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Abstract 

Background Spinal cord injury (SCI) results in chronic motor deficits and intractable neuropathic pain, driven by neu-
roinflammation and impaired tissue repair. Current therapies inadequately address these multifaceted challenges. This 
study investigated the therapeutic effects of human adipose-derived mesenchymal stem cells (hADSCs) transplanta-
tion combined with green light (GL) therapy to modulate inflammation, enhance autophagy, and facilitate functional 
restoration post-SCI.

Methods In a murine SCI model, hADSCs (1 ×  106 cells) were intraspinally delivered with concurrent GL irradiation 
(100 lux, 8 h/d). Behavioral assessments included footprint analysis, von Frey test, and thermal hyperalgesia testing. 
Histological analyses included Luxol Fast Blue (LFB), Nissl, Masson, and hematoxylin and eosin (HE) staining for myelin 
integrity, neuronal survival and glial scar area. Immunofluorescence, ELISA and qPCR were used to assess inflam-
mation, and autophagy-related proteins were analyzed using immunofluorescence and western blotting. The role 
of microglial autophagy was investigated by inhibiting autophagy using 3-methyladenine (3MA).

Results The combined treatment group (hADSCs + GL) showed significant motor function recovery, pain relief, 
and histological improvement, outperforming either treatment alone. Histological analyses revealed enhanced myelin 
preservation, reduced glial scar formation, and increased neuronal survival. Quantitative analysis revealed that TNF-α, 
IL-1β, and CD68 expression in the combined treatment group were markedly lower than those in single-treatment 
cohorts (P < 0.05). Furthermore, the combined treatment promoted microglia autophagy, evidenced by increased 
Beclin1 and LC3B expression and decreased P62 in microglia. Inhibition of autophagy with 3MA reversed the anti-
inflammatory benefits of the combined therapy, exacerbating the inflammatory response.
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Conclusions The combined treatment of hADSCs transplantation and GL therapy significantly improves functional 
recovery and reduces inflammation following SCI. The therapeutic effects are mediated in part by the modulation 
of microglial autophagy.

Keywords Spinal cord injury, Neuropathic pain, Green light, Adipose-derived mesenchymal stem cells, Autophagy

phenotype within 24  h post-injury, characterized by 
upregulated TNF-α/IL-1β secretion and NLRP3 inflam-
masome activation [21–24]. Such phenotypic switching 
directly exacerbates secondary tissue damage and drives 
chronic neuropathic pain through sustained synaptic 
sensitization in dorsal horn circuits [25–27]. Autophagy, 
a cellular process essential for maintaining cellular home-
ostasis, has recently been implicated in regulating micro-
glial function and neuroinflammation [28, 29]. Enhanced 
autophagy has been shown to mitigate neuroinflamma-
tory responses and promote neuronal survival, highlight-
ing its promise for therapeutic intervention in SCI [30, 
31].

We hypothesize that the combination of hADSCs 
transplantation and green light therapy may synergisti-
cally regulate microglial autophagy, thereby improving 
motor function and alleviating neuropathic pain in SCI. 
By targeting both tissue repair and inflammation, this 
dual approach offers a promising therapeutic strategy to 
address the complex pathology of SCI.

Materials and methods
The work has been reported in line with the ARRIVE 
guidelines 2.0.

hADSCs isolation
hADSCs were isolated from excess adipose tissue 
obtained through liposuction procedures conducted at 
Guangdong Second Provincial General Hospital. The 
discarded adipose tissue was collected under ethical 
approval and patient consent. The tissue was washed 
extensively with phosphate-buffered saline (PBS) to 
remove residual blood and debris. The adipose matrix 
was processed using collagenolytic digestion (type I col-
lagenase, 0.1% w/v, Sigma-Aldrich) under standard-
ized conditions (37  °C, 50 rpm orbital shaking, 60 min). 
Sequential processing involved initial filtration through a 
70 µm mesh filter (Falcon) to eliminate residual extracel-
lular matrix components, followed by differential centrif-
ugation (1,200 × g, 10 min, 4 °C) for the stromal vascular 
fraction isolation. Post-isolation cells were propagated in 
culture medium (high-glucose DMEM + 10% FBS, Gibco) 
designed to support stem cell self-renewal. hADSCs 
were passaged at 80–90% confluence, and their mesen-
chymal stem cell characteristics were confirmed by flow 

Background
Spinal cord injury (SCI) can cause significant disability, 
frequently accompanied by neuropathic pain, manifesting 
as allodynia and hyperalgesia [1–3]. Despite therapeutic 
advancements, chronic pain remains a significant chal-
lenge, profoundly impairing patients’ quality of life [4–6]. 
The complex pathophysiology of SCI, involving neuroin-
flammation, tissue degeneration, and impaired regenera-
tion, underscores the limitations of current treatments 
[7, 8]. Pharmacological interventions, such as opioids 
and anticonvulsants, are often limited by side effects like 
dependency and tolerance, while non-pharmacological 
approaches, including physical therapy and neuromodu-
lation, frequently fail to fully restore function or alleviate 
pain [9, 10]. These limitations highlight the urgent need 
for innovative therapeutic strategies that address both 
motor dysfunction and neuropathic pain in SCI.

Human adipose-derived mesenchymal stem cells 
(hADSCs) emerge as a regenerative therapy for SCI due 
to their immunomodulatory, tissue-reparative, and anti-
inflammatory effects [11–14]. Easily accessible from 
adipose tissue, hADSCs have demonstrated potential in 
promoting tissue regeneration and mitigating inflam-
mation in preclinical SCI models [15]. However, the 
therapeutic efficacy of hADSCs alone is often limited, 
necessitating the exploration of adjunctive therapies 
to enhance their potential. Green light(GL) therapy has 
shown potential for pain management and tissue repair 
[16–19]. Studies have demonstrated that green light 
exposure can modulate pain sensitivity pathways and 
reduce spinal cord inflammation, potentially comple-
menting the effects of hADSCs. For instance, 7-day green 
light irradiation has been demonstrated to activate glu-
tamatergic and GABAergic neurons in specific brain 
regions, resulting in analgesic effects in animal models 
of neuropathic pain [20]. Additionally, preclinical studies 
report that green light therapy reduces pro-inflammatory 
cytokines such as TNF-α while enhancing anti-inflam-
matory mediators like IL10, further supporting its poten-
tial in SCI treatment [19].

