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Background: Spinal cord injury (SCI) results in profound neurological dysfunction, involving calcium dysregulation, mito-
chondrial impairment, and lysosomal dysfunction. Transient receptor potential mucolipin 1 (TRPML1), a lysosomal calcium-
permeable channel, plays a pivotal role in cellular homeostasis and lysosome—mitochondria crosstalk. Therefore, this study aims
to elucidate the functional role and regulatory mechanisms of TRPML]1 in SCI repair.

Methods: A T9-T10 contusive SCI model was established in C57BL/6 mice. TRPML1 was overexpressed via adeno-associated
virus (AAV9), and its effects were assessed through behavioral assessments, histopathological examination, and molecular anal-
yses. Furthermore, a hydrogen peroxide (H202)-induced NSC-34 motor neuron-like cell injury model was employed to validate
the mechanisms in vitro.

Results: In vivo, TRPML1 overexpression significantly enhanced the expression of mitochondrial and lysosomal functional pro-
teins (transcription factor EB [TFEB], lysosomal-associated membrane protein 1 [LAMP1], ATP synthase-a: 1 [ATP5A1]), sup-
pressed Cytochrome C levels, restored mitochondrial membrane potential, and alleviated both calcium overload and reactive
oxygen species (ROS) accumulation (p < 0.01). Furthermore, terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining revealed decreased apoptosis, whereas histological analysis showed preserved spinal cord architecture and di-
minished inflammatory infiltration. Additionally, basso mouse scale (BMS) scores demonstrated improved locomotor recovery.
In vitro, TRPML1 was found to alleviate H>O>-induced NSC-34 cell damage, as evidenced by restored calcium homeostasis, re-
duced ROS, enhanced mitochondrial function, and attenuated apoptosis, indicating its consistent neuroprotective effects across
models.

Conclusion: TRPML1 exerts neuroprotective effects by modulating calcium signaling and coordinating mitochondrial and lyso-
somal function, highlighting its therapeutic potential as a promising target for managing SCI repair.

Keywords: TRPML1; spinal cord injury; calcium signaling; mitochondrial homeostasis; lysosome—mitochondria crosstalk; oxidative
stress

Introduction Following the initial mechanical trauma, SCI trig-
gers a cascade of molecular events, including glutamate-
mediated excitotoxicity, excessive calcium influx with sub-
sequent free radical production, and oligodendrocyte apop-
tosis, all of which collectively exacerbate neuronal damage
[5]. These secondary injury cascades progressively disrupt
mitochondria-lysosome interactions, leading to metabolic

imbalance and progressive neuronal degeneration [6,7].

Spinal cord injury (SCI) is a devastating central ner-
vous system disease characterized by disrupted calcium
homeostasis, mitochondrial dysfunction, and lysosomal im-
pairment [1-3]. Globally, over 20 million individuals
are living with SCI, with approximately 0.9 million new
cases each year, leading to significant health challenges

due to premature mortality and long-term disability [4].
Current treatment approaches primarily focus on address-
ing secondary injury cascades and functional rehabilitation
through interventions such as functional electrical stimula-
tion and partial-weight-supported walking [5]. However,
these interventions offer only limited neurological restora-
tion function, underscoring the urgent need for novel ther-
apeutic strategies that target critical molecular pathways.

Recent evidence shows that the transient receptor poten-
tial mucolipin 1 (TRPML1), a calcium-permeable channel
located on the lysosomal membrane, plays a crucial role
in regulating mitochondria—lysosome crosstalk and main-
taining neuronal homeostasis, with its dysfunction closely
linked to SCI pathology [8,9].
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Calcium signaling is essential for regulating mito-
chondrial and lysosomal function following SCI. Mito-
chondria rely on calcium fluxes to drive adenosine triphos-
phate (ATP) synthesis, support oxidative phosphorylation,
and modulate autophagy [10,11]. However, SCI often leads
to calcium overload, which induces mitochondrial dam-
age and increases oxidative stress [12]. Simultaneously,
lysosomal degradation capacity is compromised, hindering
the clearance of damaged organelles and aggravating neu-
ronal injury [13]. This calcium dysregulation establishes
a vicious feedback loop—excessive Ca?T influx through
damaged membranes activates caspase-3-mediated apop-
tosis [14], while lysosomal dysfunction promotes the ac-
cumulation of dysfunctional mitochondria, further exac-
erbating oxidative stress [15]. Importantly, the Annexin
A7 (ANXAT7)-Peroxisome Proliferator-Activated Receptor
Gamma (PPAR<) axis reveals the role of lipid droplet-
mitochondria interactions modulating calcium homeostasis
[16], and zebrafish models show that gap junction-mediated
calcium buffering can promote neuronal survival [17], of-
fering potential therapeutic insights for axonal regenera-
tion.

