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Abstract
Photoreceptor apoptosis is an important pathogenesis of retinal degeneration and a primary cause of vision 
loss with limited treatment methods. Mesenchymal stem/stromal cells-derived small extracellular vesicles (MSC-
sEVs) have shown therapeutic value in various ocular disorders. Recent studies have revealed that hypoxic 
preconditioning can improve the effectiveness of MSC-sEVs in tissue regeneration. However, whether hypoxic 
preconditioned MSC-sEVs (Hyp-sEVs) exert superior effects on photoreceptor protection relative to normoxic 
conditioned MSC-sEVs (Nor-sEVs) remains unclear. Here, we reported that Hyp-sEVs further improved retinal 
structure, recovered retinal function, and suppressed photoreceptor apoptosis in N-methyl-N-nitrosourea (MNU)-
induced mouse model compared with Nor-sEVs. Hyp-sEVs also exhibited enhanced anti-apoptotic roles in MNU-
provoked 661 W cell injury in vitro. We then analyzed the protein profiles of Nor-sEVs and Hyp-sEVs by LC-MS/
MS and found that growth-associated protein 43 (GAP43) was enriched in Hyp-sEVs. The knockdown of GAP43 
abolished the retinal therapeutic effects of Hyp-sEVs. Mechanistically, hypoxic stimulation-induced hypoxia-
inducible factor-1α (HIF-1α) activation was responsible for preventing tripartite motif-containing protein 25 
(TRIM25)-mediated GAP43 ubiquitination and degradation, leading to the upregulation of GAP43 in Hyp-sEVs. 
Together, our findings uncover the efficacy and mechanism of Hyp-sEVs-based photoreceptor protection and 
highlight the potential of Hyp-sEVs as optimized therapeutics for retinal degeneration.
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Background
The progressive photoreceptor loss is a major cause of 
irreversible visual decline and blindness in retinal degen-
erative disorders such as retinitis pigmentosa [1, 2]. Mul-
tiple factors-induced photoreceptor apoptosis has been 
recognized as the crucial contributor to the pathogenesis 
of these diseases [3]. Current clinical and experimental 
strategies mainly include gene therapy, anti-apoptotic 
agents, retinal transplantation, and stem cell therapy [4, 
5]. However, the treatment efficacy and overall progno-
sis remain unsatisfactory. The establishment of novel 
therapeutics to rescue photoreceptor apoptosis in retinal 
degeneration is urgently required.

As a type of nano-sized membranous vesicles, small 
extracellular vesicles (sEVs) mediate the intercellular 
communication and participate in the regulation of vari-
ous physiological and pathological processes by trans-
porting proteins, nucleic acids, and lipids [6, 7]. Emerging 
evidence has revealed that the release of sEVs represents 
the main therapeutic mechanism underlying mesenchy-
mal stem/stromal cell (MSC) transplantation [8]. The 
intravitreal injection of MSC-derived sEVs (MSC-sEVs) 
is considered as a promising cell-free approach to treat 

ocular diseases. MSC-sEVs can reduce the incidence of 
dry age-related macular degeneration by regulating Nrf2/
Keap1 signaling pathway [9]. Notably, treatment with 
MSC-sEVs also inhibits photoreceptor loss and recovers 
retinal function in degenerative retinopathies [10]. How-
ever, there are still many inherent limitations including 
the replicative senescence of MSC-induced decreased 
therapeutic potential and low yield that restrict the 
clinical application of MSC-sEVs in tissue regeneration 
[11]. Growing studies have suggested that oxygen ten-
sion serves as an important factor that modulates the 
biological function of MSCs [12]. The increased benefi-
cial effects of hypoxic preconditioned MSC-sEVs (Hyp-
sEVs) for various diseases such as myocardial infarction, 
diabetic ulcer and spinal cord injury have attracted 
widespread attention [13–15]. Nevertheless, whether 
Hyp-sEVs exhibit enhanced therapeutic roles to amelio-
rate photoreceptor apoptosis and improve retinal degen-
eration has not yet been evaluated.

In this study, the alkylating agent N-methyl-N-nitro-
sourea (MNU) which can specifically cause photorecep-
tor cell loss was used to establish the mouse model of 
retinal degeneration and induce 661  W photoreceptor 
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cell injury in vitro. We observed that Hyp-sEVs showed 
elevated therapeutic efficiency to protect photoreceptors 
against apoptosis in counteracting retinal degeneration 
compared with normoxic conditioned MSC-sEVs (Nor-
sEVs). Mass spectrometry and gene knockdown analy-
sis showed that growth-associated protein 43 (GAP43) 
was upregulated in Hyp-sEVs and mediated the retinal 
therapeutic effects of Hyp-sEVs. Furthermore, we also 
revealed that hypoxic preconditioning-induced hypoxia-
inducible factor-1α (HIF-1α) activation prevented tri-
partite motif-containing protein 25 (TRIM25)-mediated 
GAP43 ubiquitination and degradation in MSCs, leading 
to the enrichment of GAP43 in Hyp-sEVs. These findings 
suggest that Hyp-sEVs administration serves as a novel 
strategy for retinal degeneration therapy.

Materials and methods
Cell culture, identification, and treatment
MSCs were isolated from the fresh human umbilical 
cords as described previously [16]. After the permission 
of mothers, human umbilical cords were placed in phos-
phate buffer solution (PBS) containing penicillin-strep-
tomycin for 30 min, followed by the removal of arteries 
and veins. Subsequently, the umbilical cords were cut 
into 2-cm pieces, pasted on the bottom of culture dishes, 
placed upside-down in the culture incubator for 60 min, 
and maintained in serum-free DMEM (Life Technolo-
gies, USA) at 37  °C with 5% CO2. The culture medium 
was changed every 3 days. Primary cells were trypsin-
ized and passaged for further expansion. MSCs at pas-
sage 3 were cultured in normoxic (21% O2) or hypoxic 
(1% O2) conditions at 37  °C with 5% CO2 respectively. 
Normoxic conditioned MSCs (Nor-MSCs) and hypoxic 
preconditioned MSCs (Hyp-MSCs) were then seeded in 
osteogenic medium (Cyagen Biosciences, USA) and adip-
ogenic medium (Cyagen Biosciences, USA) for 2 weeks, 
and stained with Alizarin Red S and Oil Red O to detect 
their differentiation potential. Flow cytometry assay was 
used to detect the markers of Nor-MSCs and Hyp-MSCs 
including CD29, CD44, CD73, CD11b, CD34, and CD45.