Within the spinal cord’s immune landscape, microglia 
undergo rapid phenotypic polarization following SCI, 
transitioning from a homeostatic to a pro-inflammatory 
state [21–24]. Transcriptomic profiling demonstrates that 
78% of microglia in the lesion epicenter adopt an M1-like 
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cytometry analysis (CD90, CD73, CD105, CD45, CD34, 
CD14, D19 and HLA-DR).

Identification of hADSCs
Flow cytometry
Flow cytometry was used to detect characteristic surface 
markers on hADSCs. Passage 3 cells were prepared as 
single-cell suspensions and subsequently treated using a 
specialized human mesenchymal stem cell detection kit 
(TBD-MSCFC, Tbdscience). Cellular analysis was con-
ducted on a FACSAria III system (BD Biosciences) in 
accordance with the manufacturer’s guidelines. Approxi-
mately 10,000 gated cellular events were recorded and 
processed through FACSDiva analytical software (BD 
Biosciences).

Adipogenic differentiation
Adipogenic differentiation was induced using a commer-
cial differentiation medium (PD-006, Pricella). Following 
a 21-day induction period, intracellular lipid deposition 
was quantitatively assessed through Oil Red O histo-
chemical analysis. The experimental procedure involved 
sequential processing steps: cell monolayers were first 
rinsed with PBS, then chemically fixed using 4% formal-
dehyde solution for 30  min. Subsequent staining was 
performed by incubating cells with Oil Red O working 
solution under ambient laboratory conditions for equiva-
lent duration. To ensure staining specificity, residual dye 
was thoroughly eliminated through multiple PBS washes. 
Finally, lipid droplets were microscopically examined 
using bright field.

Osteogenic differentiation
Osteogenic differentiation was induced using a com-
mercial medium (PD-007, Pricella). Following a 21-day 
differentiation period, mineralization capacity was deter-
mined through Alizarin Red histochemical analysis. The 
experimental protocol comprised sequential steps: initial 
PBS rinsing, followed by chemical fixation with 4% para-
formaldehyde solution for 30  min. Subsequent staining 
involved incubation with Alizarin Red working solution 
equivalent duration. To eliminate nonspecific binding, 
residual dye was meticulously cleared through three PBS 
washes. Calcium nodules were visualized under a light 
microscope.

Chondrogenic differentiation
Chondrogenic differentiation was induced using a com-
mercial chondrogenic differentiation medium (PD-020, 
Pricella). Following 5-week cultivation, tissues underwent 
30-min fixation in 4% neutral buffered formaldehyde. 

Specimens were processed through sequential dehy-
dration in graded glucose solutions followed by OCT 
compound embedding. 5  μm-thick sections were 
microtome-generated and adhered to glass substrates. 
Following triple PBS rinses, tissue sections underwent 
30-min incubation with Alcian Blue solution under ambi-
ent conditions. Residual dye was eliminated through PBS, 
washingand the stained cartilage matrix was visualized 
under a light microscope.

Animals and experimental design
Female C57BL/6 J mice (n = 245 total; 6–8 weeks old at 
study initiation, body weight 18–22  g) were obtained 
from the SPF-grade Experimental Animal Center of 
Southern Medical University (Guangzhou, China; Cer-
tification SYXK(Yue)2022–0272). Female urinary tract 
anatomy facilitates catheterization with lower infec-
tion risks. Animals were housed in individually venti-
lated cages ( 6 mice/cage) under controlled conditions 
(temperature 22 ± 1  °C, humidity 50 ± 10%) with a 12 h 
light/dark cycle. Bedding (corn cob) and nesting mate-
rials (paper strips) were provided for environmental 
enrichment. Standard rodent chow and filtered water 
were available ad libitum. Health status was monitored 
weekly; no infections or abnormalities were detected 
pre-experiment. All experimental protocols complied 
with ethical standards approved by the Animal Ethics 
Committee of Guangdong Second Provincial General 
Hospital (Ethics No. 2024-DW-KZ-007–02). The study 
utilized a two-phase randomized controlled design 
with individual mice as experimental units. The sample 
size for each experimental group was determined based 
on empirical precedents and prior studies in the field 
[32, 33].

Part 1: therapeutic effects of hADSCs and green light therapy
In this part of the study, the therapeutic effects of hAD-
SCs transplantation combined with GL on SCI were 
assessed. Animals were assigned to five groups (n = 37/
group): SCI (SCI induction without treatment), GL 
(SCI induction + daily green light therapy, 100  lx, 8  h/
day), hADSCs (SCI induction + hADSCs transplan-
tation, 1 ×  106 cells in 3 μL PBS), hADSCs + GL (SCI 
induction + combined hADSCs transplantation and 
green light therapy), and Sham (laminectomy with-
out SCI induction). Behavioral assessments, including 
mechanical hypersensitivity and thermal hyperalge-
sia, were conducted from SCI induction through the 
end of the study. Footprint analysis was performed at 
35 d.p.i.. Histopathological and molecular assessments 
were performed at two time points: Day 7 post-injury, 
when neuroinflammation (TNF-α, IL-1β, IL-6, IL-18, 
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IL-10) was quantified via immunofluorescence, qPCR, 
and ELISA, and autophagy-related markers (P62, Bec-
lin1, LC3B) were assessed by immunofluorescence and 
Western blot; and Day 35 post-injury, when histopatho-
logical repair was evaluated using HE, Nissl, Luxol Fast 
Blue (LFB) and Masson’s trichrome staining, and neu-
ronal survival and axonal regeneration were quantified 
by NeuN,5-HT and NF-H immunofluorescence.