TRPMLI plays a crucial role in maintaining neuronal
balance by promoting lysosomal biogenesis via the tran-
scription factor EB (TFEB) signaling pathway and sustain-
ing mitochondria—lysosome communication via lysosomal-
associated membrane protein 1 (LAMP1), thereby regu-
lating cellular energy metabolism and autophagy [8,18].
Activation of TRPMLI1 has been reported to alleviate cal-
cium dysregulation, restore mitochondrial function, and en-
hance neuronal survival following SCI [19]. Oxidative
stress is substantially increased post-SCI, as evidenced by
higher mitochondrial reactive oxygen species (ROS) pro-
duction and impaired antioxidant defense mechanisms [20].
TRPMLI1 activation mitigates ROS accumulation by pro-
moting the clearance of damaged mitochondria via the
TFEB-mediated pathway, thereby reducing oxidative stress
[21]. Furthermore, TRPML1 helps stabilize the mitochon-
drial membrane potential (AWm), enhances the efficiency
of ATP synthesis, and supports neuronal viability by mod-
ulating lysosomal calcium signaling [22].

Neuronal apoptosis post-SCI is primarily mediated
by the crosstalk between mitochondria and lysosomes.
Lysosomal rupture releases proteases such as cathepsin
B, which activate mitochondrial apoptotic pathways [23].
TRPMLI1 has been shown to counteract this process by
promoting autophagy through the AMP-activated protein
kinase (AMPK)-TRPML 1-Calcineurin axis, thereby sup-
pressing the expression of pro-apoptotic proteins and re-
ducing neuronal death [24]. Notably, the downregula-
tion of TRPMLI following SCI has enhanced the inves-
tigation of therapeutic strategies such as adeno-associated
virus (AAV)-mediated TRPML1 overexpression and the
application of TRPMLI1 agonists [25,26]. These ap-
proaches have demonstrated promising outcomes in restor-
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ing mitochondria—lysosome calcium communication and
improving neuronal survival [27]. Furthermore, in vitro
studies, such as those by Sapienza et al. [28], suggest a
regulatory role of TRPML1 in maintaining calcium dynam-
ics and mitochondrial-lysosomal integrity under oxidative
stress in NSC-34 motor neurons. However, the precise
mechanisms by which TRPMLI1 coordinates calcium sig-
naling and organelle function within the complex patho-
physiology of SCI remain to be fully explored.

Therefore, this study aims to elucidate the role and un-
derlying mechanisms of TRPML1 in SCI repair, with a par-
ticular focus on its involvement in calcium signaling reg-
ulation, mitochondria—lysosome interactions, and apopto-
sis inhibition. Unraveling these mechanisms may provide
novel and valuable insights into SCI pathogenesis and iden-
tify potential therapeutic targets for improved treatment ap-
proaches.

Materials and Methods

Experimental Animals

Initially, male C57BL/6 mice (8—12 weeks old, weigh-
ing 18-25 g) obtained from the Guangdong Provincial Med-
ical Laboratory Animal Center (Guangzhou, China). All
animals were acclimated for one week under controlled en-
vironmental conditions (22 &+ 2 °C, 50-60% humidity, and
a 12-hour light/dark cycle) with free access to food and wa-
ter. All animal protocols and experimental designs were ap-
proved by the Animal Ethics Committee of the Guangdong
Provincial Medical Laboratory Animal Center, China (Ap-
proval No. D202504-11) and conducted in accordance with
institutional and national guidelines for animal research.

SCI Modeling and Experimental Grouping

A contusive SCI model at the T9-T10 level was es-
tablished using a modified Allen’s method [29]. Mice were
anesthetized via intraperitoneal injection of sodium pen-
tobarbital (50 mg/kg, 1% w/v solution; #P3761, Sigma-
Aldrich, St. Louis, MO, USA), and anesthesia depth was
verified by the absence of toe-pinch reflex. Once fully anes-
thetized, a dorsal laminectomy was performed to expose the
spinal cord, followed by a calibrated contusion using a stan-
dardized impactor (10 g x 2.5 cm; IH-0400, Precision Sys-
tems and Instrumentation, Lexington, KY, USA). Sham-
operated control mice underwent a laminectomy without
spinal cord impact. All animals received postoperative cef-
triaxone (25 mg/kg/day, i.p.; #HY-B0712, MedChemEx-
press, Monmouth Junction, NJ, USA) for three days and
were maintained at 37 °C until full recovery.