The 661  W cells were purchased from the Chinese 
Academy of Sciences (Shanghai, China) and have been 
characterized previously to be of cone photoreceptor cell 
lineage [17]. The 661  W cells were maintained in high-
glucose DMEM (Bioind, Israel) with 10% fetal bovine 
serum (FBS), 100 U/ml penicillin, and 100 g/ml strepto-
mycin at 37 °C with 5% CO2. In vitro treatment of 661 W 
cells with MNU (Sigma-Aldrich, USA) was conducted at 
the concentration of 300 µg/ml for 6 h, followed by the 
administration of sEVs (20 µg/mL) for 24 h.

Isolation and identification of sEVs
sEVs were isolated from the cell supernatant of MSCs 
cultured with serum-free medium by ultracentrifugation. 

Briefly, the conditioned medium was centrifuged at 
300 × g for 15  min, 2,000 × g for 20  min and 10,000 × 
g for 30  min to remove cells and cell debris. The clari-
fied supernatant was then ultracentrifuged at 100,000 × 
g for 90 min to obtain sEVs precipitation. After washing 
with PBS, the sEVs were ultracentrifuged at 100,000 × g 
for 90  min, dissolved with PBS, passed through a 0.22-
mm filter, and stored at -80 °C. The morphology of sEVs 
was observed by the transmission electron microscopy 
(TEM). The size distribution and particle number of sEVs 
were analyzed by NanoSight tracking analysis (NTA). 
The expressions of protein markers including CD9, 
CD63, Alix, tumor susceptibility gene 101 (TSG101), and 
endoplasmic reticulum protein calnexin were detected by 
Western blot.

Animal model and treatment
All animal experiments were approved by the Medical 
Ethics Committee and Ethics Committee for Experi-
mental Animals of Jiangsu University (2,020,161). The 
12-week-old C57BL/6 male mice were purchased from 
the Animal Center of Jiangsu University, and housed in 
a pathogen-free environment with a 12 h light/dark cycle 
at the temperature of 25 °C with free access to food and 
water. For the establishment of MNU-induced retinal 
degeneration model, mice were intraperitoneally injected 
with MNU (50  mg/kg in sterile saline). The collected 
sEVs were adjusted to the protein concentration of 1 µg/
µl and injected at 1 µl into each vitreous chamber at 6 h 
after MNU treatment with a 33-G Hamilton syringe. All 
mice at 7 d after MNU treatment were sacrificed with 
4% isoflurane and the eyeballs were collected for further 
analysis. The number of mice used in each experiment is 
indicated in the figure legend.

Tracing of sEVs
The membrane fluorescent dye PKH26 (5 µM) was incu-
bated with Nor-sEVs and Hyp-sEVs for 30 min at 37 °C. 
Subsequently, the stained Nor-sEVs and Hyp-sEVs were 
washed with PBS and centrifuged at 100,000 g for 90 min. 
For the retinal tracing of sEVs, the retinal tissues were 
isolated at 24 h after the intravitreal injection of PKH26-
labeled Nor-sEVs and Hyp-sEVs, fixed in 4% paraformal-
dehyde, cryoprotected with 30% sucrose, embedded in 
the OCT compound, and cut into 15-µm retinal sections. 
After the counterstaining with Hoechst 33,342 (Sigma-
Aldrich, USA), retinal sections were observed under a 
confocal microscope (DeltaVision Elite, GE, USA). For 
in vitro tracing, 661  W cells were treated with PKH26-
labeled Nor-sEVs and Hyp-sEVs for 24  h, fixed in 4% 
paraformaldehyde, counterstained with Hoechst 33,342 
(Sigma-Aldrich, USA), and observed under a confocal 
microscope (DeltaVision Elite, GE, USA).
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Electroretinogram (ERG) analysis
After overnight dark adaptation, mice were anesthetized 
by the intraperitoneal injection with ketamine (87.5 mg/
kg) and xylazine (12.5 mg/kg), and the cornea was anes-
thetized with 0.5% proxymetacaine. The ground elec-
trodes, reference electrodes and record electrodes were 
then placed on the tail, mouth, and cornea respectively. 
The flash intensity was 3.0  cd.s/m2. The UTAS Visual 
Diagnostic System (LKC Technologies, USA) was used to 
record the scotopic and photopic responses for analyzing 
the a-wave and b-wave.

Hematoxylin and eosin (H&E) staining
After enucleation, retinal tissues were rapidly isolated, 
fixed in 4% paraformaldehyde overnight, embedded in 
paraffin, and cut into 4-µm sections. Retinal sections 
were stained with H&E for the observation of retinal 
morphology according to the standard protocols.

Immunofluorescence staining
After deparaffinization, retinal sections were treated with 
boiled citrate buffer (pH 6.0, 10 mM) to repair antigens, 
blocked with 5% bovine serum albumin (BSA) for 1 h and 
incubated with the primary antibody at 4  °C overnight. 
The 661  W cells were fixed with 4% paraformaldehyde 
on the slide for 30  min, permeabilized with 0.1% Tri-
ton X-100 for 15 min, blocked with 5% BSA for 1 h and 
incubated with the primary antibody at 4  °C overnight. 
Subsequently, the sections were stained with fluorescent-
conjugated secondary antibody for 1  h at 37  °C, coun-
terstained with Hoechst 33,342 (Sigma-Aldrich, USA), 
and observed under a confocal microscope (DeltaVision 
Elite, GE, USA). The primary antibodies included S-opsin 
(1:100, ABN1660, Millipore, USA), Ki-67 (1:100, 34,330, 
CST, USA), Cleaved Caspase-3 (1:100, 9661, CST, USA), 
and GAP43 (1:100, 16971-1-AP, Proteintech, China).

Terminal deoxynucleotidyl transferase dUTP nick end 
labelling (TUNEL) staining
TUNEL staining was performed according to the manu-
facturer’s instructions of TUNEL BrightRed Apopto-
sis Detection Kit (Vazyme, China). Briefly, each section 
was incubated with 100 µL of proteinase K solution for 
20 min, balanced in 100 µL of 1 × equilibration buffer for 
30 min, treated with 100 µL of TDT buffer for 1 h at 37 °C 
to label apoptotic cells, and counterstained with Hoechst 
33,342 (Sigma-Aldrich, USA). After washing with PBS, 
the sections were photographed using a confocal micro-
scope (DeltaVision Elite, GE, USA).

