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Abstract
Background  Mesenchymal stromal cells (MSCs) have emerged as a promising disease-modifying therapy for the 
complications of diabetes mellitus (DM), including diabetic retinopathy (DR). However, the optimal treatment regimen 
remains unclear, and challenges persist regarding the timing, route of delivery and the mechanisms underlying the 
therapeutic effects. This study focused on human umbilical cord-derived mesenchymal stromal cells (hUC-MSCs), to 
elucidate their retinal protective effects, and investigate the underlying mechanisms by which a single intravenous 
injection might ameliorate the pathological alterations of DR.

Methods  Two time points after the development of DM were chosen for the in vivo experiments to study the effects 
of the intervention after different times of exposure to hyperglycemia. hUC-MSCs were injected via the tail vein at 8 
and 16 weeks after STZ injection. Retinal samples were collected 2 weeks post-treatment to analyze the therapeutic 
effect of MSCs on DR. In vitro experiments were conducted using a Müller cell line and a retinal microvascular 
endothelial cell line cultured under high-glucose conditions, with treatment by hUC-MSCs conditioned media 
(MSC-CM), to explore the underlying mechanisms.

Results  After a single intravenous injection of hUC-MSCs at week 16 and not 8 weeks post-STZ injection, retinal 
tissue showed improved thickness of the inner nuclear layer. There was also an increase in the number of acellular 
capillaries observed in retinal flat mounts of diabetic animals which was improved in the DM and MSC treatment 
group. MSC treatment reduced high glucose induced activation markers (GFAP and Vimentin) of Müller cells and 
alleviated endoplasmic reticulum (ER) stress. VEGF expression was also reduced in the retina. MSC-conditioned media 
also reversed high glucose-induced expression of VEGF in Müller cells. Finally, in a retinal microvascular endothelial 
cell line, high glucose concentrations, demonstrated increased ER stress which was reduced by MSC conditioned 
media.

Conclusions  Single Intravenous injection of hUC-MSC to DM animals could alleviate DR via reducing Müller cell and 
endothelial cell activation and ER stress, and thus might represent a promising therapy for DR.
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Background
According to the “Global Diabetes Map (10th edition)” 
released by the International Diabetes Federation (IDF) 
in 2021, the prevalence of DM is increasing globally. 
Presently, approximately 1 in 10 people have DM, with 
projections indicating that this figure will rise to 1 in 8 
adults (around 783 million individuals) by the year 2045 
[1, 2]. Patients with DM are at risk of microvascular com-
plications of retinopathy, neuropathy and nephropathy.

In terms of diabetes-related microvascular complica-
tions, long-term hyperglycemia results in more than one 
third of diabetic patients developing diabetic retinopathy 
(DR) with the attendant risk of visual impairment [3–5]. 
The increasing prevalence of DM and DR necessitates the 
development of novel treatments for this complication. 
While tight glycemic control reduces the risk of DR, this 
can be difficult to achieve over the lifetime of the patient. 
Current treatments for DR are available to combat the 
advanced vascular proliferative and inflammatory aspects 
of the disease, including laser therapy and intravitreal 
administration of anti-VEGF drugs to destroy hypoxic 
retinal cells producing VEGF [6, 7], and anti-inflamma-
tory treatments target VEGF, chemokines, angiopoi-
etin-2, and proteases [8–10]. Despite these treatments 
however, significant numbers of patients develop visual 
impairment. Furthermore, the effects of these therapies 
on the early pathological changes of DR and on glial cells 
are very limited, and further studies are needed.

The early morphological signs of DR include basement 
membrane thickening, tight junction damage, and blood-
retinal barrier (BRB) breakdown. In addition, there is 
pericyte loss and Müller cell activation. In DM and DR, it 
has been established that Müller cells undergo activation 
which is reflective of reactive gliosis [11–13]. While glial 
fibrillary acidic protein(GFAP) is a widely used marker of 
reactive gliosis, one of the most important indicators of 
Müller cell activation is the up-regulation of GFAP [14]. 
Recent studies have shown that Müller cells activate ER 
stress-related pathways under stress conditions, includ-
ing up-regulation of Ddit3 (CHOP) and Atf4 [15, 16]. In 
vivo and in vitro investigations have revealed that endo-
plasmic reticulum stress (ERS) plays a crucial role in vari-
ous stages of diabetic retinopathy (DR), encompassing 
Müller cells [17], microglia [18], photoreceptor cells [19], 
and retinal pigment epithelium cells [20]. The presence of 
persistent hyperglycemia induces ER dysfunction within 
the retina, resulting in Müller cell activation and subse-
quent retinal inflammation [21].

Recent studies have found that the transplantation of 
MSCs and their exosomes can alleviate ER stress [22, 23] 

and oxidative stress caused by diseases [24, 25]. There-
fore, targeting the restoration of ER (ER) stress in the 
diabetic retina may hold significant therapeutic poten-
tial for DR. However, the effect of intravenous MSC 
administration on ER stress in DR has not previously 
been examined. In this study, we administered a single 
intravenous injection of human umbilical cord-derived 
MSCs to mouse models of diabetes mellitus at 2 different 
timepoints after development of DR. We have previously 
studied the effect of MSC injection on renal and cardiac 
pathologies in these animals [26, 27].

In the present study, we aimed to investigate the effect 
of MSC treatment delivered by an intravenous route on 
DR in vivo and used in vitro experiments using a Muller 
cell and retinal microvascular endothelial cell line to 
explore potential mechanisms with an emphasis on endo-
plasmic reticulum stress.