Part 2: mechanistic role of microglial autophagy
In the second phase, the functional contribution of 
microglial autophagy to therapeutic outcomes was 
examined. Autophagic flux was pharmacologically sup-
pressed through systemic administration of 3-methylad-
enine (3MA, 15 mg/kg/day i.p.), initiated 24 h post-SCI 
and maintained for 7 consecutive days. Six groups were 
included (n = 18/group): GL (SCI + green light therapy), 
GL + 3MA (SCI + green light therapy + 3MA), hAD-
SCs (SCI + hADSCs transplantation), hADSCs + 3MA 
(SCI + hADSCs transplantation + 3MA), hADSCs + GL 
(SCI + hADSCs transplantation + green light ther-
apy), and hADSCs + GL + 3MA (SCI + combined ther-
apy + 3MA). On Day 7, autophagy markers (P62, Beclin1, 
LC3B) were quantified by immunofluorescence, while 
neuroinflammation was assessed by measuring cytokine 
levels (IL-10, IL-1β, TNF-α, IL-18, IL-6) via immunofluo-
rescence, qPCR, and ELISA.

Spinal cord injury modeling
The T10 SCI model was induced as previously described 
[34, 35]. Anesthesia (isoflurane 2–3%) depth was moni-
tored via pedal reflex suppression. Spinal cord compres-
sion was performed bilaterally using 0.1-mm forceps (No. 
5 Dumont, Fine Science Tools, USA) for 2  s, ensuring 
full-width injury without damaging ventral or lateral tis-
sues. Following injury, the muscular and cutaneous layers 
were surgically closed with interrupted sutures. Postop-
erative care included thermoregulated recovery (37  °C), 
ampicillin (30  mg/kg in 100 μL saline, s.c.), and daily 
bladder expression until spontaneous urination resumed. 
At 7- and 35-days post-SCI, isoflurane-anesthetized mice 
received terminal transcardial perfusion (saline followed 
by 4% paraformaldehyde) for euthanasia.

hADSCs transplantation
In the experimental cohorts receiving cellular ther-
apy (hADSCs, hADSCs + GL, hADSCs + 3MA, hAD-
SCs + GL + 3MA), 1 ×  106 hADSCs were transplanted in 
a 3  μl PBS suspension at the lesion epicenter. The con-
centration of hADSCs was chosen based on previous 
studies demonstrating optimal therapeutic outcomes in 
spinal cord injury models [36, 37]. The procedure utilized 

a precision stereotaxic delivery platform (REAWORLD 
68528; KD Scientific KDS310Plus) integrated with a 10 μl 
microinjection assembly (Hamilton 7653–01 syringe 
coupled with 33G detachable needle 7803–05). Control 
groups (SCI, GL, and GL + 3MA) received an equivalent 
volume of PBS following the same procedure.

Green light therapy
The experimental parameters were established based on 
rodent phototherapy protocols from previous studies 
[19, 38]. Mice in the green light treatment groups (GL, 
hADSCs + GL, GL + 3MA, and hADSCs + GL + 3MA) 
were housed in custom-designed cages equipped with 
LED strips (LS-AC50-GR-006, 525  nm wavelength, 8W 
power output, 120  V input voltage, 120° beam angle) 
mounted on cage racks. The light intensity was calibrated 
to 100 lux using a TASI TA8120 lux meter positioned at 
cage bedding level. During the 8-h daily exposure period 
(8:00 AM to 4:00 PM), animals were maintained in a 
light-controlled environment devoid of other illumina-
tion sources, with free access to food and water. Mice in 
other groups were maintained under standard fluores-
cent lighting in the same room. After behavioral assess-
ments, all mice were returned to their home cages in the 
animal facility.

Behavioral assessments
Footprint test
Gait recovery and motor coordination were evaluated 
using the footprint test on day 35 post-SCI. Mice under-
went behavioral acclimation in a white paper-lined linear 
corridor (50 × 10 cm) prior to testing. Red and blue pig-
ments on mouse forelimbs and hindlimbs, respectively. 
Footprints were captured using a digital camera and ana-
lyzed for overall stepping ability and coordination.

Von frey test
Mechanical nociceptive thresholds were quantified via 
calibrated von Frey filaments (0.008–2.0  g force range). 
Mice were acclimated to plexiglass chambers on a mesh 
floor for 30  min prior to testing. The vonfrey filament 
vertically stimulated the plantar surface of the hindpaw in 
ascending order. Each monofilament underwent quintu-
plicate application, with the nociceptive response thresh-
old operationally defined as the minimum mechanical 
force inducing ≥ 50% positive paw withdrawal responses 
across trials.

Hot plate test
Thermal nociception thresholds were assessed using a 
thermoregulated platform (52.0  °C ± 0.5  °C), with mice 
undergoing 5-min habituation to the testing environment 
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prior to evaluation. Withdrawal latency (time to hind 
paw lick, flick, or jump) was recorded by blinded observ-
ers, with a 30-s cutoff to prevent tissue damage.

Western blotting (WB)
At 7 d.p.i., spinal cord lysates were prepared from three 
mice per group. 5-mm segments encompassing the 
lesion were homogenized in RIPA buffer (Beyotime 
P1050). After centrifugation (15,000 × g, 15 min), super-
natants were quantified via BCA assay (Beyotime P0010). 
50  μg protein/lane was electrophoresed and transferred 
to PVDF membranes (Millipore ISEQ00010). Mem-
branes were blocked and incubated with: LC3B (1:5000, 
Abcam ab192890), P62 (1:10,000, Abcam ab109012), 
Beclin1 (1:5000, Proteintech 66,665–1-Ig), and GAPDH 
(1:10,000, Cell Signaling Technology 2118). Follow-
ing secondary antibody incubation, protein bands were 
visualized through enhanced chemiluminescence (ECL) 
detection and quantitatively evaluated with ImageJ 
software.