To assess the functional role of TRPMLI in SCI
repair, recombinant AAV9 vectors (Addgene, #107790,
Watertown, MA, USA) were employed to deliver either
full-length murine TRPML1 cDNA or an empty vec-
tor control. TRPMLI1 expression was driven by the
Calcium/Calmodulin-Dependent Protein Kinase II Alpha
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(CamKlIl«) promoter, enabling preferential expression in
excitatory neurons, though minimal expression in non-
neuronal cells could not be excluded. The overexpres-
sion cassette was based on the pcDNA3.1 backbone which
contains a cytomegalovirus enhancer, a woodchuck hepati-
tis virus post-transcriptional regulatory element (WPRE),
and a bovine growth hormone polyadenylation signal. The
empty (control) vector in the SCI + Oe-NC group retained
the same backbone structure but lacked the TRPMLI in-
sert. Both vector constructs harbored an ampicillin resis-
tance gene for bacterial selection. The complete nucleotide
sequence of the TRPML1 overexpression construct is pro-
vided in Supplementary Table 1.

Immediately following SCI induction (within 30 min-
utes), a 2pL of AAV9 viral suspension (1 x 102
vg/mL) was bilaterally microinjected into the spinal cord
parenchyma at the injury epicenter (0.5 uL/min) using
a Hamilton microsyringe (Model 84250, Hamilton Com-
pany, Reno, NV, USA) fitted with a pulled-glass capillary.
To minimize reflux, the needle was held in place for an ad-
ditional 10 minutes before slow retraction was initiated. To
account for the ~14-day delay in AAV-mediated gene ex-
pression, behavioral assessments were extended to 28 days
post-injury to ensure that all phenotypic evaluations were
performed after confirmed transgene overexpression.

Animals were randomly assigned into four experimen-
tal groups (n = 12 per group): (a) Sham group (laminec-
tomy only, without SCI, serving as the control) [19]; (b)
SCI group (SCI model without any genetic manipulation);
(c) SCI + Oe-NC group (SCI + AAV9 carrying an empty
pcDNA3.1 vector); (d) SCI + Oe-TRPMLI1 group (SCI +
AAV9 carrying the TRPML1 overexpression vector). At
designated timepoints, mice were re-anesthetized using the
same protocol and euthanized by cervical dislocation under
deep anesthesia. Spinal cord segments (5 mm) surround-
ing the injury epicenter were then harvested for subsequent
molecular, histological, or biochemical analyses.

Motor Function Assessment

Motor function recovery was evaluated using the
basso mouse scale (BMS) on days 1, 3, 7, 14, 21, and 28
post-injuries [30]. The BMS is a 9-point scale (0-8) de-
signed to assess hindlimb locomotor function in open-field
tests, focusing on joint movement, weight support, coor-
dination, and paw positioning. Each mouse was placed
in a circular arena (115 cm diameter) and observed for 4
minutes by two trained evaluators who were blinded to
the group allocation. To minimize subjective bias, eval-
uators underwent standardized training, including video-
based calibration and consensus scoring with expert raters,
which achieved an inter-rater reliability of >0.90. Final
BMS scores were calculated as the average of the two inde-
pendent assessments, and hindlimb locomotor scores were
recorded to assess functional outcomes.

Hematoxylin and Eosin (H&E) Staining of SCI
Tissues

Fixed SCI tissue samples were dehydrated, cleared,
and embedded in paraffin. These paraffin-embedded tis-
sues were sectioned into 4—6 pm thick slices, baked at 60 °C
for 30 minutes, dewaxed in xylene, and rehydrated through
an ethanol gradient. After rinsing with distilled water, the
sections underwent H&E staining, followed by dehydra-
tion and mounting with neutral resin. The prepared slides
were then visualized and imaged under a light microscope
(Olympus BX53, Tokyo, Japan).

Cell Culture and Experimental Grouping

NSC-34 mouse motor neuron-like cells (#HTX1846,
Huatuo Biotech, Shenzhen, China) were cultured in high-
glucose Dulbecco’s Modified Eagle Medium (DMEM,;
#11965092, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin—streptomycin and incubated at 37 °C
in the presence of 5% COs. Short tandem repeat (STR)
authentication was performed by the supplier to confirm
the identity of the NSC-34 cell line. All cells were con-
firmed to be mycoplasma-free using polymerase chain re-
action (PCR)-based testing (MycoAlert™, Lonza, Walk-
ersville, MD, USA) before experiments and were mon-
itored monthly thereafter. Cells at passages 3-5 were
used for subsequent experiments. To mimic the oxida-
tive stress microenvironment observed after SCI, cells were
treated with 400 uM hydrogen peroxide (H2O2) for 24
hours [31]. Based on experimental design, cells were sub-
jected to HoO5 treatment alone or in combination with
transfection using either an empty vector (pcDNA3.1) or a
TRPML1-overexpressing plasmid (pcDNA3.1-TRPMLI1).
This yielded four groups: Control, HoO3, HoOy + Oe-
NC, and H,O5 + Oe-TRPMLI1. Transfections were per-
formed using Lipofectamine 3000 (#L3000150, Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA) according
to the manufacturer’s instructions, and all assays were con-
ducted 48 hours post-transfection.

