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Background: Diabetic retinopathy (DR) remains as the most frequent complication of diabetes, and is the major cause of vision loss 
for middle-aged to elderly people. With longer life expectancies for people with diabetes, there is a significant rise in diabetic 
retinopathy worldwide. The treatment of DR is limited; and therefore, our study aimed to investigate the possibilities of circulating 
exosomal miRNAs in the early screening and prevention of DR; and to explore the function of the exosomal miRNAs in DR.
Materials and Methods: Eighteen participants were recruited and divided into two groups: the diabetes mellitus (DM) group and the 
DR group. We analyzed the expression profile of exosomal miRNAs derived from serum using RNA sequencing. Additionally, we 
conducted co-culture experiments of RGC-5 and HUVEC cells with DR-derived exosomes to examine the role of highly expressed 
exosomal miRNA-3976 in DR. Furthermore, we transfected RGC-5 and HUVEC cells with miRNA-3976 to investigate its effects.
Results: Among the 1059 miRNAs analyzed, we identified eighteen up-regulated exosomal miRNAs. Treatment with DR-derived 
exosomes resulted in increased proliferation and reduced apoptosis of RGC-5 cells, and these effects were partially reversed by the 
miRNA-3976 inhibitor. Moreover, over-expression of miRNA-3976 led to increased apoptosis of RGC-5 cells and indirectly reduced 
the abundance of NFκB1.
Conclusion: Serum-derived exosomal miRNA-3976 has the potential to serve as a biomarker for DR, primarily exerting its effects in 
the early stages of DR through the regulation of NFκB-associated mechanisms.
Keywords: exosomes, miRNAs, diabetes, diabetic retinopathy

Introduction
By 2045, the global population with diabetes is estimated to reach 700 million.1 With increasing number of adults with 
diabetes and longer life expectancies, the diabetic retinopathy (DR) population is rising worldwide. From 1990 to 2010, 
the rate of global visual impairment and blindness due to diabetic retinopathy increased by 64% and 27%, respectively.2 

Currently, DR is one of the leading causes of preventable blindness among adults. It is the fifth leading cause of moderate 
and severe vision impairment (MSVI) and blindness.2,3 The disease severity and economic burden make early diagnosis 
and intervention necessary. However, to date, no accurate biomarkers can predict DR occurrence, and the pathophysiol-
ogy of DR is highly complex, with inflammation and oxidative stress playing significant roles. NFκB, a key transcription 
factor regulating many inflammatory genes, plays an important role in the progression of DR. The expression of NFκB is 
significantly upregulated in diabetes. Excessive NFκB activity disrupts the integrity of the inner blood-retinal barrier 
(iBRB) by reducing the expression of tight junction proteins. Moreover, it exacerbates various cellular inflammatory 
responses within the retina, leading to cellular dysfunction.4,5

Screening for DR is necessary. However, the primary methods of retinal examination, such as retinal photography or 
fundus examination6 may not suitable for all patients, especially the elderly. For patients with other preexisting eye 
diseases, evaluation of the retinal condition can be more difficult. Additionally, resources for screening equipment are not 
entirely proficient.
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Exosomes were of endosomal origin, with a diameter of 40 to 160 nm.7,8 Their membrane-coated structure is able to 
protect cargos from endogenous RNase activity.9 The cargos of exosomes are built of various nucleic acids and proteins,7,10 

among which miRNA is the most abundant.11 Meanwhile, exosomal miRNAs have also been of focus due to their potential as 
disease biomarkers and therapeutic applications.12–14 miRNAs are a range of small non-coding RNAs that can widely regulate 
biological processes.15,16 By targeting the 3′UTR of mRNAs, miRNAs can interact with the complementary regions directly, 
thereby negatively regulating the abundance of specific proteins and promoting their degradation. Apart from their intracel-
lular functions, miRNAs are also secreted into exosomes, making it possible for their transfer to distal cells to regulate gene 
expression.17 Studies have also found that exosomes from T2DM patients exhibit elevated levels of miRNA-20b-5p. This 
indicates that it is exosomal rather than serum-derived miRNAs are altered in T2DM,18 suggesting the potential interactions 
between exosomes and diabetes. Although several studies have discussed extracellular vesicles and diabetic retinopathy,19 the 
exact role of exosomal cargos in DR remains unclear.20,21 Considering the limited treatment and disease burden of DR, early 
screening and prevention of DM are crucial. Therefore, efforts have been focused on investigating circulating miRNAs as 
potential DM biomarkers,22 however DR biomarkers investigation has yet to seek further research.18,23