Quantitative PCR (qPCR)
Spinal cord total RNA was extracted using an RNA 
extraction kit (M5101, NCM Biotech), followed by RNA 
quantification. cDNA was synthesized from total RNA 
using a reverse transcription kit (A232-10, GenStar) and 
qPCR was performed using a sybr green kit (A301-01, 
GenStar). Gene expression was normalized to GAPDH 
and relative expression levels were calculated using the 
 2−ΔΔCT method. Primers used for RT-PCR are listed in 
Table S1.

ELISA
Pain-related inflammatory factors (IL-10, IL-6, IL-18, 
IL-1β, TNF-α) were quantified by ELISA kits (Servicebio 
GEM0001/02/03/04/10) according to a previous study 
[39]. Spinal cord homogenates (100 μl) were incubated in 
antibody-coated plates with detection reagents, followed 
by TMB substrate reaction. Cytokine levels were deter-
mined via 450-nm absorbance measurements (BioTek 
Synergy H1) and standardized against calibration curves.

Immunofluorescence staining
12  μm-thick longitudinal spinal cord sections under-
went sequential immunolabeling pretreatment: initial 
blocking with 10% donkey serum/0.5% Triton X-100 
solution, followed by 16-h incubation at 4 °C with spe-
cific immunoglobulin solutions including: NeuN (1:200; 
Sigma MAB377), NF-H (1:400; Abcam ab8135), 5-HT 
(1:400; ImmunoStar 20,080), IL-1β (1:200; Abclonal 
A22257), TNF-α (1:100; Santa Cruz sc-52746), CD68 
(1:200; Bio-Rad MCA1957GA), Iba-1 (1:200/1:500; 

Abcam ab283319/Wako 019–19741), P62 (1:400; 
Abcam ab109012), LC3B (1:200; Abcam ab192890), 
and Beclin1 (1:400; Proteintech 66,665–1-Ig). Fluo-
rescent secondary antibodies conjugated with Alexa 
Fluor (1:300, Invitrogen) were incubated for 2  h prior 
to imaging. Confocal microscopy was conducted using 
a Leica Stellaris 5 imaging platform for optical section 
acquisition.

Immunofluorescence quantification
Quantification was performed using Leica X Office 
software. Fluorescence quantification was system-
atically performed across three spinal cord regions 
per specimen (midline and ± 40  μm). The intensity of 
PKH26, NF-H, 5-HT, TNF-α, IL-1β, and CD68 was 
calculated after background signal subtraction.  NeuN+ 
cells were manually counted along the rostrocaudal 
axis (100 μm intervals). Z-stack imaging was employed 
to assess the colocalization of P62/Beclin1/LC3B with 
Iba-1+ microglia in three fields per section.

Statistical analysis
Data analysis utilized GraphPad Prism 9.0. To minimize 
observer bias, all behavioral assessments and histopatho-
logical evaluations were performed by investigators 
blinded to group assignments throughout data collection 
and analysis. Prior to parametric analyses, data normal-
ity and variance homogeneity were confirmed. Group 
differences were assessed via: (1) two-sample t-tests (two 
groups), or (2) one-/two-way ANOVA with Bonferroni 
multiple comparisons (≥ 3 groups). The blinding code 
was only revealed after statistical conclusions were final-
ized. Values represent mean ± SD; significance was set at 
P < 0.05.

Results
Isolation, characterization, and transplantation of hADSCs
hADSCs were successfully isolated and cultured in vitro. 
hADSCs at passage 3 displayed a characteristic spindle-
shaped morphology (Fig.  1A). Multilineage differentia-
tion potential was confirmed through Alcian Blue, Oil 
Red O and Alizarin Red S staining for chondrogenic, 
adipogenic and osteogenic differentiation, respectively 
(Fig.  1B–D). Flow cytometry confirmed the mesenchy-
mal stem cell phenotype, with > 98% expression of CD90, 
CD73, and CD105, and < 2% expression of CD45, CD34, 
HLA-DR, CD14 and CD19 (Fig. 1E). To track the trans-
planted cells, hADSCs were labeled with PKH26 and 
transplanted into the lesion epicenter. Histological anal-
ysis at 35  days post-transplantation showed successful 
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integration of hADSCs into spinal cord tissue without 
signs of immune rejection or abnormal proliferation, 
confirming their survival, distribution, and biological 
function (Fig. 1F, G).

Combined green light and hADSCs transplantation 
enhances motor function, alleviates neuropathic pain, 
and promotes histological repair following SCI
To assess the effects of combined GL and hADSCs trans-
plantation on SCI, we evaluated motor function, neuro-
pathic pain, and histological recovery. Footprint analysis 
revealed that the SCI group exhibited disorganized foot-
prints, indicative of severe motor dysfunction. In con-
trast, the combined treatment group demonstrated the 
most significant recovery, with stable gait and organized 
stride resembling normal controls (Fig. 2A).

Von Frey test showed that the threshold of foot with-
drawal decreased significantly after SCI, and began to 
rise in each group on the 5 d.p.i.. By 7 d.p.i., the combined 
treatment and hADSCs groups exhibited significantly 
higher threshold compared to the SCI and GL groups. 
This trend persisted, with the combined treatment group 
consistently showing the highest threshold at 14, 21, 28, 
and 35 d.p.i., indicating superior pain relief (Fig.  2B). 
Similarly, thermal hyperalgesia testing revealed that the 
combined treatment group achieved the highest scores at 
all time points, reflecting the most effective alleviation of 
pain hypersensitivity (Fig. 2C).