Liquid chromatography-tandem mass spectrometry (LC-
MS/MS)
50  µg of each protein sample was subjected to diges-
tion with the sequencing-grade trypsin, followed by the 

peptide labeling. The peptides were analyzed by LC-MS/
MS. Multiple databases were used for the functional 
annotation analysis of identified proteins. Correlation 
analysis on differentially expressed proteins was also 
performed.

Transfection of siRNA and plasmid
Specific targeting siRNA and overexpressing plasmid 
were designed and synthesized by Genepharma (Suzhou, 
China). The full-length cDNA of the human HIF-1α gene 
was inserted into the pCDH-CMV-MCS-GFP + Puro 
plasmid vector to construct the overexpression plas-
mid. Cells were resuspended and seeded in 6-well 
plates (2 × 105 cells/well). When the cell density reached 
50–70%, cells were transfected with siRNA and plasmid 
using Lipofectamine 2000 (Life Technologies, USA) in 
serum-free medium according to the manufacturer’s 
instructions. At 6 h after transfection, cells were exposed 
to the fresh complete medium and cultured for another 
24 h. The sequences of siRNA were as follows:

siRNA NC: sense: UUCUCCGAACGUGUCACGUTT.
siRNA NC: antisense: 

ACGUGACACGUUCGGAGAATT.
si-HIF-1α: sense: CUCCCUAUAUCCCAAUGGATT.
si-HIF-1α: antisense: 

UCCAUUGGGAUAUAGGGAGTT.

Lentiviral knockdown of GAP43 in Hyp-MSCs
The lentiviral vectors containing GAP43 short hairpin 
RNA (shRNA) sequence and negative control vector 
were designed and synthesized by Genepharma (Suzhou, 
China). Recombinant lentiviruses were produced by the 
transfection in HEK293T cells using Lipofectamine 2000 
(Life Technologies, USA). Hyp-MSCs were then trans-
fected with recombinant lentivirus. The stable cell lines 
were cultured in serum-free medium for 48 h to obtain 
supernatants, followed by the isolation of sEVs by ultra-
centrifugation. Western blot was used to evaluate the 
efficiency of GAP43 knockdown in Hyp-MSCs and Hyp-
sEVs. The sequences of shRNA were as follows:

Control shRNA: CCTAAGGTTAAGTCGCCCTCG.
GAP43 shRNA: GCTCATAAGGCCGCAACCAAA.

Western blot
The total protein of retinas, cells and sEVs was isolated 
using radio-immunoprecipitation assay lysis buffer. The 
protein concentration was determined using the BCA 
assay kit. Equal amounts of protein samples were sepa-
rated through 12% SDS-PAGE gel and transferred onto 
PVDF membranes (Millipore, USA). After blocking in 5% 
skim milk for 1  h, the membranes were incubated with 
primary antibodies at 4 °C overnight, treated with HRP-
conjugated secondary antibodies at 37  °C for 1  h, and 
detected by enhanced chemiluminescence. The primary 
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antibodies included Oct4 (1:1000, 2750, CST, USA), Sall4 
(1:1000, 8459, CST, USA), Lin28a (1:1000, 11724-1-AP, 
Proteintech, China), Sox2 (1:1000, 3579, CST, USA), 
TSG101 (1:1000, 72,312, CST, USA), Alix (1:1000, 92,880, 
CST, USA), CD9 (1:1000, 98,327, CST, USA), CD63 
(1:2000, 52,090, CST, USA), calnexin (1:1000, 2433, CST, 
USA), proliferating cell nuclear antigen (PCNA; 1:1000, 
10205-2-AP, Proteintech, China), Bcl-2 (1:500, 12789-1-
AP, Proteintech, China), Bax (1:500, 50599-2-Ig, Protein-
tech, China), GAP43 (1:1000, 16971-1-AP, Proteintech, 
China), HIF-1α (1:1000, 36,169, CST, USA), Ubiquitin 
(1:2000, 58,395, CST, USA), TRIM25 (1:1000, 13,773, 
CST, USA), and β-actin (1:5000, 4970, CST, USA).

Co-immunoprecipitation (Co-IP) assay
Cells were lysed in Co-IP buffer and incubated with the 
GAP43 antibody (1:100, 16971-1-AP, Proteintech, China) 
at 4  °C overnight, followed by the treatment with mag-
netic beads for 4 h. After washing with Co-IP buffer, pro-
tein complexes were detected by western blot.

qRT-PCR
The total RNA of cells was isolated using Trizol reagent 
(Gibco, USA) and reverse-transcribed to cDNA accord-
ing to the manufacturer’s protocol of HiScript II 1st 
Strand cDNA Synthesis Kit (Vazyme, China). Based on 
the ABI Prism 2720 PCR system, qRT-PCR was per-
formed with SYBR Green PCR kit (CWBIO, China). The 
relative mRNA expression was evaluated using the 2−ΔΔCt 
method. The sequences of primers were as follows:

β-actin: forward: GACCTGTACGCCAACACAGT.
β-actin: reverse: CTCAGGAGGAGCAATGATCT.
GAP43: forward: GGCCGCAACCAAAATTCAGG.
GAP43: reverse: CGGCAGTAGTGGTGCCTTC.

CCK8 assay
After treatment, cells were resuspended and seeded in 
96-well plates (3,000 cells/well). After the incubation for 
24, 48, 72 and 96 h, cells were treated with 100 µL of fresh 
medium containing 10 µL of CCK8 reagent (Vazyme, 
China) for 3  h. The absorbance of each well was deter-
mined at 450 nm using the spectrophotometer (FLX800, 
BioTek, USA).

Cell apoptosis assay
Annexin V–FITC/PI Apoptosis Detection Kit (Vazyme, 
China) was used to assess the effect of sEVs on cell apop-
tosis. After the treatment with MNU and sEVs, 661  W 
cells were washed with PBS, centrifuged at 800 rpm for 
5 min, resuspended in 1× binding buffer, and stained with 
5 µl of Annexin V-FITC and 5 µl of PI at room tempera-
ture. The stained cells were then detected by flow cytom-
etry (FACSCalibur, BD, USA). The percentages of early 

apoptotic (Annexin V+PI−) plus late apoptotic (Annexin 
V+PI+) cells were considered as apoptotic percentages.