qRT-PCR Analysis

Total RNA was extracted from SCI tissues and
NSC-34 cells using TRIzol reagent (#15596018CN,
Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA), and subsequently reverse-transcribed using a cDNA
synthesis kit (#6210A, Takara, Shiga, Japan). Quantitative
real-time polymerase chain reaction (qRT-PCR) was
conducted using sensitive fluorescent DNA binding stain
(SYBR) Green qPCR Master Mix (#639676, Takara, Shiga,
Japan) on an ABI 7500 Real-Time PCR System (Applied
Biosystems, Thermo Fisher Scientific, Foster City, CA,
USA), with glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) serving as an internal control. Relative gene
expression was determined using the 2~24C method,
and each experiment was performed. The primer se-
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quences used in qRT-PCR were as follows: TRPMLI-F:

5'-CAAGACCCACATCCAGGAGT-3, TRPMLI-R:
5'-ACAAACTCGTTCTGCAGCAG-3'; GAPDH-F:
5'-AGTATGACTCCACTCACGGC-3’, GAPDH-R:

5'-CACCAGTAGACTCCACGACA-3'.

TUNEL Assay

Apoptosis in SCI tissues and NSC-34 cells was
evaluated using a terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay kit (#C1088,
Beyotime, Shanghai, China). Samples were fixed with
4% paraformaldehyde (#P1110, Solarbio, Beijing, China)
for 30 minutes, permeabilized with 0.3% Triton X-100
(#ST795, Beyotime, Shanghai, China), and incubated with
the TUNEL reaction solution at 37 °C for 1 hour in the
dark. Nuclei were counterstained with 4'6-diamidino-2-
phenylindole (DAPI; #C1002, Beyotime, Shanghai, China)
for 10 minutes. Fluorescent images were acquired using a
fluorescence microscope (IX73, Olympus, Tokyo, Japan),
and the apoptotic index was calculated as the percentage
of TUNEL-positive cells in five randomly selected fields
using Imagel software (version 1.53, NIH, Bethesda, MD,
USA).

Kit-Based Detection Assays

Total calcium levels in spinal cord tissues were mea-
sured using a calcium colorimetric assay kit (#S1063S, Be-
yotime, Shanghai, China). Briefly, fresh tissues were ho-
mogenized in lysis buffer and centrifuged at 12,000 x g for
10 minutes at 4 °C, and the resulting supernatants were then
mixed with detection reagents (1:1 buffer/color reagent).
Absorbance was recorded at 575 nm using a fluorescence
microplate reader (Varioskan™ LUX, Thermo Fisher Sci-
entific, Waltham, MA, USA), and concentrations were cal-
culated using a 0—1.0 mM calcium standard curve.

Intracellular Ca?* dynamics in NSC-34 cells were as-
sessed using Fluo-4 AM (#S1060, Beyotime, Shanghai,
China). After HoO5 treatment and washing, cells were
incubated with the dye for 30 minutes at 37 °C, followed
by a 20-minute incubation in dye-free medium for de-
esterification. Fluorescence intensity was determined at
494 nm excitation and 516 nm emission using a fluores-
cence microplate reader (Varioskan™ LUX, Thermo Fisher
Scientific, Waltham, MA, USA). Background values were
corrected, and findings were expressed as relative fluores-
cence units (RFU).

Reactive oxygen species (ROS) levels were detected
using the DCFH-DA probe (#S0034, Beyotime, Shang-
hai, China). For tissue samples, fluorescence intensity
was recorded using a fluorescence microplate reader at 488
nm excitation and 525 nm emission to reduce background
interference during imaging. For cell samples, fluores-
cence images were acquired under a fluorescence micro-
scope (Olympus BX53, Tokyo, Japan).
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AWm was evaluated using the JC-1 assay kit (#C2006,
Beyotime, Shanghai, China). For tissue samples, ho-
mogenates were incubated with a JC-1 working solution
(5 x 10° cells/mL) for 15-30 minutes at 37 °C. Red fluo-
rescence (JC-1 aggregates, Ex/Em: 585/590 nm) and green
fluorescence (monomers, Ex/Em: 514/529 nm) were mea-
sured using a fluorescence microplate reader, and the red-
to-green fluorescence ratio was calculated to assess AUm.
For cultured cells, JC-1 staining was performed under the
same conditions, and A¥m was determined using fluores-
cence microscopy.