Methods
Differentiation potential and identification of UC-MSC
The cells were obtained from Qilu Cell Therapy Technol-
ogy (Shandong, China) and were cultured according to 
the supplier’s recommended protocol. The medium was 
replaced every 2 days. The used medium was collected 
and stored in a negative 80 degree freezer as hUC-MSCs 
conditioned medium for subsequent cell experiments. 
When the hUC-MSCs reached 80–90% confluence, the 
medium was discarded, the cell culture flask was washed 
three times with PBS, and the cells were lifted with MSC 
digestion solution (Jing Meng, Beijing, China). The cells 
were shown to have tri-differentiation potential and the 
appropriate flow cytometry characterization as previ-
ously described and shown in supplementary Fig. 1  [26, 
27].

Animal model
The project and all procedures were approved by the Eth-
ics Committee of Hebei Medical University (No. IACUC-
Hebmu-2021-035) before starting the experiments. Our 
entire experimental protocol complied with international 
standards for biomedical research involving animals.

We employed a diabetic model induced by STZ in male 
C57BL/6J mice to carry out these experiments with intra-
venous injections of MSCs or vehicle control (saline) 
administered at earlier (8 weeks) and later (16 weeks) 
time-points after induction of DM and with termination 
of the experiments 2 weeks later (10 and 18 weeks after 
DM induction) (see Fig. 1 for illustrations of the experi-
mental protocols). The model and experimental design 
has been described in detail in two recent publications in 
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which we reported on the effect of MSC administration 
on diabetic nephropathy and cardiomyopathy [26, 27]. In 
brief, the mice, aged 6–7 weeks and weighing an average 
of (20 ± 3) g, were sourced from Beijing HFK Biotechnol-
ogy Co., Ltd. (China). To create the diabetic model, STZ 
was administered via intraperitoneal injections at a dos-
age of 80 mg/kg body weight for five days consecutively, 
using a citrate buffer solution with a pH of 4.5. A week 
after the injections, the blood glucose levels of the mice 
rose above 16.7 mmol/L, confirming the onset of diabetes 
mellitus. Following confirmation of DM, the mice were 
observed for either 8 weeks (earlier time-point) or 16 
weeks (later time-points), following which they were ran-
domly divided into groups of 6 that received intravenous 
injections by tail vein of either 5 × 105 freshly cultured 
hUC-MSC in 0.2 mL of sterile saline or 0.2 mL of saline 
alone. The mice were humanely euthanized 2 weeks 
after the hUC-MSCs injection. An additional group 
of non-diabetic animals were euthanized as additional 
controls. Throughout the experiments, General distress 
score (GDS) and Animal General Distress Scoring sheets 
(AGS) were constructed weekly by two researchers to 
monitor the health status of mice. After the mice were 
anesthetized with 2–3% isoflurane (Orbiepharm) inhala-
tion, their cervical vertebrae were dislocated to euthanize 
the mice, and their eyeballs were taken for subsequent 
experiments. All efforts were made to minimize animal 
suffering with the pre-defined humane endpoints. For the 
current study, eyes were dissected at euthanasia, Six left 

eyes were fixed with 4% paraformaldehyde and embed-
ded in paraffin, and paraffin sections were stained for 
subsequent experiments. After fixing the six right eyes, 
the retinas were digested and flattened. The rest of the 
retinas were collected on ice and stored in a negative 80 
degree freezer for subsequent RT-qPCR experiments.

Hematoxylin-eosin staining
Fixed eyeballs were longitudinally sectioned along the 
optic tract after paraffin embedding. The sections were 
deparaffinized and stained with hematoxylin staining 
solution for 3–5 min. After washing with tap water, the 
sections were rinsed with hematoxylin differentiation 
solution for 2–5  s and thoroughly rinsed with running 
water. The hematoxylin-blue solution was returned to 
blue for 2–5 s, and the sections were dehydrated by gra-
dient ethanol after thorough rinsing with running water. 
The cells were then stained with eosin staining solution 
(alcohol-soluble) for 5  min, and dehydrated twice with 
absolute ethanol for 5  min each. The slides were dehy-
drated with fresh absolute ethanol for 5 min, xylene for 
5  min, replaced with fresh xylene and transparent for 
5 min, then neutral gum was added to seal the slices for 
histological evaluation.

Retina digestion and periodic acid schiff staining
The eyeballs were fixed in 4% paraformaldehyde for 24 h, 
then stored in PBS. Under a dissecting microscope, the 
sclera and choroid were carefully removed to preserve 

Fig. 1  Schematic of in vivo experimental design summarizing the design of two experiments to investigate the effects of hUC-MSCs on retinal disease in 
streptozotocin (STZ) -induced diabetic C57BL/6 mice model at two time points after induction of DM
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the retinal vasculature. The retinas were digested in 
1% trypsin at 37 degree for 45 min, with periodic shak-
ing. After PBS washes, the neuroretinal layer was gently 
pipetted away. The vascular networks were treated with 
1% periodate (5 min), stained with Schiff reagent (15 min, 
dark), and counterstained with hematoxylin (1  min). 
Samples were dehydrated in alcohol, cleared in xylene, 
and mounted with neutral gum for microscopy. The 
number of acellular capillaries in the retina flat mounts 
were quantified in retinas obtained from 6 mice in 4 ran-
domly selected 100 µm2 areas and averaged.

Immunofluorescence staining
Fresh eyeballs were initially placed in 4% paraformal-
dehyde and fixed overnight. Following the completion 
of the paraffin embedding process, discontinuous sec-
tions were obtained from the region adjacent to the optic 
nerve, with a thickness set to 5 μm. After dewaxing the 
sections, antigen retrieval was conducted using sodium 
citrate buffer. Subsequently, the sections were main-
tained at room temperature and blocked with a solution 
containing 0.01% Triton and 10% donkey serum for 1 h. 
Next, either Chicken anti-GFAP polyclonal antibody 
(1:50, Abcam, Cambridge, UK, catalog no.ad4674) or anti 
Vimentin Mouse Monoclonal Antibody (1:100, HUABIO, 
China, catalog no.EM0401) was applied as the primary 
antibody and incubated overnight at 4 degree. After 2 h 
of incubation with the corresponding fluorescent second-
ary antibody (Goat anti-chicken IgG (H + L) Secondary 
Antibody 488 Conjugated, Repotbiotech, Repotbiotech, 
S6006) (594 goat anti-mouse, Servicebio, China, cata-
log no.70073), DAPI dye was utilized to stain the cell 
nucleus. Finally, after sealing with an anti-fluorescence 
quenching agent, the samples were imaged using a con-
focal microscope(Olympus FV1200). During the fluores-
cence intensity analysis, since the position of the Muller 
cells runs throughout the retina, the fluorescence of the 
inner and outer segment areas of the GFAP antibody was 
not calculated.