Statistical analysis
All statistical analysis was performed using GraphPad 
Prism software (GraphPad, San Diego, USA). All data 
were presented as the means ± SEM. Unpaired Student’s 
t-test was used for comparison between two groups. 
The significant differences among multiple groups were 
assessed by analysis of variance with Newman-Keuls test. 
P value < 0.05 was considered statistically significant.

Results
Hypoxic preconditioning enhanced the cellular viability 
and paracrine effect of MSCs
Based on the previously established separation method, 
MSCs were isolated from human umbilical cords 
(Fig.  1A). To investigate the effect of hypoxic precondi-
tioning on cellular function, MSCs at passage 3 were 
cultured in normoxic or hypoxic conditions respectively. 
CCK8 assay showed that hypoxic stimulation promoted 
the proliferation of MSCs (Fig.  1B). After osteogenic 
and adipogenic medium inductions, the typical calcium 
nodule structure and red lipid droplets were observed 
in MSCs (Fig.  1C). Compared with Nor-MSCs group, 
Hyp-MSCs exhibited enhanced multidirectional differen-
tiation potential. Western blot result demonstrated that 
hypoxic preconditioning upregulated the expressions 
of stemness-related indicators in MSCs including Oct4, 
Sall4, Lin28a, and Sox2 (Fig. 1D). Moreover, flow cytom-
etry assay revealed that Nor-MSCs and Hyp-MSCs posi-
tively expressed CD29, CD44 and CD73, and negatively 
expressed CD11b, CD34 and CD45 (Fig.  1E). Subse-
quently, we purified sEVs from the conditioned medium 
of Nor-MSCs and Hyp-MSCs. The results of TEM and 
NTA showed that Nor-sEVs and Hyp-sEVs exhibited the 
cup-shaped morphology with an average diameter of less 
than 150 nm, while the particle number of Hyp-sEVs was 
markedly higher than Nor-sEVs (Fig. 1F-H). Western blot 
analysis demonstrated that Nor-sEVs and Hyp-sEVs both 
expressed sEVs-associated proteins including TSG101, 
Alix, CD9, and CD63, whereas the endoplasmic reticu-
lum protein calnexin was not detected (Fig.  1I). These 
findings suggested that hypoxic preconditioning could 
enhance the cellular activity of MSCs and promote the 
secretion of sEVs.

Enhanced therapeutic effects of Hyp-sEVs on MNU-induced 
retinal degeneration and photoreceptor injury
To investigate whether Hyp-sEVs treatment serves as 
a more effective strategy for photoreceptor protection 
in retinal degeneration, the phototoxin MNU was used 
to establish the photoreceptor-specific injury model in 
mice, followed by the intravitreal injection of Nor-sEVs 
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and Hyp-sEVs (Fig. 2A). Biodistribution analysis revealed 
that Nor-sEVs and Hyp-sEVs were distributed in vari-
ous retinal layers of normal mice after injection (Fig. 
S1), whereas Nor-sEVs and Hyp-sEVs were specifi-
cally located in the photoreceptor-nuclei-residing outer 
nuclear layer (ONL) of MNU-treated mice (Fig. 2B). H&E 
staining of retinal tissues showed that the intraperitoneal 

injection of MNU resulted in the retinal degeneration 
and ONL loss, whereas Nor-sEVs treatment alleviated 
MNU-induced retinal structural damage, and Hyp-sEVs 
could further maintain retinal integrity and improve 
ONL thickness (Fig.  2C, D). Retinal TUNEL staining 
also revealed the Hyp-sEVs-mediated enhanced inhibi-
tion of photoreceptor apoptosis in the ONL compared 

Fig. 1 Characterization of MSCs and sEVs. (A) The morphological observation of primary MSCs. Scale bars, 100 μm. (B) CCK8 assay for the proliferation 
of Nor-MSCs and Hyp-MSCs (n = 5). (C) Alizarin Red S staining and Oil Red O staining for detecting the osteogenic and adipogenic differentiation of 
Nor-MSCs and Hyp-MSCs. Scale bars, 100 μm. (D) Western blot for the stemness-related indicators of Nor-MSCs and Hyp-MSCs. (E) Flow cytometry for 
the phenotypic markers of Nor-MSCs and Hyp-MSCs. (F) TEM images of Nor-sEVs and Hyp-sEVs. Scale bars, 100 nm. (G) NTA for the size distribution and 
particle number of Nor-sEVs and Hyp-sEVs. (H) The particle number comparation of Nor-sEVs and Hyp-sEVs (n = 3). (I) Western blot for the protein markers 
of Nor-sEVs and Hyp-sEVs. All data are presented as means ± SEM. **P < 0.01 and ***P < 0.001
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with Nor-sEVs group (Fig. 2E, F). The results of Western 
blot presented that Hyp-sEVs remarkably upregulated 
the expressions of PCNA and Bcl-2 and downregulated 
the expression of Bax in retinal tissues of MNU-induced 
mouse model (Fig.  2G). Subsequently, we tested the 

photoreceptor function by ERG analysis including sco-
topic and photopic responses, which reflect the hyper-
polarization of photoreceptors and depolarization of 
bipolar cells postsynaptic to photoreceptors. Com-
pared with Nor-sEVs group, Hyp-sEVs exerted more 

Fig. 2 Enhanced therapeutic effects of Hyp-sEVs on MNU-induced photoreceptor injury. (A) Schematic diagram demonstrating the study design of in 
vivo experiments. (B) Tracing of PKH26-labeled sEVs in retina tissues of MNU mice after intravitreal injection for 24 h. Scale bars, 50 μm. (C, D) H&E staining 
of retinal tissues and the corresponding quantitative analysis of ONL thickness (n = 3). Scale bars, 50 μm. (E, F) TUNEL staining of retinal tissues and the 
corresponding quantitative analysis of TUNEL+ cell percentage of total ONL cells (n = 3). Scale bars, 50 μm. (G) Western blot for the retinal expressions of 
PCNA, Bcl-2 and Bax (n = 3). (H-J) Representative scotopic ERG waveforms and the corresponding quantitative analysis of scotopic a-wave and b-wave 
amplitude changes (n = 6). (K, L) Representative photopic ERG waveforms and the corresponding quantitative analysis of photopic b-wave amplitude 
change (n = 6). (M) Retinal immunofluorescent staining of S-opsin. Scale bars, 25 μm. All data are presented as means ± SEM. **P < 0.01 and ***P < 0.001. 
GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer
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effective roles to protect retinal function, quantified by 
the increased amplitudes of dark-adapted scotopic a- and 
b-waves as well as the light-adapted photopic b-wave 
(Fig. 2H-L). S-opsin staining also showed that Hyp-sEVs 
further alleviated MNU-induced loss of cone photore-
ceptors (Fig. 2M). These findings indicated that Hyp-sEVs 
exhibited elevated therapeutic effects on MNU-trigged 
retinal photoreceptor injury relative to Nor-sEVs.