Mitochondrial ROS levels in tissue samples were eval-
uated using MitoSOX Red (#M36008, Thermo Fisher Sci-
entific, Waltham, MA, USA). Tissues were incubated with
5 uM MitoSOX Red for 10 minutes at 37 °C, washed, and
fluorescence was recorded at an excitation of 510 nm and an
emission of 610 nm using a fluorescence microplate reader.
Data were normalized to protein content and corrected for
background fluorescence.

Western Blotting

SCI tissues and NSC-34 cells from different exper-
imental groups were lysed using radio immunoprecipita-
tion assay (RIPA) lysis buffer (Beyotime, Shanghai, China),
sonicated, and centrifuged at 12,000 rpm for 15 minutes at
4 °C. Protein concentrations were determined using a bicin-
choninic acid (BCA) protein assay kit (Beyotime, Shanghai,
China), and equal protein amounts (30 ug) were resolved
on a 10% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) gel and then transferred onto
a polyvinylidene fluoride (PVDF) membrane (Millipore,
Burlington, MA, USA). The membranes were blocked
with 5% skim milk for 1 hour, and incubated overnight
at 4 °C with the following primary antibodies (1:1000):
TRPMLI1 (PA1-46474, Thermo Fisher Scientific, Waltham,
MA, USA), TFEB (ab267351, Abcam), LAMP1 (ab24170,
Abcam), ATP synthase-a 1 (ATP5A1; ab14748, Abcam),
Cytochrome C (ab133504, Abcam), calmodulin (CALM;
ab45689, Abcam), and mitochondrial calcium uniporter
(MCU; abl121499, Abcam). [-Actin (1:5000, ab8227,
Abcam) was used as the internal control. The follow-
ing day, the membranes were washed and incubated with
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (anti-mouse IgG-HRP, ab205719; anti-rabbit 1gG-
HRP, ab6721; 1:5000, Abcam) for 1 hour at room tempera-
ture. Finally, protein bands were visualized using an en-
hanced chemiluminescence (ECL) detection kit (#32106,
Thermo Fisher Scientific, Waltham, MA, USA) and quan-
tified with ImageJ, with $-actin serving as an internal ref-
erence.

Statistical Analysis

Statistical analyses were conducted using SPSS 26.0
software (IBM Corp., Armonk, NY, USA). Differences be-
tween the two groups were assessed using unpaired ¢-tests,
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Fig. 1. TRPML]1 overexpression restores its expression and improves lysosomal and mitochondrial function after SCI. (A) qRT-

PCR analysis of TRPML1 mRNA expression in spinal cord tissues across different groups (n = 12). (B) Western blot analysis and

quantitative results of TRPML1 protein expression. (C) Western blot analysis and quantification of lysosomal proteins (TFEB, LAMP1)

and mitochondrial proteins (ATP5A1, Cytochrome C). Data are expressed as mean & SD (n = 3). ** p < 0.01 vs. Sham group; # p <

0.01 vs. SCI + Oe-NC group. TRPMLI, transient receptor potential mucolipin 1; SCI, spinal cord injury; TFEB, transcription factor EB;

LAMP1, lysosomal-associated membrane protein 1; qRT-PCR, quantitative real-time polymerase chain reaction; SD, standard deviation;

ATP5A1, ATP synthase-« 1.

and multiple group comparisons were conducted via one-
way ANOVA followed by Tukey’s post hoc test. Results
were expressed as mean =+ standard deviation (SD), and a
p-value of <0.05 was considered statistically significant.

Results

TRPML1 Overexpression Reverses SCI-Induced
Lysosomal and Mitochondrial Function

To investigate the role of TRPMLI in SCI repair, its
expression in spinal cord tissues was examined using qRT-
PCR and western blot analysis. As shown in Fig. 1A,B,
TRPML1 mRNA and protein levels were significantly re-
duced in the SCI group compared to the Sham group but
were robustly restored in the SCI + Oe-TRPML1 group, ex-
ceeding even Sham levels (p < 0.01). These findings indi-
cate that SCI suppresses endogenous TRPMLI1 expression,
which can be effectively rescued by AAV-mediated overex-
pression of TRPMLI.