Immunohistochemical staining
Following deparaffinization, and antigen retrieval, endog-
enous peroxidase was blocked with 3% H2O2(25  min, 
dark), followed PBS washes. Sections were blocked with 
3% goat serum (30 min, RT) before overnight incubation 
(4 degree) with primary antibodies against CHOP (1:50, 
HUABIO), GRP78 (1:50, Santa), and VEGF (1:50, Santa). 
After PBS washes, HRP-conjugated secondary antibody 
was applied (50 min, RT). DAB development was micro-
scopically monitored, followed by alcohol dehydration 
(75%−100%), xylene clearing, and resinous mounting for 
light microscopy.

mRNA extraction and RT-qPCR
Total RNA was purified from retinal tissue or cultured 
cells stored at negative 80 degree freezer using the Rapid 
Total RNA Extraction Kit (NCM, M5105), following the 
manufacturer’s instructions. The isolated RNA was uti-
lized for cDNA synthesis by reverse transcription reac-
tion, employing 2  µg of RNA and the cDNA Synthesis 
Kit. Quantitative PCR was conducted using the SYBR 
Green PCR Master Mix (ZS-M13002, Zhongshi TON-
TAU, Tianjin)(ROCHE, Lightcycler@480). The quantita-
tive method used was ΔΔCT, and the relative expression 
content of the target gene was calculated for normal-
ized comparison with β-actin for housekeeping genes. 
The primer sequences for the amplification of TGF-β, 
FGF, GFAP, ATF-4, ATF-6, CHOP, Grp78, and XBP1 are 
detailed in Appendix Table 2.

Transmission electron microscopy (TEM)
TEM was employed to investigate the morphological 
changes of the ER in Müller cells within the retinas of 
various groups of mice. In this experiment, the optic cup 
was initially fixed in ice-cold 2.5% glutaraldehyde solu-
tion in 0.1  M cacodylate buffer for a duration of 12  h. 
Following fixation, representative areas were selected for 
ultrathin sectioning after embedding processing. Subse-
quently, a 150-mesh Fanghua film copper mesh was uti-
lized to extract the sections, which were then stained in 
light-proof conditions according to standard procedures. 
Finally, the samples were examined using TEM at a mag-
nification of 5000x.

Müller cell culture and regents
The Müller cell line was purchased from Bluef Cell 
(Shanghai, China) and were cultured according to the 
supplier’s recommended protocol [28]. The cells were 
maintained in DMEM medium (Sigma, D6046) with 10% 
fetal bovine serum (FBS, Gibco) at 37 degree, 5% CO2 
incubator. The medium was replaced every 1 or 2 days. 
When the cells had reached 80–90% confluence rate, they 
were washed 2–3 times with PBS and digested with Tryp-
sin-EDTA containing 0.25%. Digested cells were cultured 
at 105 per well in six-well plates. The QMMuC-1 cell line 
is an immortalized cell line derived from mouse Mül-
ler cells (BLUEFBIO, Shanghai). According to the com-
pany’s recommendations, the culture medium utilized 
for this cell line is DMEM supplemented with a glucose 
concentration of 25 mmol/L. Consequently, the glucose 
concentration for the normal control group in the experi-
ment was established at 25 mmol/L. When the cells grew 
to 70% confluence rate, cells were divided into different 
groups:

Control: DMEM medium with 25 mmol/L of D-glu-
cose; High glucose: DMEM medium with 65 mmol/L 
of D-glucose; Mannitol: DMEM with 25 mmol/L of 
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D-glucose and 40 mmol/L of mannitol; HG + hUC-
MSC medium: 75%DMEM medium with 65 mmol/L of 
D-glucose + 25% hUC-MSC medium (Jing-Meng, Beijing, 
China); HG + hUC-MSC CM: 75%DMEM medium with 
65 mmol/L of D-glucose + 25% hUC-MSC conditioned 
medium (Jing-Meng, Beijing, China).

Retinal microvascular endothelial cell culture and regents
The retinal microvascular endothelial cells were pur-
chased from Procell Life Science & Technology (Hubei, 
China). Based on the published literature on the same 
type of cells, the glucose concentration in the normal 
group was 5 mmol/L, while that in the high glucose 
group was 25 mmol/L [29]. The other group conditions 
were consistent with those of the Muller cells mentioned 
above.

Cell counting kit-8 (CCK-8)
Cells were seeded in 96-well plates at a density of 1 × 104 
cells per milliliter and cultured under these conditions 
for 24  h. Once the confluence of the cells reached 70% 
to 80%, 100 µL of serum-free medium with varying glu-
cose concentrations was added to each well (5 replicate 
wells per group), and the culture was continued for an 
additional 12 to 36  h. To determine cell density, 10 µL 
of CCK-8 solution was added, followed by incubation at 
37 degree for 1.5  h. Finally, absorbance was measured 
using a microplate reader at a wavelength of 450 nm. The 
QMMuC-1 cell line is an immortalized cell line derived 
from mouse Müller cells (BLUEFBIO, Shanghai). Accord-
ing to the company’s recommendations, the culture 
medium utilized for this cell line is DMEM supplemented 
with a glucose concentration of 25 mmol/L. Conse-
quently, the glucose concentration for the normal control 
group in the experiment was established at 25 mmol/L. 
The CCK8 assay was employed to evaluate the cell sur-
vival rate of QMMuC-1 cells after 12, 24, 48, and 72 h of 
culture at varying glucose concentrations ranging from 
25 mmol/L to 65 mmol/L.