To date, the exact mechanism of DR progression remains largely unknown, and there is limited consensus on the reliability 
of biomarkers for DR. Therefore, in our study, we aimed to investigate potential biomarkers for DR by isolating exosomes 
from DR patients and comparing them with exosomes from DM counterparts, assessing their effects on the retinal 
neurovascular unit in vitro.

Research Design and Methods
Study Population
This study was approved by the Ethical Committee of Huazhong University of Science and Technology. Written informed 
consent was obtained from all the participants. Eighteen male patients aged 50–70 were selected from the Wuhan Union 
Hospital and diagnosed with T2DM with or without diabetic retinopathy. People with other eye diseases, cardiovascular 
diseases, or tumors are excluded. People who have a history of surgery or trauma are also excluded. The blood samples were 
taken from the participants when they only used an insulin pump for treatment. A study discussed the differential exosomal 
miRNAs between healthy individuals and patients with type 2 diabetes.18 For a more accurate investigation of DR 
progression factors, eighteen participants were divided into two groups: nine men with type 2 diabetes mellitus and without 
diabetic complications (DM group), along with nine T2DM patients with diabetic retinopathy, and without other complica-
tions (DR group) were selected in the study. The DM participants and DR participants were matched for age and BMI. To 
minimize the possible effects of gender, we only collected peripheral blood from the male groups. Under the preliminary 
screening, exosomal miRNAs were extracted from three men in the DM group and three men in the DR group. The 
differential miRNAs were then validated in both serum and serum exosomes among the rest of the DM and DR participants. 
Clinical information of the participants was presented in Table 1.

Exosome Isolation, Identification, and Uptake
Blood samples were collected from the participants’ serum. Exosomes were obtained from serum by differential ultracentrifuga-
tion, and the isolation was performed as aforementioned.17 The isolated exosomes were stored at −80°C, then, purified exosomes 
were stained with 2% uranyl acetate and added to a copper grid at 4 °C for 1 min. Thereafter, transmission electron microscopy 
(TEM) (TECNAI G2 spititi FEI) was performed to assess exosome morphology, and NTA (Particle Metrix ZetaView PMX 110) 
was used for particle size analysis. The exosome surface markers were determined by Western blot. The green dye PKH67 
(Sigma MINI67-1KT) was used for membrane staining and exosome tracking. The uptake of labeled exosomes was then 
assessed through the combination with RGC-5 or HUVEC; immunofluorescence was used for measuring uptake.

MiRNA Sequencing and Analysis
Small RNA libraries were constructed using the TruSeq Small RNA Sample Prep Kits (Illumina, San Diego, USA) following the 
manufacturer’s protocol. The Illumina Hiseq 2500 analyzer was used for sequencing. The data was then analyzed via the 
ACGT101-miR system (LC Sciences, Houston, Texas, USA). The data was uploaded to GEO database (GSE221535).
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Cells Culture and Transfection with miRNA
The mouse retinal ganglion cells 5 (RGC-5) cell line was purchased from Wuhan Warner Biotechnology company, 
Wuhan, China (WN-10520) and cultured in F12K (BasalMedia, L450KJ) containing 10% exosome-depleted FBS (BI 
Israel). Human umbilical vein endothelial cells (HUVECs) were obtained from the China Center for Type Culture 
Collection (#GDC166, CCTCC, China) and cultured in DMEM containing 25 mmol/L glucose and 10% exosome- 
depleted FBS in a 37°C incubator at 5% CO2. The riboFECITM CP Transfection Kit (RiboBio 1000016) was used for 
transfection. miRNA-3976 mimic (1000030), mimic Negative Control (1000025), miRNA-3976 inhibitor (1000032), and 
inhibitor Negative Control (1000026) were all purchased from RiboBio. The transfection steps were followed accord-
ingly with the manufacturer’s instructions.