Furthermore, we examined the impact of TRPMLI1
overexpression on organelle function. As shown in Fig. 1C,
expression levels of the lysosomal markers TFEB and
LAMPI1, and the mitochondrial marker ATP5A1, were sig-
nificantly reduced after SCI, while Cytochrome C levels
were elevated, suggesting organelle dysfunction. However,
TRPMLI1 overexpression reversed these alterations, restor-
ing TFEB, LAMP1, and ATP5A1 levels, and reducing Cy-
tochrome C expression (p < 0.01), thereby supporting its
role in maintaining lysosomal and mitochondrial homeosta-
sis following SCI.

TRPMLI Overexpression Restores Calcium
Homeostasis and Mitochondrial Function After SCI

To further explore the role of TRPMLI in calcium reg-
ulation and mitochondrial integrity, western blot analysis
was performed for CALM and MCU. As shown in Fig. 2A,
both proteins were downregulated after SCI, whereas their
expression was substantially restored in the SCI + Oe-
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Fig. 2. TRPML1 overexpression restores calcium homeostasis and mitochondrial function following SCI. (A) Western blot analysis

and quantification of CALM and MCU protein expression in spinal cord tissues (n = 3). (B) Total calcium levels were assessed using

a calcium assay kit. (C) Intracellular ROS levels were detected using DCFH-DA fluorescence. (D) JC-1 staining for mitochondrial

membrane potential (A¥m). Red fluorescence (JC-1[R]) indicates high A¥m, whereas green fluorescence (JC-1[G]) indicates low

AWm. The relative AUm was expressed as red-to-green fluorescence ratio. (E) MitoSOX assay for mitochondrial ROS detection. Data

are expressed as mean + SD (n = 12). ** p < 0.01 vs. Sham group; * p < 0.01 vs. SCI+ Oe-NC group. ROS, reactive oxygen species;
DCFH-DA, 2',7'-Dichlorodihydrofluorescein diacetate; CALM, calmodulin; MCU, mitochondrial calcium uniporter; JC-1, 5,5,6,6’-
Tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide; RFU, relative fluorescence units.

TRPMLI1 group, exceeding Sham levels (p < 0.01), indi-
cating the recovery of calcium-regulatory capacity. Con-
sistently, total calcium levels in spinal cord tissues, which
were elevated following SCI, were significantly reduced by
TRPML1 overexpression (Fig. 2B), implying improved cal-
cium homeostasis.

Oxidative stress, evaluated using DCFH-DA stain-
ing, revealed a substantial increase in ROS production af-
ter SCI, which was significantly attenuated by TRPML1
overexpression (Fig. 2C, p < 0.01). To assess mitochon-
drial function, JC-1 and MitoSOX assays were conducted
to determine A¥m and mitochondrial ROS levels, respec-
tively (Fig. 2D,E). SCI induced A¥m depolarization and
mitochondrial ROS accumulation, both of which were ef-
fectively reversed with TRPMLI1 overexpression, indicat-
ing strong mitochondrial protective effects.

Collectively, these results demonstrate that TRPML1
overexpression alleviates calcium dysregulation, decreases
oxidative stress, and maintains mitochondrial function after
SCI, underscoring its significant neuroprotective potential.

Regulatory Role of TRPMLI in Apoptosis After SCI

To evaluate the effect of TRPMLI1 on apoptosis af-
ter SCI, TUNEL staining was performed (Fig. 3). Com-

pared to the Sham group, the SCI group exhibited a sig-
nificant increase in TUNEL-positive cells (p < 0.01), in-
dicating enhanced neuronal apoptosis after injury. Con-
versely, TRPML1 overexpression substantially reduced the
proportion of TUNEL-positive cells compared to both the
SCI and Sham groups (p < 0.01). These findings suggest
that TRPML1 overexpression mitigates SCI-induced apop-
tosis, supporting its potential neuroprotection role via anti-
apoptotic mechanisms.

TRPMLI1 Ameliorates Histopathological Damage
and Promotes Functional Recovery After SCI

To assess the impact of TRPML1 on spinal pathology
and functional recovery after SCI, H&E staining and BMS
scoring were conducted. As shown in Fig. 4A, the SCI
group exhibited severe histopathological changes, includ-
ing disorganized neuronal architecture, inflammatory cell
infiltration, and extensive necrotic regions, compared to the
Sham group. However, these abnormalities were markedly
attenuated in the SCI + Oe-TRPMLI1 group, which showed
a more organized tissue structure, reduced inflammation,
and smaller necrotic areas. Furthermore, motor function,
evaluated using the BMS (Fig. 4B), demonstrated a signif-
icant reduction in BMS scores in the SCI group on day 1
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Fig. 3. Effects of TRPML1 on apoptosis after SCI. Representative TUNEL staining of spinal cord sections showing apoptotic
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deoxynucleotidyl transferase dUTP nick end labeling; DAPI, 4'6-diamidino-2-phenylindole.

