi0.02688-20 (2021).

Geng, Z. et al. Circ_0001667 promotes breast cancer cell proliferation and survival via Hippo signal pathway by regulating TAZ.
Cell Biosci. 9, 104. https://doi.org/10.1186/s13578-019-0359-y (2019).

Wu, L. et al. Quantitative comparison of three widely-used pulmonary administration methods in vivo with radiolabeled inhalable
nanoparticles. Eur. J. Pharmac. Biopharmac. : Off. ]. Arbeitsgemeinschaft fur Pharmazeutische Verfahrenstechnik e. 152, 108-115.
https://doi.org/10.1016/j.ejpb.2020.05.004 (2020).

Galeiras Vazquez, R., Rascado Sedes, P.,, Mourelo Farifia, M., Montoto Marqués, A. & Ferreiro Velasco, M. E. Respiratory manage-
ment in the patient with spinal cord injury. Biomed. Res. Int. 2013, 168757. https://doi.org/10.1155/2013/168757 (2013).

Gris, D., Hamilton, E. F. & Weaver, L. C. The systemic inflammatory response after spinal cord injury damages lungs and kidneys.
Exp. Neurol. 211, 259-270. https://doi.org/10.1016/j.expneurol.2008.01.033 (2008).

Araneda, O. F. et al. Systemic and pulmonary inflammation/oxidative damage: Implications of general and respiratory muscle
training in chronic spinal-cord-injured patients. Biology (Basel) 12, 828. https://doi.org/10.3390/biology12060828 (2023).

Duan, W. et al. Effect of modified total body recumbent stepper training on exercise capacity and thioredoxin in COPD: A rand-
omized clinical trial. Sci. Rep. 12, 11139. https://doi.org/10.1038/s41598-022-15466-2 (2022).

Xiang, X. N. et al. Exoskeleton-assisted walking improves pulmonary function and walking parameters among individuals with
spinal cord injury: A randomized controlled pilot study. J. Neuroeng. Rehabil. 18, 86. https://doi.org/10.1186/s12984-021-00880-w
(2021).

Alajam, R., Alqahtani, A. S. & Liu, W. Effect of body weight-supported treadmill training on cardiovascular and pulmonary func-
tion in people with spinal cord injury: A systematic review. Top Spinal Cord Inj. Rehabil. 25, 355-369. https://doi.org/10.1310/
$¢i2504-355 (2019).

Qin, E et al. Aerobic exercise ameliorates particulate matter-induced lung injury in aging rats. Environ. Pollut. 280, 116889. https://
doi.org/10.1016/j.envpol.2021.116889 (2021).

Qin, E et al. Amelioration of ambient particulate matter (PM(2.5))-induced lung injury in rats by aerobic exercise training. Front.
Physiol. 12, 731594. https://doi.org/10.3389/fphys.2021.731594 (2021).

Wang, Z. et al. Reduning alleviates sepsis-induced acute lung injury by reducing apoptosis of pulmonary microvascular endothelial
cells. Front. Immunol. 14, 1196350. https://doi.org/10.3389/fimmu.2023.1196350 (2023).

Ji, T. et al. Artesunate alleviates intestinal ischemia/reperfusion induced acute lung injury via up-regulating AKT and HO-1 signal
pathway in mice. Int. Immunopharmacol. 122, 110571. https://doi.org/10.1016/j.intimp.2023.110571 (2023).

Becker, E. Jr. et al. AMPK activation improves recovery from pneumonia-induced lung injury via reduction of er-stress and apop-
tosis in alveolar epithelial cells. Respir. Res. 24, 185. https://doi.org/10.1186/s12931-023-02483-6 (2023).

Azizi, N. et al. Swimming training reduced inflammation and apoptotic changes in pulmonary tissue in type 1 diabetic mice. J.
Diabetes Metab. Disord. 22, 793-800. https://doi.org/10.1007/s40200-023-01202-8 (2023).

So, B. et al. Effect of aerobic exercise on oxidative stress and inflammatory response during particulate matter exposure in mouse
lungs. Front. Physiol. 12, 773539. https://doi.org/10.3389/fphys.2021.773539 (2021).

Abate, M. et al. Mitochondria as playmakers of apoptosis, autophagy and senescence. Semin Cell Dev. Biol. 98, 139-153. https://
doi.org/10.1016/j.semcdb.2019.05.022 (2020).

Liu, D., Wang, Q., Yuan, W. & Wang, Q. Irigenin attenuates lipopolysaccharide-induced acute lung injury by inactivating the
mitogen-activated protein kinase (MAPK) signaling pathway. Hum. Exp. Toxicol. 42, 9603271231155098. https://doi.org/10.1177/
09603271231155098 (2023).

Qiao, L. et al. microRNA-145-5p attenuates acute lung injury via targeting ETS2. Kaohsiung J. Med. Sci. 38, 565-573. https://doi.
org/10.1002/kjm2.12556 (2022).