Hyp-sEVs inhibited MNU-induced apoptosis of 661 w cells
In vitro, 661 W cells treated with MNU were used as the 
cell model, and then administrated with Nor-sEVs and 
Hyp-sEVs respectively. The tracing experiment confirmed 
the internalization of Nor-sEVs and Hyp-sEVs by 661 W 
cells after co-incubation (Fig. 3A). The results of Western 
blot showed that Hyp-sEVs could further reversed the 
MNU-induced downregulation of PCNA and Bcl-2 and 

upregulation of Bax compared with Nor-sEVs (Fig.  3B). 
CCK8 assay and Ki-67 staining demonstrated that Hyp-
sEVs efficiently promoted the proliferation of 661 W cells 
treated with MNU (Fig. 3C, D). Moreover, the results of 
TUNEL staining, Cleaved caspase-3 staining, and cell 
apoptosis assay also presented that Hyp-sEVs treatment 
exhibited an enhanced inhibition on MNU-induced 
apoptosis of 661  W cells relative to Nor-sEVs group 
(Fig. 3E-G). These data suggested that Hyp-sEVs exerted 
more effective anti-apoptotic roles than Nor-sEVs in 
vitro.

The enrichment of GAP43 in Hyp-sEVs
To explore the major components that mediate the reti-
nal therapeutic effect of Hyp-sEVs, we analyzed the pro-
tein profile of Hyp-sEVs by LC-MS/MS. Compared with 
Nor-sEVs, approximately 484 proteins were enriched 

Fig. 3 The enhanced anti-apoptotic role of Hyp-sEVs in MNU-treated 661 W cells. (A) The uptake of PKH26-labeled sEVs by 661 W cells after co-incubation 
for 24 h. Scale bars, 25 μm. (B) Western blot for the expressions of PCNA, Bcl-2 and Bax in 661 W cells. (C) CCK8 assay for the proliferation of 661 W cells 
(n = 5). (D) Immunofluorescent staining images of 661 W cells showing Ki-67 expression. Scale bars, 25 μm. (E) TUNEL staining of 661 W cells. Scale bars, 
25 μm. (F) Immunofluorescent staining images of 661 W cells showing Cleaved Caspase-3 expression. Scale bars, 25 μm. (G) Cell apoptosis assay of 661 W 
cells (n = 3). All data are presented as means ± SEM. **P < 0.01 and ***P < 0.001

 



Page 9 of 17Sun et al. Journal of Nanobiotechnology          (2023) 21:449 

in Hyp-sEVs (Fig.  4A). Among them, the upregula-
tion of GAP43 was the most significant (Fig.  4B). Thus, 
we hypothesized whether Hyp-sEVs alleviated MNU-
induced retinal photoreceptor damage by delivering 
GAP43. We verified that the expression of GAP43 in 
Hyp-sEVs was higher than that in Nor-sEVs (Fig.  4C). 
Moreover, the results of Western blot and immunofluo-
rescence staining showed that Hyp-sEVs administration 
remarkably promoted GAP43 accumulation in retinal 
tissues of MNU-treated mice (Fig.  4D, E). Consistently, 
the measurement of GAP43 in 661 W cells demonstrated 
that Hyp-sEVs further restored the MNU-induced down-
regulation of GAP43 compared with Nor-sEVs group 
(Fig. 4F, G).

GAP43 knockdown attenuated the anti-apoptotic effects 
of Hyp-sEVs in vitro
To determine the role of GAP43 in Hyp-sEVs-mediated 
retinal therapy, we knocked down GAP43 expression 
in Hyp-MSCs with lentivirus carrying specific shRNA. 
Western blot analysis confirmed the effective knockdown 
of GAP43 in GAP43 shRNA-transfected Hyp-MSCs 
(Hyp-MSCsshGAP43) (Fig.  5A). Subsequently, we isolated 
Hyp-MSCsshGAP43-derived sEVs (Hyp-sEVsshGAP43) from 
the conditioned medium of Hyp-MSCsshGAP43 and found 
that the expression of GAP43 was markedly reduced in 
Hyp-sEVsshGAP43 relative to control group (Fig. 5B). Hyp-
sEVs-mediated the upregulation of PCNA and Bcl-2 
and downregulation of Bax in MNU-treated 661  W 
cells were reversed by GAP43 knockdown (Fig. 5C). The 
results of CCK8 assay and Ki-67 staining also showed 
that Hyp-sEVsshGAP43 exerted little effects to promote 
the proliferation of 661  W cells (Fig.  5D, E). Moreover, 

Fig. 4 Hyp-sEVs-mediated delivery of GAP43. (A, B) LC-MS/MS analysis for the differentially expressed proteins in Nor-sEVs and Hyp-sEVs. (C) Western 
blot for the expression of GAP43 in Nor-sEVs and Hyp-sEVs. (D) Western blot for the expression of GAP43 in retinal tissues (n = 3). (E) Immunofluorescent 
staining images of retinal tissues showing GAP43 expression. Scale bars, 50 μm. (F) Western blot for the expression of GAP43 in 661 W cells. (G) Immu-
nofluorescent staining images of 661 W cells showing GAP43 expression. Scale bars, 25 μm. All data are presented as means ± SEM. *P < 0.05, **P < 0.01, 
and ***P < 0.001
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GAP43 knockdown resulted in Hyp-sEVs treatment fail-
ing to reduce TUNEL-positive cells, decrease Cleaved 
Caspase-3 expression, and inhibit the apoptosis of 661 W 
cells (Fig. 5F-H). These data revealed that GAP43 was an 
important factor for Hyp-sEVs-mediated anti-apoptotic 
activity in vitro.