Western Blotting
The lysis buffer was used to isolate the proteins, and a BCA kit (Thermo 23225) was used for the quantification of 
protein expression. Afterward, the proteins obtained were subjected to sodium dodecyl sulfate–polyacrylamides gel 
electrophoresis. The separated proteins were then transferred to a PVDF membrane and incubated overnight at 4°C with 
the following primary antibodies: CD9 (1:2000, Abcam, Ab92726, Cambridge, UK), TSG101 (1:2000, Abcam, 
Ab125011, Cambridge, UK), and CD63 (1:2000, Abcam, Ab216130, Cambridge, UK). Horseradish peroxidase- 
conjugated secondary antibodies were used to probe the blots, and the proteins were detected with a Bio-Rad 
(Hercules, CA, USA) imaging system.

qRT-PCR Analysis
RNA was isolated and reversed using commercial kits (Takara Biological Incorporated, Japan). The mRNA levels were 
tested by qPCR using the SYBR Green I Master Mix (Takara Biological Incorporated, Japan) on a Light Cycler 480 
system (Roche, USA). A miRNeasy Micro Kit (QIAGEN 217084) was used to extract exosomal miRNAs, followed by 

Table 1 Clinical Information of the Participants

DM DR P-value

n (%) 9 (50%) 9 (50%) -
Gender M M -

Age (years) 54.38±7.05 54.78±8.6 0.917968

Duration (years) 4.88±2.9 9.78±5.31 0.035047*
BMI (kg/m2) 24.63±3.24 23.28±2.73 0.367249

WHR 1.02±0.01 0.92±0.13 0.242668

SBP (mmHg) 127.75±14.72 134.89±17.71 0.384031
DBP (mmHg) 77.25±11.82 81±11.6 0.519519

Fasting glucose (mmol/l) 10±3.03 9.19±2.34 0.543201
2h glucose (mmol/l) 11.76±2.97 12.46±3.93 0.690332

Fasting C-peptide (ng/mL) 1.29±0.36 1.28±0.65 0.984663

Fasting Insulin (ulU/mL) 5.42±2.32 5.01±3.04 0.781923
HbA1c (%) 10.01±3.53 8.48±1.78 0.267089

HDL-C (mmol/l) 0.87±0.31 0.99±0.39 0.524978

LDL (mmol/l) 2.98±1.48 2.17±1.09 0.21364
TG (mmol/l) 2.22±1.44 4.61±7.49 0.390875

TC (mmol/l) 4.57±1.49 4.37±0.87 0.733159

ACR (mg/g) 8.33±7.8 45.61±32.5 0.018421*
UAER (ug/min) 9.65±9.61 79.72±138.36 0.174888

Notes: Data are mean ± SEM. Statistical comparison between the T2DM (Control) versus DR was 
determined using Student’s t-test. *P < 0.05. 
Abbreviations: BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; WHR, 
Waist-to-Hip Ratio; ACR, Urine albumin-to-creatinine ratio; UAER, Urinary albumin excretion rates.
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using a miRNA cDNA synthesis kit (by stem-loop)(Vazyme, MR-101) for cDNA synthesis. Lastly, a Light Cycler 480 
system (Roche, USA) was used for qPCR reactions. The primers applied to real-time qPCR can be found in Table 2.

CCK8 Assays and Cell Apoptosis Assay
For the Cell Counting Kit 8 (CCK8) assay, 3×103 RGC-5 were added to 96-well plates, and 5×103 HUVECs were added 
to 96-well plates for 24, 48, or 72 h respectively. Next, the CCK-8 reagent was carried out into the cells for 2 h. The 
microplate reader (Tecan, Spark 10M) was then used to measure the absorbance at 450 nm. An Annexin V and PI 
apoptosis kit (Proteintech, PF00005, USA) was used to assess cell apoptosis through flow cytometry.