post-injury, with minimal improvement by day 3. From day
7 onward, all groups exhibited gradual recovery; however,
the SCI+ Oe-TRPMLI1 group achieved significantly higher
BMS scores from days 7 to 28, with marked improvements
in hindlimb coordination by day 14 and enhanced locomo-
tor function at days 21 and 28 (p < 0.01). Although func-
tional recovery in the SCI + Oe-TRPMLI group did not
fully return to Sham levels by day 28, it was significantly
greater than that of the SCI + Oe-NC groups (p < 0.05).
These findings indicate that TRPML1 overexpression at-
tenuates SCI-induced structural damage and facilitates sus-
tained functional recovery.

TRPMLI Alleviates HyOy-Induced Injury in NSC-34
Cells by Regulating Mitochondrial/Lysosomal
Proteins and Calcium Homeostasis

To further investigate the role of TRPMLI at the
cellular level, an HoO2-induced injury model was estab-
lished in NSC-34 cells, followed by TRPML1 overexpres-
sion. As shown in Fig. 5A,B, TRPMLI mRNA and pro-
tein expression levels were significantly elevated in the
Oe-TRPMLI1 group compared to the Oe-NC group (p <
0.01), confirming successful overexpression. However,
H505 treatment markedly suppressed TRPML1 mRNA ex-
pression, whereas exogenous overexpression effectively re-
versed this downregulation (Fig. 5C, p < 0.01), indicating
that TRPML1 is sensitive to oxidative stress and can be re-
stored via gene delivery.

Western blot analysis further demonstrated (Fig. 5D)
that HoO2 exposure significantly reduced the expression

of LAMPI1, ATP5A1, and MCU compared to the control
group, whereas overexpression of TRPMLI1 restored their
levels (p < 0.01). These findings imply that TRPML1 may
alleviate oxidative stress-induced cellular damage by mod-
ulating proteins associated with mitochondrial and lysoso-
mal function. Moreover, HoO» treatment significantly in-
creased intracellular Ca2t concentration, while TRPML1
overexpression substantially reduced this Ca?* overload
(Fig. SE, p < 0.01), underscoring its role in maintaining
calcium homeostasis under stress conditions.

TRPMLI Attenuates ROS Accumulation,
Mitochondrial Dysfunction, and H2O2-Induced
Apoptosis in NSC-34 Cells

To further verify the protective role of TRPMLI1 in
the HoO9-induced injury model, intracellular ROS lev-
els, A¥m, and apoptosis rate were evaluated in NSC-
34 cells. As shown in Fig. 6A, HoOy exposure signifi-
cantly increased intracellular ROS accumulation, whereas
TRPMLI overexpression effectively suppressed ROS lev-
els (p < 0.01), suggesting its antioxidative potential. Fur-
thermore, TUNEL staining (Fig. 6B) demonstrated a signif-
icant increase in apoptosis rates following HoO- treatment,
whereas TRPML1 overexpression significantly reduced the
proportion of TUNEL-positive cells (p < 0.01), indicating
its cytoprotective role under oxidative stress.

Moreover, JC-1 staining (Fig. 6C) revealed that Ho O,
significantly reduced AWm, which was effectively restored
by TRPMLI overexpression (p < 0.01), suggesting its po-
tential for mitochondrial protection. Collectively, these re-
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sults demonstrate that TRPML1 alleviates oxidative stress-
induced cellular dysfunction by attenuating ROS accumu-
lation, preserving mitochondrial integrity, and inhibiting
apoptosis.

Discussion

This study comprehensively investigated the role and
molecular mechanisms of TRPML1 in SCI repair, demon-
strating that TRPML1 overexpression confers significant
neuroprotective effects both in vivo and in vitro. In the
SCI mouse model, TRPMLI1 expression was significantly
downregulated following injury, accompanied by cellular
calcium overload, elevated oxidative stress, a decline in