LFB staining demonstrated significant myelin loss in 
the SCI group and combined treatment group showed 
the greatest improvement in myelin integrity (Fig.  2D). 
Nissl staining indicated that neuronal survival in the 
combined group (261.1 ± 23.2/mm2) was closest to sham 
levels (363.6 ± 49.5/mm2), while remaining significantly 
higher than SCI group levels (48.4 ± 11.7/mm2, p < 0.05) 
(Fig.  2D, G). HE staining showed better morphology 
of the spinal cord in the combined treatment group at 
35  days after injury (Fig.  2E). Masson staining revealed 
that the fibrotic area in the combined treatment group 
(0.26 ± 0.05  mm2) was significantly reduced compared 
to the SCI group (1.85 ± 0.39  mm2, p < 0.05), with further 

statistical superiority over both hADSCs (0.44 ± 0.11 
 mm2, p < 0.05) and GL monotherapy (0.72 ± 0.19  mm2, 
p < 0.05). (Fig.  2F, H). At 35 dpi, the combined group 
demonstrated superior neuronal distribution and sig-
nificantly increased  NeuN+ neuron density compared to 
the SCI group (p < 0.05) (Fig.  3A, D). NF-H+ axon den-
sity near the lesion core in the combined treatment group 
(71.2 ± 9.5% of sham levels) was significantly increased 
compared to the SCI group (24.9 ± 5.0% of sham; 
p < 0.05), indicating robust axonal regeneration (Fig.  3B, 
E). Descending 5-hydroxytryptamine (5-HT) axons in 
combined group recovered to 82.7 ± 3.4% of sham levels, 
significantly exceeding hADSCs or GL (p < 0.05) (Fig. 3C, 
F).

Collectively, these findings demonstrate the combined 
treatment of GL and hADSCs transplantation signifi-
cantly improves motor function, alleviates neuropathic 
pain, and enhances histological recovery following SCI, 
outperforming either treatment alone.

Combined green light and hADSCs treatment reduces 
inflammation and promotes anti‑inflammatory responses
At 7 d.p.i., we evaluated the neuroinflammatory response 
in spinal cord tissues following various treatments 
(Fig. 4A–C).Immunofluorescence quantification revealed 
that TNF-α intensity in the SCI group was reduced by 
69% in hADSCs-treated mice (p < 0.05 vs. SCI) and 43% 
in GL-treated mice (p < 0.05 vs. SCI). Combined treat-
ment demonstrated the most potent suppression of 
TNF-α levels, achieving an 78% reduction compared to 
SCI group(p < 0.05). Similar trends were observed for 
IL-1β (50% reduction, p < 0.01 Combined treatment 
vs.SCI) (Fig. 4B, E).

Microglial activation  (CD68+ cells) in the SCI group 
was attenuated by 74% with combined therapy com-
pared to SCI group (p < 0.05). (Fig. 4F). ELISA confirmed 
elevated anti-inflammatory IL-10 in combined group 
(2682.60 ± 375.05  pg/mL, vs. SCI: 2133.99 ± 333.43  pg/
mL, p < 0.05), alongside 72–77% decreases in IL-1β (77%), 

Fig. 1 Isolation, characterization, and in vivo tracking of hADSCs. A Phase-contrast microscopy of P3 hADSCs exhibiting spindle-shaped 
morphology. B Mineralization capacity of hADSCs was evaluated using Alizarin Red S. After 3 weeks of osteoinduction, extracellular calcium 
deposits (red) were observed in treated cultures. C Fat cell formation potential was analyzed via Oil Red O-based lipid quantification assay. 
Positive staining for neutral lipids (red) was observed in hADSCs cultures subjected to 21 day adipocyte differentiation induction. D Chondrogenic 
differentiation revealed by Alcian Blue staining. Cartilage matrix glycosaminoglycans (blue) were detected in cell aggregates after 5 weeks 
of induction. E Flow cytometry analysis of hADSCs surface markers confirmed a high level of positivity for characteristic mesenchymal markers (CD 
105, CD73, CD90 > 98%) and minimal expression of hematopoietic and immune-related markers (CD45, CD34, HLA-DR, CD14 and CD19 < 2%). F 
In vivo distribution of PKH26-labeled hADSCs (red fluorescence) in spinal cord tissue at 35 days post-injury (d.p.i.), demonstrating cellular retention 
in both hADSCs alone and hADSCs + GL groups. G Quantitative analysis of PKH26 fluorescence intensity in the hADSCs and hADSCs + GL groups 
at 35 days post-transplantation. (n = 3, unpaired t-test). ns: no significance

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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IL-6 (76%), IL-18(72%) and TNF-α (74%) (Fig. 4G). qPCR 
validated cytokine mRNA reductions (Fig. 4H).

At 35 dpi, combined treatment sustained anti-inflam-
matory effects, with TNF-α integrated density reduced 
by 82%, IL-1β by 70% and CD68 by 84% (Fig. S1).

Fig. 2 Combined hADSCs and green light therapy improves functional recovery and histopathological outcomes after SCI. A Footprint analysis 
at 35 d.p.i.. The combined treatment group (hADSCs + GL) exhibited organized strides resembling sham controls. B Mechanical allodynia (von Frey 
test, threshold in g). (n = 8 mice/group). C Thermal hyperalgesia evaluated by hot plate latency (seconds) across the same time points (n = 8). D 
Spinal cord cross-sections at lesion site (35 dpi). Left: Luxol fast blue (LFB) staining (blue, myelin); Right: Nissl staining (purple, neurons). E HE staining 
of spinal cord longitudinal sections. F Masson’s trichrome staining. Dashed area: collagen deposition (blue/purple, glial scar). G Surviving motor 
neurons in ventral horn (n = 8). H Fibrotic area quantification (n = 6). aP < 0.05 versus Sham, bP < 0.05 versus SCI, cP < 0.05 versus hADSCs, dP < 0.05 
versus GL. Bonferroni-adjusted one-way ANOVA
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Synergistic activation of microglial autophagy 
by combined treatment
At 7 d.p.i., autophagy modulation was assessed by co-
staining microglial marker Iba-1 with autophagic mark-
ers. Immunofluorescence revealed that SCI increased 

p62 accumulation (12.3-fold vs. sham, p < 0.05), which 
was reduced by 80% in hADSCs-treated mice (p < 0.05 
vs. SCI) and 63% in GL-treated mice (p < 0.05). Com-
bined treatment further suppressed p62 (87% reduction, 
p < 0.05 vs. SCI). (Fig. 5A, D).