Western blot analysis
Cell lysis involved the addition of 60 µL of ice-cold RIPA 
lysis buffer, which contained 1 mM PMSF (Servicebio, 
G2008), to each well of approximately six-well plates. 
The protein concentration was evaluated using a BCA 
assay. For the detection of proteins, 20 µg of lysates were 
introduced into each well and subsequently subjected 
to electrophoresis on a 10% SDS-PAGE gel. After elec-
trophoresis was completed, proteins were transferred 
to PVDF membranes. The membranes were blocked for 
15  min in a rapid blocking solution and then incubated 
overnight at 4 degree with specific antibodies against 
CHOP (1:1000, Cell Signaling Technologies, L63F7), 
ATF6 (1:1000, SantaCruz, sc-166659), XBP1s (1:3000, 

Proteintech, USA), β-actin (1:1000, Proteintech, 20986-
1-AP), IRE1 (1:1000, AFFINITY, DF7709) and VEGF 
(1:500, SantaCruz, sc-7269). Following this step, the 
PVDF membrane was treated with the relevant second-
ary antibody (1:10000, Servicebio, China) for 2 h at room 
temperature. The specific protein bands were then visual-
ized using an enhanced chemiluminescence kit, while the 
detection process employed the ChemiDoc™ detection 
XRS + system (Bio-Rad, USA). Each band’s quantification 
was performed with Image J software, determining the 
optical density of the target band, and the results were 
expressed as the mean values for each band.

Data analysis and statistics
The experimental data for each group were analyzed 
using one-way analysis of variance (ANOVA) followed 
by Tukey’s multiple comparison test. All results are pre-
sented as mean ± SD, with the analyses conducted using 
GraphPad Prism 6.0 software. The findings indicate that 
a p-value of less than 0.05, along with a 95% confidence 
interval that does not include zero, suggests a statistically 
significant difference between the groups. The work has 
been reported in line with the ARRIVE guidelines 2.0.

Results
Effects of hUC-MSC treatment on retinal microstructure
In order to study and compare the differences in retinal 
abnormalities and the therapeutic effects of intravenous 
mesenchymal stem cell (IV MSC) injection in mice after 
exposure to high blood glucose for different periods of 
time, we chose to administer MSC treatment at 10 and 
18 weeks after the injection of STZ for observation. We 
acknowledge that these are not different stages of disease 
but rather represent different durations of exposure to 
hyperglycemia in vivo. The baseline characteristics and 
results of fasting blood glucose and body weight moni-
toring of the groups of DM and Non-DM mice used for 
this study were as previously described [26, 27]. Retinal 
thickness was quantified in H&E-stained sections, and 
the number of nuclei in the inner nuclear layer (INL) and 
outer nuclear layer (ONL) was quantified in eyes of Non-
DM mice and of DM mice at earlier (10 weeks) and later 
(18 weeks) time-points after induction of diabetes, with, 
in both cases, either saline alone (DM group) or MSC 
(DM + MSC group) administered intravenously 2 weeks 
earlier. At 10 weeks, the results demonstrated that each 
retinal layer exhibited significantly reduced thickness in 
the DM group compared to the Non-DM group. There 
was no significant difference in retinal layer thickness 
between the DM group and DM + MSC group. At 18 
weeks, each retinal layer showed decreased thickness in 
the DM group compared to the Non-DM group. At this 
timepoint however, there was a statistically significant 
increase in INL thickness within the DM + MSC group 
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when compared to the DM group (Fig. 2A-D), indicat-
ing a beneficial effect of the MSC injection on maintain-
ing the integrity of this layer. No significant differences 
were observed in cell numbers within both ONL and INL 
among all groups at both time points (Fig. 2E). Based on 
these findings, it was concluded that hUC-MSC injection 
does not have a substantial impact on most STZ-induced 
retinal thinning but does attenuate reduction of INL 

thickness specifically 18 weeks after induction of DM. 
The specific data are in Table 1.

Quantification of acellular capillaries in the retina was 
assessed by Periodic Acid Schiff (PAS) staining at the 
two time points for each of the three groups of mice. The 
results showed that the number of acellular capillaries in 
the DM group was significantly higher than that in the 
Non-DM group, while this was alleviated in the MSC-
treated group with diabetes mellitus (Fig. 2F, G).

Effects of MSC treatment on Müller cell activation and ER 
stress in DM mice
The expression of GFAP and Vimentin in the retina was 
assessed by immunofluorescence at the two time points 
for each of the three groups of mice (Fig. 3). At 10 weeks, 
the expression of GFAP in the DM group was signifi-
cantly higher than that in the Non-DM group. There 
were no significant differences between the Non-DM 
group and DM + MSC group (P > 0.05). No significant dif-
ferences were observed in Vimentin expression among 
the three groups at this timepoint (Fig. 3A, C).

At 18 weeks, there were statistically significant differ-
ences in GFAP expression levels among all three groups, 
with higher levels observed in the DM group compared 
to both Non-DM and DM + MSC groups. Similarly, 
Vimentin expression level was significantly higher in DM 
group compared to Non-DM and DM + MSC groups, fol-
lowing a similar trend as GFAP expression at correspond-
ing time points (Fig. 3B, D).

To assess the extent of ER stress in Müller cells, immu-
nofluorescence staining for CHOP and GRP78 was exam-
ined. VEGF expression was also assessed. The expression 
of CHOP, GRP78 and VEGF was higher in the diabetic 
group than in the control group, and this observation 
was reduced in the DM MSC group (Fig. 4A-C). Electron 
microscopy was utilized to examine morphology within 
the three groups at the later timepoint. The severity of ER 
swelling observed in Müller cells from the DM group was 
greater than that seen in the Non-DM group, an effect 
which was reduced in the DM + MSC group (Fig. 5A, B).