Hyp-sEVs-delivered GAP43 prevented MNU-induced retinal 
degeneration and photoreceptor injury in vivo
Next, we evaluated the essential role of GAP43 in 
Hyp-sEVs-mediated retinal photoreceptor protection 
in vivo. H&E staining of retinal sections showed that 
GAP43 knockdown abolished the Hyp-sEVs-induced 

preservation of retinal structure and improvement of 
ONL thickness (Fig. 6A, B). The results of TUNEL stain-
ing and Western blot also showed that Hyp-sEVsshctrl, but 
not Hyp-sEVsshGAP43, were able to reduce the number of 
TUNEL-positive apoptotic cells, upregulate the expres-
sions of PCNA and Bcl-2, and downregulate the expres-
sion of Bax in retinal tissues of MNU-induced mouse 
model (Fig.  6C-E). Moreover, both scotopic and phot-
opic ERG analysis demonstrated that the application of 
Hyp-sEVsshGAP43 exhibited limited effects to alleviate 
MNU-triggered retinal dysfunction (Fig.  6F-J). More-
over, increased number of S-opsin-positive cone photo-
receptors in retinal tissues after Hyp-sEVs treatment was 

Fig. 5 GAP43 mediated the protection of Hyp-sEVs on MNU-induced apoptosis of 661 W cells. (A, B) Western blot for the knockdown efficiency of GAP43 
in Hyp-MSCs and Hyp-sEVs after transfection. (C) Western blot for the expressions of PCNA, Bcl-2 and Bax in 661 W cells. (D) CCK8 assay for the proliferation 
of 661 W cells (n = 5). (E) Immunofluorescent staining images of 661 W cells showing Ki-67 expression. Scale bars, 25 μm. (F) TUNEL staining of 661 W cells. 
Scale bars, 25 μm. (G) Immunofluorescent staining images of 661 W cells showing Cleaved Caspase-3 expression. Scale bars, 25 μm. (H) Cell apoptosis 
assay of 661 W cells (n = 3). All data are presented as means ± SEM. ns, not significant, *P < 0.05, and ***P < 0.001
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Fig. 6 Hyp-sEVs alleviated MNU-induced retinal photoreceptor injury by delivering GAP43. (A, B) H&E staining of retinal tissues and the corresponding 
quantitative analysis of ONL thickness (n = 3). Scale bars, 50 μm. (C, D) TUNEL staining of retinal tissues and the corresponding quantitative analysis of 
TUNEL+ cell percentage of total ONL cells (n = 3). Scale bars, 50 μm. (E) Western blot for the retinal expressions of PCNA, Bcl-2 and Bax (n = 3). (F-H) Repre-
sentative scotopic ERG waveforms and the corresponding quantitative analysis of scotopic a-wave and b-wave amplitude changes (n = 6). (I, J) Represen-
tative photopic ERG waveforms and the corresponding quantitative analysis of photopic b-wave amplitude change (n = 6). (K) Retina immunofluorescent 
staining of S-opsin. Scale bars, 25 μm. All data are presented as means ± SEM. ns, not significant, *P < 0.05, **P < 0.01 and ***P < 0.001. GCL, ganglion cell 
layer; INL, inner nuclear layer; ONL, outer nuclear layer
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reversed by GAP43 knockdown (Fig.  6K). Collectively, 
these findings provided in vivo evidence that GAP43 was 
required for Hyp-sEVs-mediated therapeutic effects on 
MNU-induced retinal photoreceptor injury.

Hypoxic preconditioning-induced HIF-1α activation 
inhibited TRIM25-mediated GAP43 ubiquitination and 
degradation
Subsequently, we explored the molecular mechanism 
underlying the enrichment of GAP43 in Hyp-sEVs. Due 
to the close correlation of the cargo composition in sEVs 
with donor cells [18], we evaluated GAP43 expression in 
MSCs under normoxic or hypoxic conditions and veri-
fied the increased GAP43 protein level in Hyp-MSCs 
(Fig. 7A). It is recognized that HIF-1α is an essential fac-
tor to regulate cellular processes under hypoxic condition 
[19]. Compared with Nor-MSCs group, increased expres-
sion of HIF-1α in Hyp-MSCs was observed (Fig.  7B). 
Therefore, we investigated whether HIF-1α is involved 
in the regulation of GAP43. The results of Western blot 
showed that HIF-1α siRNA transfection-induced HIF-1α 
inhibition reduced the protein expression of GAP43 and 
HIF-1α overexpression resulted in the increased pro-
tein level of GAP43 (Fig.  7C, D). Consistently, HIF-1α 
knockdown and activation in Hyp-MSCs could affect 
the GAP43 expression in Hyp-sEVs (Fig.  7E, F). How-
ever, HIF-1α knockdown and activation in Hyp-MSCs 
did not markedly alter the GAP43 mRNA level (Fig. 7G), 
implying that HIF-1α may regulate the stability of GAP43 
protein. To substantiate this assumption, we transfected 
Hyp-MSCs with HIF-1α siRNA and detected the half-
life of GAP43 protein after protein synthesis inhibi-
tor cycloheximide (CHX) treatment. Compared with 
control group, the half-life of GAP43 protein in HIF-1α 
siRNA transfection group was shorter (Fig.  7H). We 
then used the proteasome inhibitor MG132 to evaluate 
the effect of HIF-1α on GAP43 protein degradation. As 
shown in Fig. 7I, HIF-1α knockdown-induced reduction 
of GAP43 protein was restored by MG132. The results of 
Co-IP assay also demonstrated that HIF-1α knockdown 
enhanced the ubiquitination modification of GAP43, and 
HIF-1α overexpression reduced the ubiquitinated GAP43 
protein level (Fig. 7J). These data suggested that HIF-1α 
regulated GAP43 protein stability mainly through the 
ubiquitin-proteasome pathway.