Fig. 3 Combined therapy enhances neuronal survival and axonal regeneration at 35 days post-SCI. A Immunofluorescence of  NeuN+ neurons 
in longitudinal sections of spinal cords. B NF-H+ axonal fibers around the lesion epicenter. Boxed region (right) is magnified to highlight fiber 
density. C 5-HT+ (serotonergic) axonal fibers in descending tracts. Boxed region (right) is magnified to highlight fiber density. D Quantification 
of  NeuN+ neurons near the lesion core (n = 6). E NF-H fluorescence intensity analysis (n = 6). F 5-HT fluorescence intensity analysis (n = 6). aP < 0.05 
versus Sham, bP < 0.05 versus SCI, cP < 0.05 versus hADSCs, dP < 0.05 versus GL. Bonferroni-adjusted one-way ANOVA. White triangle symbols 
represent the center of spinal cord injury

(See figure on next page.)
Fig. 4 Combined therapy synergistically attenuates neuroinflammation at 7 days post-SCI. A–C Multiplex immunofluorescence of spinal cord. A. 
TNF-α, B. IL-1β, C. CD68⁺ cells. Enlarged views of the area indicated by the dotted box are shown on the right. D–F Fluorescence intensity of TNF-α 
D, IL-1β E, and CD68 F (n = 6) G ELISA quantification of cytokines in spinal cord homogenates (pg/mg protein). IL-10: anti-inflammatory; TNF-α/ 
IL-18/ IL-6/IL-1β: pro-inflammatory. H RT-qPCR analysis of inflammatory genes normalized to sham. aP < 0.05 versus Sham, bP < 0.05 versus SCI, 
cP < 0.05 versus hADSCs, dP < 0.05 versus GL. Bonferroni-adjusted one-way ANOVA
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Fig. 4 (See legend on previous page.)
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Conversely, Beclin1 and LC3 levels in SCI group were 
elevated to 2.9-fold (Beclin1) and 2.7-fold (LC3) by hAD-
SCs, and 1.8-fold (Beclin1) and 1.9-fold (LC3) by GL 
(p < 0.05 vs. SCI). Combined treatment synergistically 
increased these markers to 5.7-fold (Beclin1) and 3.8-fold 
(LC3) (p < 0.05 vs. SCI) (Fig. 5B–D).Western blot analysis 

confirmed these trends: combined therapy reduced p62 
to 0.4-fold of SCI levels (p < 0.05), increased Beclin1 to 
2.5-fold (p < 0.05), and elevated LC3B to 1.6-fold (p < 0.05) 
(Fig. 5E, F).

These results indicate that combined therapy synergis-
tically enhances autophagy activation.

Fig. 5 Combined therapy synergistically activates microglial autophagy at 7 days post-SCI. (A‑C) Confocal images of spinal cord microglia 
(Iba-1⁺) co-stained with autophagy markers: A p62, B Beclin1 and C LC3. D Quantification of fluorescence intensity in Iba-1⁺ cells (n = 6 mice/
group). E Western blot of LC3, Beclin1, and p62 in spinal cord homogenates. GAPDH served as loading control. Full-length blots are presented 
in Supplementary Fig. 3. F Densitometric analysis of protein levels normalized to GAPDH. aP < 0.05 versus Sham, bP < 0.05 versus SCI, cP < 0.05 vs. 
hADSCs, dP < 0.05 vs GL. Bonferroni-adjusted one-way ANOVA
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Inhibition of autophagy partially reverses 
the anti‑inflammatory benefits of combined hADSCs 
and green light treatment
To assess whether microglial autophagy mediates the 
anti-inflammatory effects, we administered 3-methyl-
adenine, a pharmacological inhibitor of autophagosome 
formation. Immunofluorescence analysis revealed that 
3MA treatment significantly increased the fluorescence 
intensity of P62 while decreasing the fluorescence inten-
sity of Beclin1 and LC3 across all experimental groups 
(hADSCs + 3MA, GL + 3MA, and hADSCs + GL + 3MA) 
compared to their respective control (Fig. S2A–D). These 
findings confirm the effective inhibition of microglial 
autophagy recovery by 3MA.

This autophagy blockade profoundly exacerbated 
neuroinflammation. Quantification analysis revealed 
2.3–5.2-fold increases in TNF-α, IL-1β, and CD68 
immunoreactivity across 3MA-treated groups relative 
to vehicle controls (Fig.  6A–F). ELISA quantification 
demonstrated that 3MA administration abolished IL-10 
elevation in hADSCs + GL group (2886.42 ± 626.66 vs. 
1932.02 ± 527.53 pg/mg; P < 0.05) while amplifying IL-1β 
(4.1 ×), IL-6 (3.1 ×), IL-18 (2.5 ×), and TNF-α (2.3 ×) levels 
(Fig.  6G). Transcriptomic analysis paralleled these find-
ings, showing 7.2–14.6 -fold upregulation of pro-inflam-
matory cytokine mRNAs and 65.6% suppression of IL-10 
expression (Fig.  6H). Collectively, these data establish 
microglial autophagy as a linchpin mechanism through 
which combined therapy resolves neuroinflammation 
post-SCI.

Discussion
Spinal cord injury (SCI) progresses through primary and 
secondary phases, encompassing acute, subacute, inter-
mediate, and chronic stages [40]. The primary injury 
involves immediate mechanical disruption of neural and 
vascular structures, leading to blood–spinal cord bar-
rier compromise and initiating secondary cascades of 
ischemia, inflammation, and cellular dysfunction [41]. 
Acute-phase calcium dysregulation and excitotoxicity 
cause neuronal and glial death, while subacute immune 
cell infiltration exacerbates tissue damage. In later stages, 
remyelination, vascular remodeling, and neural reor-
ganization occur [42]. Microglia contribute both to early 

debris clearance and to chronic injury via sustained ROS 
and cytokine release [21].