AW¥m, and increased neuronal apoptosis. TRPMLI over-
expression reversed these pathological changes by upreg-
ulating key regulatory proteins, such as CALM, MCU,
TFEB, LAMPI1, and ATP5A1, thereby restoring calcium
homeostasis, enhancing lysosomal and mitochondrial func-
tion, and reducing Cytochrome C release and alleviating
ROS accumulation. These molecular and cellular improve-
ments were reflected by attenuated neuronal apoptosis, im-
proved tissue morphology, and enhanced motor perfor-
mance. Moreover, similar protective effects were observed
in the H,O52-induced NSC-34 cell injury model. These find-
ings collectively underscore the role of TRPMLI1 as a key
modulator of neuroprotection in the context of SCI.
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These results are consistent with previous studies that
have identified TRPML 1 as a critical regulator of lysosomal
calcium channels, lysosome—mitochondria communication,
and intracellular homeostasis [32,33]. SClI-induced sec-
ondary damage is known to disrupt lysosomal calcium flux
and impair mitochondrial function [34,35]. Our findings
demonstrate that TRPML1 overexpression upregulates the
expression of CALM and MCU proteins, reduces calcium
ion accumulation, and improves mitochondrial function.
Additionally, while SCI increases ROS levels, leading to
mitochondrial damage and oxidative stress [36], TRPML1
overexpression was observed to enhance lysosomal biogen-
esis via the TFEB signaling pathway, improve mitochon-
drial autophagy, and reduce oxidative stress.

Previous studies have shown that SCI-induced lyso-
somal dysfunction impairs the clearance of damaged or-
ganelles, leading to neuronal death [1,37], whereas activa-
tion of TRPML1 promotes mitochondrial autophagy and
reduces SCl-associated apoptosis [19]. This study further
confirms the protective role of TRPMLI1 in SCI repair,
demonstrating that its overexpression reduces Cytochrome
C release and inhibits the mitochondria-dependent apopto-
sis pathway [38,39]. Moreover, AAV-mediated TRPML1
overexpression has been shown to enhance motor function

recovery and promote neuroregeneration [40], findings that
align with the improved BMS score found in this study. No-
tably, similar to recent reports demonstrating early func-
tional improvements with AAV-mediated gene therapy in
spinal cord injury models [41], the neuroprotection ob-
served as early as 7 days post-injury in this study may indi-
cate rapid transcriptional responses induced by viral trans-
duction before peak transgene expression. Collectively,
these results underscore TRPML1 as a promising therapeu-
tic target for managing SCI.

The in vitro mechanistic studies further corroborated
these findings. In the HoO5-induced NSC-34 motor neu-
ron injury model, TRPMLI1 overexpression significantly re-
stored calcium homeostasis, reduced ROS levels, improved
AV¥m, and suppressed apoptosis. These protective ef-
fects are likely driven by enhanced lysosome—mitochondria
coupling, facilitated autophagic clearance of damaged or-
ganelles, and improved cellular energy metabolism [22].
Notably, these in vitro results closely aligned with the
in vivo observations, collectively indicating that TRPML1
confers neuroprotection in SCI by modulating calcium sig-
naling and maintaining mitochondrial stability.

Despite revealing the neuroprotective mechanisms of
TRPMLI in SCI repair, this study has certain limitations.
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First, although AAV9 vectors with the CamKII promoter
were used to enhance neuronal targeting, neuronal speci-
ficity and lysosomal localization of TRPML1 were not di-
rectly validated in vivo or in vitro (e.g., via co-staining with
NeuN or LAMP1), which may affect the interpretation of

cell-type-specific effects. Second, the temporal dynamics
of AAV9-mediated expression were not evaluated, mak-
ing it unclear whether early-stage improvements were di-
rectly attributable to TRPML1 activity. Third, the relatively
small sample size in molecular experiments may have lim-
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ited statistical power despite clear trends. Fourth, although
TUNEL staining confirmed reduced apoptosis, the specific
cell type undergoing apoptosis was not identified due to
the absence of neuronal or glial markers. Fifth, although
ROS, Ca?*t, and mitochondrial potential were assessed us-
ing widely accepted fluorescent probes, the lack of posi-
tive or negative controls (e.g., NAC, BAPTA-AM, CCCP)
may limit signal specificity. Lastly, this study used only a
murine model and primarily focused on motor outcomes.
Future studies should incorporate time-course validation of
expression, lineage tracing, pharmacological controls, and
larger sample sizes to strengthen mechanistic insight and
translational applicability.

In summary, TRPML1 exerts multi-faceted neuropro-
tective effects in SCI repair by modulating calcium signal-
ing, enhancing lysosome—mitochondria coordination, sup-
pressing oxidative stress, and inhibiting apoptosis. These
findings not only expand our understanding of TRPML1’s
role in secondary injury mechanisms but also underscore
its potential as a promising therapeutic target for gene- and
pharmacological-based interventions.

Conclusion

This study reveals that TRPMLI plays a pivotal role
in SCI repair. Its overexpression restores calcium signal-
ing, improves lysosome-mitochondria interactions, attenu-
ates oxidative stress, and suppresses apoptosis, thereby fa-
cilitating tissue preservation and recovery of motor func-
tion. These findings highlight TRPMLI1 as a promising
therapeutic target for managing SCI, providing a basis for
future investigations into its clinical applications.
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