Scientific Reports |

(2024) 14:9723 | https://doi.org/10.1038/s41598-024-59662-8 nature portfolio


https://doi.org/10.21037/atm-20-8250
https://doi.org/10.21037/atm-20-8250
https://doi.org/10.2147/copd.S309041
https://doi.org/10.1016/j.bbrc.2017.04.020
https://doi.org/10.1016/j.bbrc.2017.04.020
https://doi.org/10.3892/mmr.2022.12666
https://doi.org/10.1002/jcp.26274
https://doi.org/10.1080/15384101.2018.1509635
https://doi.org/10.1113/jp284086
https://doi.org/10.4103/sni.sni_369_17
https://doi.org/10.1089/neu.1995.12.1
https://doi.org/10.1186/1471-2202-10-144
https://doi.org/10.3390/molecules24152792
https://doi.org/10.1186/s12967-018-1455-1
https://doi.org/10.3389/fnut.2022.849529
https://doi.org/10.3892/mmr.2020.11793
https://doi.org/10.3892/mmr.2020.11793
https://doi.org/10.1155/2020/6801587
https://doi.org/10.3892/mmr.2021.12033
https://doi.org/10.3892/mmr.2021.12033
https://doi.org/10.21037/jtd.2019.05.18
https://doi.org/10.1128/mBio.02688-20
https://doi.org/10.1186/s13578-019-0359-y
https://doi.org/10.1016/j.ejpb.2020.05.004
https://doi.org/10.1155/2013/168757
https://doi.org/10.1016/j.expneurol.2008.01.033
https://doi.org/10.3390/biology12060828
https://doi.org/10.1038/s41598-022-15466-2
https://doi.org/10.1186/s12984-021-00880-w
https://doi.org/10.1310/sci2504-355
https://doi.org/10.1310/sci2504-355
https://doi.org/10.1016/j.envpol.2021.116889
https://doi.org/10.1016/j.envpol.2021.116889
https://doi.org/10.3389/fphys.2021.731594
https://doi.org/10.3389/fimmu.2023.1196350
https://doi.org/10.1016/j.intimp.2023.110571
https://doi.org/10.1186/s12931-023-02483-6
https://doi.org/10.1007/s40200-023-01202-8
https://doi.org/10.3389/fphys.2021.773539
https://doi.org/10.1016/j.semcdb.2019.05.022
https://doi.org/10.1016/j.semcdb.2019.05.022
https://doi.org/10.1177/09603271231155098
https://doi.org/10.1177/09603271231155098
https://doi.org/10.1002/kjm2.12556
https://doi.org/10.1002/kjm2.12556

www.nature.com/scientificreports/

49. Cao, X, Zhang, C., Zhang, X., Chen, Y. & Zhang, H. MiR-145 negatively regulates TGFBR2 signaling responsible for sepsis-induced
acute lung injury. Biomed. Pharmacother. 111, 852-858. https://doi.org/10.1016/j.biopha.2018.12.138 (2019).

50. Yu, Y.L, Yu, G, Ding, Z. Y, Li, S. ]. & Fang, Q. Z. Overexpression of miR-145-5p alleviated LPS-induced acute lung injury. J. Biol.
Regul. Homeost. Agents 33,1063-1072 (2019).

Author contributions

X.W. contributed to the study design, data collection, statistical analysis, data interpretation and manuscript
preparation. Y.F. and X.Y. contributed to the data collection, statistical analysis, data interpretation and manu-
script preparation. Y.C., N. Z., S.H., S. OY., X.P. contributed to data collection and statistical analysis. S.W.
contributed to the study design, data collection, and manuscript preparation.

Fundin

This worg was supported by the National Natural Science Foundation of China (NSFC) (NO. 82060419;
82260452); Guizhou Provincial Science and Technology Fund: Guizhou Kehe foundation-zk [2022] key 045;
Guizhou Provincial Science and Technology Fund: Guizhou Kehe foundation-zk [2022] general 438; Guizhou
Provincial Health Commission Foundation (gzwkj2022-030).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-59662-8.

Correspondence and requests for materials should be addressed to S.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:9723 | https://doi.org/10.1038/s41598-024-59662-8 nature portfolio


https://doi.org/10.1016/j.biopha.2018.12.138
https://doi.org/10.1038/s41598-024-59662-8
https://doi.org/10.1038/s41598-024-59662-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Treadmill training improves lung function and inhibits alveolar cell apoptosis in spinal cord injured rats
	Material and methods
	Animals
	Establishment of the SCI rat model
	Treadmill training
	Measurement of pulmonary edema
	Blood gas analysis
	Hematoxylin–eosin (HE) staining
	Immunohistochemistry staining
	Immunofluorescence staining
	Western blotting
	qRT-PCR
	Dual-luciferase reporter gene assay
	Overexpression and knockdown of miR145-5p in the lungs of rats
	Statistical analysis

	Results
	Treadmill training improves pulmonary dysfunction after SCI
	Apoptosis increases in rat lung tissues after SCI and treadmill training inhibits apoptosis
	The MAPK signaling pathway is activated in lung tissue after SCI and inhibited by treadmill training
	MAP3K3 is a target gene of miR145-5p, and overexpression of miR145-5p attenuates lung injury after SCI in rats
	Overexpression of miR145-5p inhibits the MAPK signaling pathway and suppresses apoptosis in rat lung tissues after SCI
	Knockdown of miR145-5p increases MAPK expression and aggravates lung injury after SCI in rats, and treadmill training attenuates lung injury in knockdown rats

	Discussion
	References