To identify the E3 ligase that mediates GAP43 ubiq-
uitination, we detected the GAP43-binding proteins 
by Co-IP assay and LC-MS/MS analysis. The results 
revealed the presence of E3 ubiquitin ligase TRIM25 in 
GAP43 immunoprecipitation (Fig.  7K). Western blot 
analysis showed that the changed expression of HIF-1α 
exerted no significant impact on TRIM25 protein level 
in Hyp-MSCs (Fig.  7L, M). However, HIF-1α knock-
down promoted the binding of GAP43 to TRIM25, 

and HIF-1α overexpression prevented the interaction 
between GAP43 and TRIM25 (Fig.  7N, O). To further 
validate the role of TRIM25 in HIF-1α-mediated regu-
lation of GAP43, we co-transfected Hyp-MSCs with 
HIF-1α siRNA and TRIM25 siRNA. The results of Co-IP 
assay and Western blot showed that TRIM25 inhibi-
tion reversed the HIF-1α knockdown-induced GAP43 
ubiquitination and degradation (Fig. 7P, Q). Collectively, 
these findings indicated that hypoxic condition-induced 
HIF-1α activation inhibited TRIM25-mediated GAP43 
ubiquitination and degradation in Hyp-MSCs, leading 
to the production of Hyp-sEVs with high expression of 
GAP43.

Discussion
Photoreceptor apoptosis is an important pathologi-
cal feature of degenerative retinal diseases [20]. Cur-
rent therapeutic options provide limited benefits. In the 
present study, we found that the intravitreal injection of 
Hyp-sEVs effectively inhibited photoreceptor apoptosis 
and ameliorated retinal degeneration mainly through the 
delivery of GAP43. Mechanistically, hypoxic stimulation-
induced HIF-1α upregulation prevented the TRIM25-
mediated ubiquitination modification of GAP43 in 
Hyp-MSCs, resulting in the enrichment of GAP43 in 
Hyp-sEVs.

Despite the different and multifactorial etiologies of 
various retinal disorders, their cause of visual impair-
ment and blindness is photoreceptor loss [21]. In the past 
decades, MSC-based cell therapy has achieved encour-
aging progress to alleviate many retinal diseases includ-
ing photoreceptor deficiency by replacing injured retinal 
cells [22]. However, the adverse reactions and ocular 
complications caused by MSC transplantation limit its 
wide application [23]. Recent studies suggest that MSCs 
promote tissue regeneration mainly through the para-
crine effect [24]. MSC-sEVs exhibit extensive efficient 
to ameliorate retinal ischemic, inflammation, oxida-
tive damage, and neovascularization [25–28]. Notably, 
MSC-sEVs treatment represents a promising cell-free 
strategy to protect retinal photoreceptors from apopto-
sis, while some weaknesses such as low yield, heteroge-
neity, and unstable curative effect of MSC-sEVs have not 
been solved [29, 30]. It is recognized that the therapeutic 
potential of MSC-sEVs is largely dependent on the status 
of MSCs [31]. The optimization of culture condition can 
affect the cellular function of MSCs, thus further enhanc-
ing the release and biological activity of MSC-sEVs. Pre-
vious evidence has indicated that the oxygen tension of 
cells in the body is lower than that in the atmosphere 
[32]. Hypoxic stimulation can upregulate stemness genes 
in MSC and improve the cellular viability and genetic 
stability [33]. In this study, we observed that Hyp-MSCs 
showed elevated proliferation and multidirectional 
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Fig. 7 HIF-1α activation prevented TRIM25-mediated GAP43 ubiquitination and degradation in Hyp-MSCs. (A, B) Western blot for the expressions of 
GAP43 and HIF-1α in Nor-MSCs and Hyp-MSCs. (C, D) Western blot for the expressions of HIF-1α and GAP43 in Hyp-MSCs transfected with HIF-1α siRNA 
and HIF-1α overexpressing plasmid. (E, F) Western blot for the expression of GAP43 in HIF-1α siRNA-transfected Hyp-sEVs (Hyp-sEVssi−HIF−1α) and HIF-1α 
overexpressing plasmid-transfected Hyp-sEVs (Hyp-sEVsAd−HIF−1α). (G) qRT-PCR for the relative GAP43 mRNA level in Hyp-MSCs transfected with HIF-1α 
siRNA and HIF-1α overexpressing plasmid. (H) CHX assay for the half-time of GAP43. (I) The effect of MG132 on GAP43 expression. (J) Co-IP assay for the 
ubiquitination level of GAP43. (K) LC-MS/MS analysis for the interacting proteins of GAP43. (L, M) Western blot for the expression of TRIM25 in Hyp-MSCs 
transfected with HIF-1α siRNA and HIF-1α overexpressing plasmid. (N, O) Co-IP assay for the binding of GAP43 to TRIM25 in Hyp-MSCs transfected with 
HIF-1α siRNA and HIF-1α overexpressing plasmid. (P) Co-IP assay for the ubiquitination level of GAP43 in Hyp-MSCs transfected with HIF-1α siRNA and 
TRIM25 siRNA. (Q) Western blot for the expression of GAP43 in Hyp-MSCs transfected with HIF-1α siRNA and TRIM25 siRNA. All data are presented as 
means ± SEM. ns, not significant, **P < 0.01 and ***P < 0.001
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differentiation abilities and released more sEVs compared 
with Nor-MSCs, which confirms that hypoxic precon-
ditioning enhances MSC activity and increases the yield 
of MSC-sEVs. Accumulating studies have revealed the 
enhanced therapeutic effects of Hyp-sEVs in several ocu-
lar diseases. For instance, relative to Nor-sEVs, Hyp-sEVs 
further restore intraocular pressure and retinal shrinkage 
in a rat model of glaucoma [34]. Hyp-sEVs markedly pro-
mote retinal ganglion cell regeneration to alleviate optic 
nerve compression injury [35]. Here, we found that the 
localization of Hyp-sEVs was primarily in the ONL after 
intravitreal injection and for the first time revealed that 
Hyp-sEVs exerted more effective roles to improve reti-
nal structure and thickness, restore retinal function, and 
inhibit photoreceptor apoptosis compared with Nor-
sEVs, which therefore provides a foundation for develop-
ing novel therapy for retinal degeneration.