These pathological changes culminate in chronic paral-
ysis (70% ASIA grade A-C) and disabling neuropathic 
pain (VAS ≥ 7), which collectively rank SCI among the 
most catastrophic neurological disorders in terms of 
quality-of-life impairment [43, 44]. Despite advance-
ments in therapeutic strategies targeting pain and func-
tional recovery, many patients continue to experience 
persistent symptoms due to the complex pathophysiology 
of SCI, which involves neuroinflammation, tissue degen-
eration, and impaired regeneration [8, 45]. This study 
investigated the combined therapeutic potential of hAD-
SCs and green light therapy in addressing SCI, focusing 
on motor function restoration, neuropathic pain reduc-
tion, and the modulation of inflammation and autophagy. 
The results demonstrate that the combined treatment 
not only enhances functional recovery and alleviates 
neuropathic pain but also modulates spinal cord inflam-
mation, potentially through the activation of microglial 
autophagy. These results highlight the promise of com-
bined therapies in addressing both the inflammatory and 
regenerative aspects of SCI.

Neuroinflammation orchestrates multifaceted patho-
physiological cascades post-spinal cord injury, wherein 
microglia-mediated neural degeneration coincides with 
maladaptive plasticity underlying chronic nociception [2, 
46, 47]. After SCI, the injury site becomes a focal point 
for inflammation, involving the activation of local micro-
glial cells, the recruitment of immune cells from the 
periphery, and the secretion of inflammatory mediators 
[21, 48, 49]. These cytokines exacerbate tissue damage, 
impede axonal regeneration, and sensitize nociceptors, 
leading to chronic pain [50, 51]. Our experimental results 
demonstrated markedly elevated expression levels of 
pro-inflammatory cytokines within the lesion microenvi-
ronment at both 7 days and 35 days post-injury, reflect-
ing the intense inflammatory response post-SCI.The 
prolonged presence of these cytokines exacerbates tis-
sue destruction and hinders recovery, underscoring the 
need for therapies that effectively modulate inflammation 
[52]. Our results show that both hADSCs transplantation 
and green light therapy individually reduced the expres-
sion of pro-inflammatory cytokines, but the combination 
treatment yielded the most substantial reduction. This 

(See figure on next page.)
Fig. 6 Autophagy inhibition by 3MA abolishes the anti-inflammatory effects of combined therapy. (A‑C) Immunofluorescence of spinal cord 
longitudinal Sects. (7 d.p.i.) stained for A TNF-α, B IL-1β, C CD68⁺ cells. (D‑F) Quantification of fluorescence intensity in lesion center (n = 6 
mice/group). G ELISA of cytokines in spinal cord homogenates (pg/ml). IL-10: anti-inflammatory; others: pro-inflammatory. H qPCR analysis 
of inflammatory genes (Il-1β, Tnf, Il6) normalized to Gapdh (fold-change versus sham; primers in Table S1). *P < 0.05, **P < 0.01, ***P < 0.001. 
Bonferroni-adjusted one-way ANOVA
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Fig. 6 (See legend on previous page.)
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synergistic effect suggests that hADSCs and GL therapy 
act through complementary mechanisms to mitigate 
neuroinflammation.

While mesenchymal stem cell (MSC) therapy was 
traditionally attributed to neural differentiation poten-
tial, emerging evidence emphasizes paracrine regula-
tion as the principal mechanism [53]. Our prior findings 
showing no significant MSC differentiation observed at 
28 days post-transplantation in spinal cord injury models 
corroborate this paradigm shift [36]. Current researches 
focus on MSC-derived exosomes—nanovesicles trans-
porting proteins, nucleic acids, and lipids—with micro-
RNAs (miRNAs) emerging as critical mediators through 
multifunctional regulation, including inflammation 
modulation, dynamic control of microglial/macrophage 
polarization, enhanced neuronal survival, and facilitation 
of axonal regeneration [54]. Our other unpublished data 
further reveal that ADSCs directly secrete specific miR-
NAs to ameliorate autophagic dysfunction and pyrop-
tosis after spinal cord injury, highlighting their unique 
mechanism-driven therapeutic advantages.

ADSCs demonstrate translational superiority due to 
their abundant availability and minimally invasive har-
vest via lipoaspiration [14]. Clinical trials validate their 
efficacy: intrathecal administration improved sensory/
motor function in 71% (10/14) of SCI patients, with two 
cases showing restored bowel control, while a recent case 
study reported a 14-point ASIA score improvement after 
 108 autologous ADSCs transplantation [55, 56].

Green light (GL) therapy has emerged as a promis-
ing noninvasive, cost-effective intervention for chronic 
pain management. While multiple wavelengths have 
been explored, green light demonstrates unique thera-
peutic advantages supported by mechanistic and clinical 
evidence [18, 19, 38, 57, 58]. GL therapy exerts its anti-
inflammatory and analgesic effects through a multimodal 
mechanism involving both supraspinal and spinal path-
ways [59]. Clinically, chronic exposure to 100  lux green 
light (1–2 h/day) has demonstrated efficacy in alleviating 
diverse chronic pain conditions, including migraine, and 
fibromyalgia, as evidenced by randomized controlled tri-
als [57, 58, 60]. Experimental evidence identifies visual 
pathway activation as the primary mediator: (1) Retinal 
photoreceptor ablation in animal models eliminates GL 
analgesia, confirming phototransduction necessity; (2) 
Ocular blockade via opaque lenses abolishes therapeutic 
effects [16, 18]. These findings establish retinal-to-neural 
signaling as the fundamental mechanism of GL-mediated 
pain relief.