Table 1  The thickness of each retinal layer and the number of cells in the outer nuclear layer of the inner nuclear layer were measured 
at two time points.

Non-DM group DM group DM + MSC group
10 weeks 18 weeks 10 weeks 18 weeks 10 weeks 18 weeks

Thickness (um)

IPL + GCL 76.35 ± 7.24 91.76 ± 11.80 65.36 ± 2.78 65.61 ± 9.49 66.05 ± 5.30 69.21 ± 9.16

INL 37.91 ± 0.91 45.77 ± 6.94 31.48 ± 2.11 30.28 ± 3.85 33.36 ± 3.13 40.23 ± 4.80

ONL 56.62 ± 4.17 53.39 ± 3.47 49.77 ± 3.86 43.25 ± 1.43 53.61 ± 3.84 55.83 ± 12.94

OS + IS 34.61 ± 1.03 38.36 ± 1.84 29.62 ± 3.09 31.25 ± 0.56 31.54 ± 2.83 35.97 ± 2.23

Cell counts

ONL 773 ± 110 751 ± 41 719 ± 54 620 ± 120 762 ± 37 610 ± 165

INL 279 ± 110 483 ± 16 255 ± 14 317 ± 62 271 ± 31 379 ± 31

Fig. 2  Individual layer thickness of the retina in three groups at timepoint 
1 (A, B) and timepoint 2 (C). Error bars represent SD. D Retinal layer thick-
ness statistics at two timepoints. E  Number of cells at two timepoints. 
F-G Effect of MSC treatment on the number of acellular capillaries in the 
retina of mice at two timepoints. Error bars represent SD. N = 6; *p < 0.05, 
**p < 0.01, ***p < 0.001. Scale bars: 500 μm in A; 100 μm in B and C; 50 μm 
in F. INL, inner nuclear layer; ONL, outer nuclear layer
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Activated Müller cells upregulate the production of 
pro-fibrogenic factors, including TGF-β and FGF. RT-
qPCR was employed to quantify the mRNA levels of 
TGF-β and FGF in the entire retina across three groups at 
two time points. The results revealed significantly higher 
mRNA expression of TGF-β and FGF in the DM group 
compared to both Non-DM and DM + MSC groups, indi-
cating increased expression of pro-fibrotic factors in dia-
betic mouse retinas that was mitigated two weeks after a 
single i.v. injection of MSCs (Fig. 5C, D) when adminis-
tered at 8 or 16 weeks.

RT-qPCR was used to detect the expression of ER 
stress-related genes ATF4, ATF6, CHOP and GRP78 
in retinal tissue of all groups. The mRNA expression of 
ATF6, CHOP and GRP78 was significantly higher in 
retinas of the DM group but not the DM + MSC group 
compared to the Non-DM group at 10 weeks. At 18 
weeks, ATF4, ATF6, CHOP and GRP78 mRNA expres-
sion was significantly higher in retinas of the DM group 

but not the DM + MSC group compared to the Non-
DM group(Fig. 5E, F). Diabetic mice at both time points 
showed retinal Müller cell activation and ER stress, which 
were reduced after hUC-MSC injection.

Effect of MSC conditioned media on high glucose-
induced ER stress in Müller cells and retinal microvascular 
endothelial cells
The QMMuC-1 cell experimental results indicated that, 
after culturing QMMuC-1 cells at a glucose concentra-
tion of 65 mmol/L for 48 h, cell viability decreased sig-
nificantly to approximately 50% (Fig. 6A). Therefore, in 
subsequent experiments, the CCK8 assay was employed 
as the condition involving culture at a glucose concen-
tration of 65 mmol/L for 48 h. Different proportions of 
MSC-CM were added to QMMuC-1 cells cultured in 
high glucose for microscopic observation of the growth 
state of the cells. The results show that when the MSC 
culture medium accounts for 25% of the total culture 
medium volume, the cell condition is optimal. Based on 

Fig. 4  The expression of CHOP, GRP78 and VEGF in retinal tissue at two 
timepoints after induction of diabetes mellitus. A  Immunohistochemical 
staining of CHOP, GRP78 and VEGF in the retina tissues in three groups at 
two timepoints. B Quantitative immunohistochemical staining of retinal 
sections at timepoint 1. C Quantitative immunohistochemical staining of 
retinal sections at timepoint 2. Data represent as mean ± SD, N = 6/group, 
Scale bars: 100 μm in A, ***p < 0.001;****p < 0.0001

 

Fig. 3  Quantification of GFAP and Vimentin intensity expressed as mean 
integrated intensity at timepoint 1 (A, C) and timepoint 2 (B, D) measured 
by ImageJ. (Data represent combined mean ± SD from N = 4 animals/
group, Scale bars: 20 μm in A and B, ***p < 0.001, ****p < 0.0001)
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the experimental results and literature review, the usage 
ratio of the MSC culture medium in the experiment was 
determined to be 25% (Fig. 6B) [30].

Analyses of ER stress-related mRNAs and proteins 
in QMMuC-1 cells under 5 different culture condi-
tions were performed by qRT-PCR and Western blot-
ting respectively as described in Methods. The results of 
qRT-PCR analysis demonstrated that, in comparison to 
the Control medium, mRNA expression levels of ATF4, 
ATF6, CHOP, and GRP78 were increased following cul-
ture in high glucose medium and high glucose medium 
containing 25% unconditioned MSC medium but not fol-
lowing culture in high glucose medium containing 25% 
MSC conditioned medium (MSC-CM). Expression of 
XBP1s mRNA was significantly higher in cells exposed 
to high glucose medium than in cells exposed to Control 
medium but was not significantly reduced by exposure to 
high glucose containing MSC-CM (Fig. 7A). Exposure to 
culture media containing the alternative osmolyte, man-
nitol, did not result in increased expression of ER stress-
related mRNAs. It was also observed that MSC CM could 
alleviate the increase in endoplasmic reticulum-related 
factors in retinal microvascular endothelial cells caused 
by high glucose, while the MSC culture medium did not 
have this effect (Fig. 7B).