Dual-Luciferase Reporter Assay
The WT or mutated treatments of the 3′-UTR of NFκB1 were carried out in the pMIR luciferase reporter plasmid. The 
mutated version of the plasmid had a deletion of the predicted miRNA-3976 binding site. The 293T cells were 
cotransfected with different constructs and appropriate miRNA-3976 mimic using Lipofectamine 2000 (11668019, 
Invitrogen). The Dual-Luciferase Reporter Assay System (E1960, Promega) was then used to quantify luciferase activity 
after 48 h.

Statistics
The entirety of the experiments was repeated at least three times, and the data were presented as the mean ± SEM. The 
analysis of the data was performed using R v4.0.3. Comparisons of the two groups were carried out with Student’s t-tests, 
with P < 0.05 considered significant.

Results
Characterization of Extracellular Particles from Men with T2DM or DR
The characteristics of the 18 participants are shown in Table 1. The average age of the participants is 54, and other 
parameters including BMI, and blood pressure were matched accordingly between the two groups. Exosomes are known 
for carrying RNAs, including miRNAs.24 We determined the miRNA expression profile of serum exosomal miRNA from 
men with T2DM or DR. The current industry standard of isolation, differential ultracentrifugation, was used to isolate 
extracellular particles containing exosomes from serum to determine the exosomal miRNA expression profile. By using 
Nanoparticle Tracking Analysis (NTA), transmission electron microscopy (TEM), and Western blotting (WB), we began 
the assessment of the isolated exosomes. NTA revealed the size of the extracellular particles to range between 40 to 160 
nm (average ~100 nm), which was consistent with previous findings concerning the size of the exosomes (Figure 1A).7 

TEM revealed isolated extracellular particles to have a cup- or sphere-shaped morphology (Figure 1B). WB further 

Table 2 miRNAs and mRNA Primer Sequence

Gene Sequence

miR-3976-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACATTA
miR-3976-forward CGCGTATAGAGAGCAGGAAGAT TM: 58.5°C Product Size: 183 bp

U6-forward CTCGCTTCGGCAGCACA TM: 59.5°C

U6-reverse AACGCTTCACGAATTTGCGT TM: 59.1°C Product Size: 140 bp
PC-5p-39533-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCCCTCT

PC-5p-39533-forward CGCGCGAGTGCTAAGTGTT TM: 58.6°C Product Size: 58 bp

PC-3p-37421-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCCCTC
PC-3p-37421-forward CGCGGAGCTGTGATGGC TM: 58.5°C Product Size: 60 bp

NFκB1-forward ACAATGCGCTGTGGCTGAAA TM: 60.1°C
NFκB1-reverse GCTACACTCAGATCGCTCCAT TM: 60.1°C Product Size: 118 bp

18S-forward TTGACGGAAGGGCACCACCAG TM: 60.3°C

18S-reverse GCACCACCACCCACGGAATCG TM: 59.8°C Product Size: 107 bp

Notes: 18S and U6 were used to normalize mRNA and miRNA expression levels, respectively.
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confirmed that these extracellular particles contained exosomal surface biomarkers: CD63, CD9, and TSG101 
(Figure 1C). These results confirmed that the isolated extracellular particles were exosomes.

Differentially Expressed Exosomal miRNAs from Men with DR
The previous study showed that miRNA profiles varied in different stages of the disease.25 However, little is known 
about the exact period of DR alteration in circulating exosomal miRNA expression. In the preliminary screening, we 
selected three men with mild non-proliferative DR (NPDR) using fundoscopic examination from the DR group. The three 
men were randomly selected from the DM group and matched accordingly for age and BMI. The fundoscopic 
examination showed mild NPDR with microaneurysms and hemorrhage (Figure 2A). In this screening, compared with 
the DM group, 18 exosomal miRNAs were identified up-regulated among the 1059 miRNAs in the DR group (Table 3 
and Figure 2B), and two exosomal miRNAs (hsa-miRNA-494-3p, hsa-let-7f-5p) were down-regulated, however with no 
significance (P= 0.0826, P= 0.094).