At the central nervous system (CNS) level, GL exerts 
dual effects by enhancing endorphin-mediated nocic-
eption suppression while reducing TNF-α and upreg-
ulating IL-10 in cerebrospinal fluid. It concurrently 

inhibits spinal microglial activation and excitatory neu-
rotransmitter receptor expression, alleviating neuroin-
flammation and aberrant sensory processing [19]. This 
neuroimmune-synaptic dual action establishes GL as a 
novel non-pharmacological therapy for neuropathic pain 
after SCI. Our data confirm GL’s efficacy in attenuating 
mechanical/thermal hypersensitivity in SCI mice, con-
sistent with reduced spinal inflammation. Although the 
precise mechanisms through which green light exerts 
its protective effects are yet to be fully understood, 
published studies highlight several potential pathways. 
These include (1) the involvement of the visual sys-
tem, (2) activation of mu-opioid receptor pathways and 
descending pain suppression pathways originating from 
the rostral ventromedial medulla (RVM), (3) an increase 
in enkephalin expression within the spinal cord, and (4) 
modifications to the proteomes of both the spinal cord 
and nociceptors [16].

Notably, our study extends these findings by demon-
strating that GL synergizes with hADSCs transplantation 
to amplify therapeutic outcomes. We propose a bimodal 
interaction model: (1) GL pretreatment attenuates oxida-
tive stress in the injured spinal cord, creating an immu-
noregulatory niche characterized by elevated IL-10 and 
reduced TNF-α, IL-1β levels; (2) This optimized micro-
environment enhances the survival and paracrine activ-
ity of transplanted hADSCs. This hypothesis aligns with 
recent findings that photobiomodulation augments stem 
cell-derived exosome secretion, warranting further inves-
tigation into extracellular vesicle-mediated crosstalk [61, 
62].

As specialized immunocompetent cells within the 
CNS parenchyma, microglia exhibit a context-depend-
ent functional dichotomy during spinal cord injury 
pathophysiology, simultaneously orchestrating neu-
roprotective mechanisms and potentiating secondary 
neurodegeneration [24, 25, 51]. While their activa-
tion is initially protective, prolonged activation leads 
to chronic neuroinflammation, exacerbating neuronal 
damage and promoting neuropathic pain [23, 63]. Acti-
vated microglia release pro-inflammatory cytokines, 
ROS, and other toxic molecules that hinder tissue 
repair and axonal regeneration [64]. In our study, 
the combined treatment significantly reduced CD68 
expression, a marker of microglial activation, indicat-
ing a reduction in neuroinflammation and its detrimen-
tal effects [65]. This reduction likely contributed to the 
observed improvements in pain relief and functional 
recovery. Microglial autophagy, a cellular process for 
degrading and recycling damaged proteins and orga-
nelles, has emerged as a critical mechanism in manag-
ing neuroinflammation and neuropathic pain following 
SCI [28, 66, 67]. Restoring microglial autophagy can 
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alleviate neuroinflammation and promote neuronal 
survival [67]. Our findings demonstrate that the com-
bined treatment restored microglial autophagy, as evi-
denced by reduced P62 levels and increased Beclin1 
and LC3B expression. This improvement in autophagic 
activity likely played a role in decreasing inflammatory 
markers and reducing neuropathic pain [68, 69].

To further elucidate autophagy’s role in mediating the 
therapeutic effects of combined treatment, we employed 
the autophagy inhibitor 3-methyladenine (3MA) to block 
microglial autophagy recovery and assess its impact on 
functional outcomes. 3MA administration significantly 
increased P62 fluorescence intensity across all experi-
mental groups compared to controls, while markedly 
reducing Beclin1 and LC3B signals, confirming effec-
tive autophagy suppression. Critically, 3MA treatment 
aggravated neuroinflammation, as evidenced by elevated 
pro-inflammatory cytokine levels and diminished anti-
inflammatory factors, suggesting that autophagy inhibi-
tion exacerbates spinal cord inflammation. These findings 
highlight the essential role of microglial autophagy in 
mediating the anti-inflammatory actions of combined 
hADSCs and green light therapy. Although our find-
ings strongly support the contribution of microglial 
autophagy to the therapeutic benefits of ADSCs com-
bined with green light therapy, additional investigations 
are required to map the precise autophagic signaling 
pathways engaged.

Investigating the molecular mechanisms regulating 
autophagy in microglia will provide valuable insights 
into optimizing these treatments for clinical applica-
tions. Additionally, future studies should explore the 
downstream effects of autophagy modulation, such as its 
impact on neuronal survival, axonal regeneration, and 
functional recovery. The development of targeted thera-
pies that specifically modulate autophagic pathways in 
microglia could offer a promising strategy for improving 
SCI outcomes and alleviating chronic neuropathic pain.

In conclusion, microglial autophagy regulation 
emerges as a novel therapeutic target for SCI. Our 
findings demonstrate that dual hADSCs and GL ther-
apy enhances microglial autophagy, likely driving the 
observed attenuation of neuroinflammation and neu-
ropathic pain. Importantly, this autophagic modulation 
correlates with functional recovery post-SCI. Future 
investigations delineating the precise molecular mecha-
nisms underlying these effects will be essential to refine 
targeted interventions and optimize regenerative strat-
egies for SCI rehabilitation.

Conclusion
This research substantiate that recovered autophagic 
activity in microglia constitutes a pivotal therapeutic 
strategy, capable of both regulating inflammatory path-
ways and alleviating neuropathic pain after SCI.

This therapeutic strategy augments autophagic clear-
ance mechanisms, exerting multi-modal neuroprotec-
tion through three principal pathways: (1) suppression 
of neuroinflammatory mediator secretion, (2) miti-
gate microglial activation, and (3) preservation of spi-
nal cord neuronal integrity. These coordinated cellular 
responses collectively contribute to the observed alle-
viation of mechanical allodynia and enhancement of 
sensorimotor recovery in SCI models.
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