At the protein level, compared with the control group, 
the expressions of ATF6, CHOP, XBP1s, IRE1α and 
VEGF significantly increased under high glucose (HG) 
conditions (p < 0.05) and in the high glucose plus mes-
enchymal stem cell culture medium conditions (see 
Fig.  7C-J). Mesenchymal stem cell conditioned medium 
treatment improved the upregulation of these four endo-
plasmic reticulum stress-related genes induced by high 
glucose.

Overall, these results were interpreted as providing evi-
dence that products released by hUC-MSC into culture 
medium mitigate Müller cell ER stress and VEGF expres-
sion induced by high glucose.

Discussion
In this manuscript, we report novel in vivo experimen-
tal evidence for beneficial therapeutic effects on DR with 
reduced Müller cell activation and ER stress observed 
2 weeks after a single tail vein injection of UC-derived 
MSCs at two timepoints after the induction of DM in 
mice. We also show that this animal model of insulin 
deficient diabetes mellitus has an increase in the number 
of acellular capillaries and that this is improved by the 
MSC treatment. Additionally, we provide complementary 
results from in vitro experiments examining the impact 
of MSC conditioned media on high glucose-induced ER 
stress in cultured Müller cells and retinal microvascular 
endothelial cells, which suggest that the effects are medi-
ated through a paracrine mechanism. We have previously 

Fig. 6  CCK-8 results of Müller cells treated with different time and glucose 
concentration gradients (A). Müller cell status after treatment with differ-
ent stem cell conditioned media (B). Scale bars: 100 μm

 

Fig. 5  The three animal groups at time point 2 were examined using elec-
tron microscopy to observe the morphology of ER and mitochondria in 
Müller cells located in the inner nuclear layer (A and B). mRNA expression 
of GFAP, TGF-β and FGF in three groups at Timepoint 1 (C) and Timepoint 
2 (D). mRNA expression of ATF4, ATF6, CHOP and GRP78 in three groups 
at Timepoint 1 (E) and Timepoint 2 (F). The red arrow indicates enlarged, 
swollen ER, while the yellow arrow indicates swollen mitochondria with 
disrupted internal structures. N = 6, Scale bars: 2 μm in A; 10 μm in B. Error 
bars represent SD. *p < 0.05,**p < 0.01;****p < 0.0001
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reported, using the same animals as in the current publi-
cation, that there are beneficial effects of MSC injection 
on diabetic nephropathy and diabetic cardiomyopathy 
[26, 27]. Thus, we have demonstrated beneficial thera-
peutic effects on multiple organs in DM after a single 
intravenous injection of hUC-MSCs.

Diabetic retinopathy is a leading cause of blindness 
among working-age adults worldwide. Understand-
ing the prevalence of DR and its association with major 
modifiable risk factors, especially for vision-threatening 
DR (VTDR), is crucial for guiding public health educa-
tion and the optimal clinical management of DM [31]. 
About a third of people with DM will also have DR, 
and the longer they have DM, the greater the chance of 
developing DR [32]. In its earliest stages, DR is mainly 

manifested as non-proliferative retinopathy, which will 
become proliferative with the increase of disease dura-
tion, resulting in abnormal formation of new blood ves-
sels, which are prone to rupture and bleed, increasing the 
risk of retinal detachment, and even causing blindness in 
patients. Another hazard of DR is macular edema, which 
can lead to blurred and significantly reduced vision, seri-
ously affecting the patients quality of life [33]. Therefore, 
new interventions are needed to prevent or reverse dis-
ease progression in the early stages of DR. A number of 
recent articles have investigated the therapeutic role of 
MSC as a relatively safe treatment with the potential to 
also treat other DM complications. It has been reported 
that in the early stage of DR, the main pathological fea-
tures are the proliferation of glial cells and the expression 

Fig. 7  A mRNA expression of XBP1, ATF4, ATF6, CHOP and GRP78 in five groups in Müller cells. B mRNA expression of XBP1, ATF4, ATF6, CHOP and 
GRP78 in five groups in Mouse retinal microvascular endothelial cells. C-J Western blots of ER stress related proteins in Müller cells. Representative bands 
(left panels) and graphical representations of the densitometric quantification of ER stress-related proteins (IRE1, ATF6, XBP1, CHOP) and housekeeping 
proteins (β-actin, Tubulin) from Western blots of Müller cells from groups of control, mannitol, high glucose, high glucose + MSC medium and high glu-
cose + MSC medium, N = 3. Western blots of VEGF proteins in Müller cells, N = 4
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of inflammatory factors. Secretory factors produced by 
proliferation and persistent inflammation will cause reti-
nal photoreceptor cell degeneration and eventually make 
the inner nuclear layer and outer nuclear layer thinner 
[34–37]. Recent studies have shown that INL thickness 
appears to be determined by tangential retinal displace-
ment in the epiretinal membrane [38]. This plays an 
important role in the structural distortion of Müller cells. 
Therefore, in this study, in vitro and in vivo experiments 
were performed to investigate the therapeutic effect of 
MSC transplantation on DR, with experiments focus-
ing on Muller cells and retinal microvascular endothelial 
cells.