MSC-sEVs contain complex cargos which contribute to 
the functional regulation of recipient cells [36]. Shuttle of 
proteins has been widely proved as the important mecha-
nism underlying MSC-sEVs-mediated protective effects 
for ocular disorders. Gao et al. report that MSC-sEVs-
delivered brain-derived neurotrophic factor (BDNF) 
accelerates the retrodifferentiation and proliferation of 
Müller cells by activating Wnt pathway [37]. Moreover, 
MSC-sEVs attenuate retinal apoptosis and oxidative 
injury in streptozotocin-induced diabetic rats by trans-
porting neuronal precursor cell-expressed developmen-
tally downregulated 4 (NEDD4) [38]. Recent evidence 
has also indicated that sEVs-induced protein transfer can 
regulate retinal tissue homeostasis [39]. Several proteins 
carried by circulating sEVs are promising candidates to 
predict the progression of retinal diseases [40]. There 
is a significant heterogeneity in the ingredients of sEVs 
from cells cultured in different conditions. In this study, 
we analyzed the protein composition of Nor-sEVs and 
Hyp-sEVs by LC-MS/MS, and identified that GAP43 was 
significantly upregulated in Hyp-sEVs. GAP43 has been 
previously documented as an intrinsic determinant of 
axonal growth, regeneration, and plasticity [41]. In retinal 
system, the activation of GAP43 is closely related to the 
increased regenerative potential of injured retinal gan-
glion cells [42]. It is reported that GAP43 accumulates 
in retinal outer photoreceptor segments of rats kept in 
the darkness for 10 days [43]. However, the involvement 
of GAP43 in the restoration of photoreceptor viability 
is largely unknown. Here, we observed that Hyp-sEVs 
treatment could reverse the MNU-induced decreased 
expression of GAP43 in retinal tissues and 661 W cells. 
Importantly, the knockdown of GAP43 impaired the 
therapeutic role of Hyp-sEVs to improve retinal degen-
eration and inhibit photoreceptor apoptosis in vivo and 
in vitro, thus confirming that GAP43 is a critical media-
tor of the repairing effects of Hyp-sEVs on retinal injury. 

The detailed mechanism of GAP43 in regulating photore-
ceptor function remains to be further explored in future 
studies.

During hypoxic stimulation, due to the activity inhi-
bition of Prolyl-4-hydroxylase domain (PHD) proteins, 
HIF-1α is protected against the Von Hippel-Lindau 
(VHL)-mediated degradation [44]. Accumulating evi-
dence suggests that HIF-1α serves as a master regulator 
of the response to low oxygen and plays a crucial role 
in the signal transduction and cellular function altera-
tion. Luo et al. report that hypoxic pretreatment-induced 
HIF-1α activation improves the survival of MSCs after 
transplantation for spinal cord injury therapy [45]. The 
results of Liu et al. show that hypoxic preconditioning 
enhances the miR-126 level in MSC-sEVs through the 
upregulation of HIF-1α [46]. However, whether HIF-1α 
contributes to the enrichment of GAP43 in Hyp-sEVs is 
still unclear. Herein, our findings revealed that HIF-1α 
knockdown and overexpression could affect the protein 
level of GAP43 both in Hyp-MSCs and Hyp-sEVs. CHX 
and MG132 assays further demonstrated that HIF-1α 
regulated GAP43 protein stability mainly through the 
ubiquitin-proteasome manner. Previous studies have 
shown that fatty acylation and phosphorylation are two 
major mechanisms for the post-translational modifi-
cation of GAP43 [47]. Although GAP43 has been also 
reported as a substrate of the ubiquitin-proteasome sys-
tem [48], little is known about the E3 ligase to mediate 
the degradation of GAP43. In this study, we found that 
TRIM25 was abundant in the GAP43 immunoprecipita-
tion of MSCs transfected with HIF-1α siRNA through 
mass spectrometry analysis. TRIM25 knockdown 
reversed the HIF-1α inhibition-induced elevated GAP43 
ubiquitination, which suggests that HIF-1α upregulates 
GAP43 protein expression by inhibiting TRIM25-medi-
ated GAP43 ubiquitination and degradation.

A single injection of sEVs shows effective retinal 
therapeutic potential in many animal models with reti-
nal injury. For instance, Zhu et al. reveal that a single 
intravitreal injection of Schwann cell-derived sEVs can 
mitigate the degeneration of retinal ganglion cells in an 
optic nerve crush model [49]. In this study, our results 
also indicated that a single injection of Hyp-sEVs pre-
vented retinal photoreceptor loss in MNU-induced reti-
nal degeneration. However, the retention time of sEVs 
varies in the different retinal cells [50]. Most fluorescent 
labeled-sEVs exhibit a significant reduction within two 
weeks in retinal cells in vivo [51]. Therefore, successive 
injection may be required to maintain the therapeutic 
effect of sEVs on chronic retinal injury. Mead et al. report 
that monthly MSC-sEVs intervention provides retinal 
neuroprotective effects and ameliorates axon degenera-
tion in a chronic model of ocular hypertension [52]. Xu 
et al. demonstrate that continuous injection of MSC-sEVs 
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for 4 weeks exerts retinal anti-inflammatory and anti-
apoptotic roles in diabetic rats [53]. Recently, the prep-
aration of engineered sEVs is considered a promising 
approach to enhance their protective value and targeting 
potential [54]. The status improvement of source cells 
and direct membrane and content modification of sEVs 
are two major engineering strategies [55]. The results 
of Reddy et al. indicate that Bevacizumab-loaded sEVs 
reduce the frequency of intravitreal injection required for 
treating diabetic retinopathy [56]. Bao et al. report that 
degradable poly microcapsules encapsulating MSC-sEVs 
can increase the retinal residence time of MSC-sEVs for 
the treatment of retinal ischaemia-reperfusion injury 
[57]. In this study, we found that hypoxic precondition-
ing enhanced the effectiveness of MSC-sEVs in photore-
ceptor protection. Although sEVs-based cell-free strategy 
has shown therapeutic potential in various retinal dis-
eases, further investigations are still essential to improve 
the retinal repair efficiency of sEVs and reduce their 
injection frequency.

Conclusions
In summary, we demonstrate that Hyp-sEVs exhibit 
enhanced therapeutic potential to ameliorate retinal 
structural and functional degeneration and inhibit pho-
toreceptor apoptosis by delivering enriched GAP43 com-
pared with Nor-sEVs. Hypoxic preconditioning-induced 
HIF-1α activation prevents TRIM25-mediated GAP43 
ubiquitination and degradation, resulting in the upregu-
lation of GAP43 in Hyp-sEVs. Therefore, our findings 
provide new insights into the mechanism underlying 
the retinal protective effects of Hyp-sEVs and highlight 
an optimized cell-free strategy for retinal degeneration 
therapy.
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