In the retina, Müller cells are an important type of reti-
nal glial cell that are known to undergo reactive gliosis 
upon injury – a response that can be detected by their 
expression of GFAP and vimentin [39, 40]. Indeed, previ-
ous studies have suggested that the early features of DR 
in mice include microglial activation and increased GFAP 
expression in Müller cells [41, 42]. In addition, it has been 
reported that intravitreal injection of adipose-derived 
stem cells and bone marrow MSC conditioned media can 
improve the increased expression of GFAP and vimentin 
in the retina of animals with DR [43, 44]. In keeping with 
this, but using a different route of delivery and umbilical 
cord- derived MSCs, in our experiments a single intra-
venous injection of hUC-MSCs reduced retinal GFAP 
expression in diabetic mice following administration at 
8 and 16 weeks after induction of diabetes mellitus. A 
similar effect was also observed for vimentin expression, 
but the difference was statistically significant only follow-
ing administration at the later timepoint; suggesting that 
intravenous hUC-MSC therapy may reverse reactive glio-
sis within the retina even after a more prolonged dura-
tion of hyperglycemia.

Stem cell therapy is a novel approach to treating DR 
which is currently at an investigational stage [45]. Stem 
cells have multidirectional differentiation potential 
and tissue repair ability, and it is generally believed that 
they are promising agents to repair damaged cells and 
microvessels within the retina through modulating the 
local microenvironment [46]. Compared to conventional 
surgical and pharmacological interventions, MSC-based 
therapy holds significant promise if it can effectively exert 
paracrine effects via intravenous administration without 
inducing significant adverse reactions. The simplicity of 
this delivery route could greatly enhance its clinical fea-
sibility. Furthermore, given its broad therapeutic poten-
tial, MSC-based treatment may have beneficial effects on 
other organs, paving the way for use in patients with mul-
tiple complications of DM. Current studies have focused 
on MSCs, embryonic stem cells and induced pluripotent 
stem cells, with MSCs being the most commonly studied 
due to their lower immune properties and higher safety 

profile. Stem cells can secrete growth factors, reduce 
inflammation and improve angiogenesis, properties that 
may slow or even reverse the progression of retinopathy 
[47]. However, MSCs are unlikely to migrate to the retina 
after intravenous administration, mainly due to the pres-
ence of the blood-retinal barrier. The effects of MSCs in 
therapeutic applications in many settings suggest that the 
effect may be mediated via paracrine mechanisms. MSCs 
can regulate immune responses and repair injured tissue 
by releasing extracellular vesicles, growth factors, chemo-
kines and cytokines [48, 49]. For example, MSCs secrete 
a large amount of neurotrophic substances (bFGF, NGF, 
NT3, NT4 and GDNF) which enhance neuroprotection, 
growth factors (bFGF, IGF-1, HGF, VEGF, etc.) to stim-
ulate cell proliferation and tissue reorganization, anti-
inflammatory factors (IL-10 and IL1-RA) that inhibit 
local inflammation, and exosomes and extracellular RNA 
to trigger intercellular communication and regulation 
[50–52]. Studies have shown that MSCs release prosta-
glandin E2 receptor through paracrine means, which can 
mediate platelet-derived growth factor and nerve growth 
factor effects, thus protecting the function of rat retinal 
ganglion cells and promoting neurite formation [53]. 
Furthermore, in a diabetes-induced rat model, trans-
planted MSCs showed selective protection against retinal 
gliosis, as well as restoration of retinal vascular integrity 
and function [54]. These studies have shown that the 
paracrine mechanism of MSCs can protect the structure 
and function of the retina, demonstrating its significant 
potential in the neuroprotection and treatment of retinal 
diseases. However, there are a limited number of studies 
investigating the effect of IV delivery of MSCs on DR. In 
these experiments the focus has mainly been on improv-
ing retinal microvascular dysfunction and inflammation 
[54–56]. The functions of Muller cells and changes in 
ER stress have not yet been examined after IV delivery. 
The specific mechanism of action of MSCs on Müller 
cells also remains to be elucidated. Recent studies have 
shown that intravitreal injection of MSCs can improve 
the pathological changes of DR, such as reducing retinal 
inflammation [57–61], increasing the expression of neu-
rotrophic factors [62–64], and improving retinal vascu-
lar permeability [65, 66]. However, frequent intravitreal 
injections may lead to the risk of endophthalmitis, reti-
nal detachment, and hemorrhage. Moreover, diabetes is 
a systemic disease, which is often accompanied by a vari-
ety of complications, while intravitreal injection of stem 
cells is mostly confined to the retina. Therefore, we chose 
intravenous delivery of MSCs as the method of adminis-
tration. Furthermore, when the results of this study are 
taken together with our prior reports of improvements in 
nephropathy and cardiomyopathy in the same animals, 
our current results demonstrating amelioration of DR 
severity following hUC-MSC administration highlight 
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the potential advantage of intravenous delivery as these 
microvascular complications frequently co-exist [67, 68].

From a mechanistic perspective, we have explored the 
potential for MSC delivery to modulate ER stress as this 
and UPR pathways have recently attracted great interest 
due to their critical roles in the pathogenesis of a vari-
ety of diseases including metabolic disorders [69], neu-
rodegenerative diseases [70], and cancer [71, 72]. Excess 
nutrients, viruses, environmental toxins, and chronic 
inflammation alter calcium levels, protein glycosylation, 
and REDOX status in the ER, which leads to abnor-
mal protein folding and secretion. The accumulation of 
unfolded and misfolded proteins leads to ER stress, and 
cells respond to this stress condition by activating the 
UPR pathway [73]. In diabetes, ER stress also plays an 
important role in various complications such as DR, DN 
[74], DCM [29, 75] and diabetes-related cognitive impair-
ment (CI) [76]. In diabetic animals, elevated expression of 
ER stress markers is partially localized to Müller cells in 
the retina, and high glucose has been reported to induce 
ER stress in cultured Müller cells [77], which is consistent 
with our experimental results. Moreover, in our study, 
MSC conditioned media alleviated high glucose-induced 
ER stress in vitro and the intravenous delivery of MSCs 
in vivo also reduced Muller cell ER stress. We acknowl-
edge that the mechanisms of MSC therapeutic benefit are 
pleiotropic and the current manuscript describes just one 
of the potential mechanisms of action. In addition, it has 
been found that induction of ER stress leads to up-regula-
tion of VEGF expression by regulating the c-Jun N-termi-
nal kinase pathway [77]. In our results, VEGF expression 
in Müller cells was increased by high glucose exposure, 
which was alleviated by the addition of hUC-MSC CM. 
These results indicate for the first time that hUC-MSC 
CM can ameliorate the high glucose-induced increase of 
VEGF expression in Müller cells together with modulat-
ing ER stress. It should be noted that in vitro experiments 
cannot demonstrate in vivo distribution or pathways of 
IV administered MSCs and also that diabetes mellitus 
is a multisystem disorder. In relation to the former, the 
importance of the in vitro experiments is to demonstrate 
that the mechanism does not require cell to cell con-
tact and thus secretome-mediated effects are plausible. 
In relation to the latter point, many patients have clini-
cal evidence of triopathy (retinopathy, neuropathy and 
nephropathy) in addition to cardiomyopathy and newly 
recognized and appreciated complications such as oste-
opathy. For this reason in this manuscript, we explored 
a systemic approach with IV delivery. We believe it is 
important to develop a systemic approach which would 
have beneficial effects on multiple organs affected by the 
complication of diabetes mellitus. We have also previ-
ously reported in a human study of patients with diabetic 
nephropathy that a single IV injection of MSCs has long 

lasting effects on the immune system [78] which sup-
ports our premise that the observed therapeutic benefits 
may be due to paracrine mechanisms rather than requir-
ing cell retention in the affected organs. Meanwhile, it 
is worth noting that, given the retina’s highly intricate 
architecture, our current single-cell studies using both 
endothelial cells and Muller cells represent only an ini-
tial step. To comprehensively evaluate the therapeutic 
potential and mechanistic actions of MSC-conditioned 
medium, retinal organoid models may be more suitable 
in subsequent investigations. This advanced model sys-
tem will better recapitulate the retinal microenviron-
ment and enable more physiologically relevant functional 
analyses.

In our previous 2 publications using this animal group 
we have shown that intravenous delivery of MSCs was 
associated with restoration of autophagy and reversal of 
microRNA dysregulation in the kidney and heart respec-
tively [26, 27]. This suggests that MSCs have pleiotropic 
mechanisms of action in restoring diabetic tissues to 
health. It should also be noted that we did not examine 
functional changes and vascular permeability in DR in 
the current study, and so the clinical relevance cannot 
be proven from our data. Future experiments should be 
conducted to address this issue. Also, in this manuscript 
we have only used 1 model of diabetes, that of STZ-
induced insulin deficiency. Other models would need to 
be used to broaden the interpretation of the results to 
other types of diabetes mellitus. It has previously been 
reported that IV delivery of MSCs can plug pulmonary 
arteries [55]. Notably, no instances of pulmonary embo-
lism were observed following intravenous administration 
in this study. This absence of vascular complications may 
be attributable to the controlled cell dosage administered 
in our animal model.

Prior to this study, the therapeutic effect of intravenous 
injection of MSC for ER stress in DR had not been evalu-
ated, and so in this initial study we used a single dose of 
a single injection for the study which was administered 
2 weeks before the tissues were harvested. The effect of 
increasing the number of injections and the dose admin-
istered on the treatment outcome will need evaluation in 
future studies. The durability of the effect will also need 
to be studied to assess if the therapeutic benefit is pro-
longed at later timepoints other than the 2 week period 
evaluated in this study. While we are hypothesizing a 
paracrine/systemic effect of the IV delivered MSCs, the 
underlying mechanism remains unclear and future stud-
ies should examine proteomics of the conditioned media 
to better identify the bioactive factors and signaling path-
ways that mediate these effects. In future experiments, 
single cell analysis could be used with a view to studying 
multiple cell types simultaneously [79].



Page 12 of 14Yan et al. Stem Cell Research & Therapy           (2026) 17:55 

The research described in the current manuscript 
shows that a single intravenous injection of hUC-MSCs 
has the capacity to reduce Müller cell activation and 
attenuate retinal ER stress in an STZ-induced mouse 
model of DM whether administered after 8 or 16 weeks 
of hyperglycemia. The beneficial effect is therefore seen 
after earlier and later durations of DR. We would accept 
that these are not 2 different stages of the disease but 
rather allowed a comparison of the effects relative to the 
duration of DM. As we have previously reported, MSC 
injections at these time-points did not result in reduced 
blood glucose levels compared to control-treated mice 
[26, 27]. Importantly, in mice with a longer duration of 
diabetes, the administration of MSCs led to morphologi-
cal improvement of the retina as shown by an enhance-
ment in the thickness of the inner nuclear layer of the 
retina. Administration of MSCs by the intravenous route 
also improved the number of acellular capillaries found 
in this model of diabetes mellitus. These results further 
strengthen the suggestion that hUC-MSCs may be a 
promising therapeutic avenue for human DR. The results 
in DR presented in the current manuscript, in addition to 
the results in cardiomyopathy and nephropathy which we 
have previously reported, demonstrate that this approach 
using a single i.v. injection of MSCs has multi-organ pro-
tective effects in DM and should be explored in clinical 
trials.

Conclusion
A single intravenous injection of hUC-MSC has benefi-
cial effects on acellular capillary number, Müller cell acti-
vation and ER stress in DM animals. MSC-conditioned 
medium reversed HG-induced ER stress and reduced 
expression of VEGF in Müller cells. hUC-MSC exerts 
protective effects by reducing Müller cell activation, ER 
stress and VEGF expression, which may provide a new 
therapeutic target for DR treatment. Beneficial effects on 
ER stress in retinal microvascular endothelial cells were 
also observed in this study.

Appendix
See Table 2.
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