For further understanding of gene function, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) analysis were performed to analyze the function of predicted miRNAs target genes (Figure 2C and D). We 
discovered that the most enriching biological process terms related to the differentially expressed miRNAs prediction of 
target genes were signal transduction, regulation of transcription, DNA-template, and positive regulation of transcription 
via RNA polymerase II. The top enriched cellular component terms were the membrane, cytoplasm, and nucleus, whilst 
the top three enrichment of molecular function terms were protein binding, metal iron binding, and transferase activity. 
KEGG analysis showed that differentially expressed miRNAs targeted genes were mainly correlated with the 
Sphingolipid signaling pathway, Neurotrophin signaling pathway, and Hippo signaling pathway.

Of the 18 miRNAs identified as highly expressed in exosomes from the men with DR, miRNA-3976, PC-5p-39533, and 
PC-3p-37421 showed the larger fold change. To further confirm the source of the differentially expressed miRNA, we 
explored the possibility of alteration in the total serum for the expression of miRNA-3976, PC-5p-3933, and PC-3p-3721. The 

Figure 1 Characterization of exosomes from DM and DR patients, n = 3, per group. (A) the size of extracellular particles measured by NTA. (B) Representative pictures of 
the isolated exosomes observed by TEM. (C) The biomarkers level of CD 63, CD 9 and TSG 101 in the isolated exosomes.
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Figure 2 Exosomal miRNA sequencing and analysis, n = 3, per group. (A) The fundoscopic examination results of selected patients. (B) Heat map analysis of differentially 
expressed miRNAs. (C) KEGG pathway analysis of predicted miRNA targeted genes. (D) GO analysis of predicted miRNA targeted genes.
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result of qPCR showed no significant differences in total serum miRNA obtained from the same individuals (Figure 3A), 
suggesting that exosomal rather than serum-derived miRNAs incurred alteration in the DR group. A similar finding was found 
in another study discussing serum exosomes between T2DM patients and healthy control.18 It has been known that exosomes 
were released from the donated cells. Though the exact mechanism of how to alter exosomal cargo remain unclear, changing 
the circumstance of the donated cells has the possibility of manipulating the types of exosomal cargo.26 This indicates that 
exosomal cargo differed among different stages of disease, making it possible for exosomal miRNAs to be a potential disease 
biomarker. However, further evaluation should be conducted through blood examination.

Correlation Between Clinical Parameters and Exosomal miRNA Content
miRNAs have been considerable biomarkers in the progression of various diseases.27 Therefore, our study aimed to 
determine whether exosomal miRNAs expression content correlated with clinical parameters of the study cohorts, the 
association between exosomal miRNA-3976, PC-5p-39533, and PC-3p-37421 content. The clinical parameters was 
investigated by the Pearson correlation coefficient test (Table 4). The content of PC-5p-39533 and PC-3p-37421 were not 
correlated with clinical features in the study cohorts (data not shown), while miRNA-3976 content negatively correlated 
with HDL-C in the men with DR (P<0.05) (Table 4). This correlation was not significant within the DM group (r = 
−0.318, P = 0.794), however, there was found to be an inverse correlation between miRNA-3976 and fasting C-peptide in 
the group of men with DR (r = −0.995, P = 0.015).

Table 3 Differential Expression Analysis of Exosomal miRNA

miRNA name miR_seq Up/Down Log2 (Fold_Change) P-value Expression Level

1 hsa-mir-3976-p3_1ss16AT AACCTTTACTGCAGCTTGACA Up 4.04 0.000591 Middle

2 hsa-miR-548o-5p AAAAGTAATTGCGGTTTTTGCC Up Inf 0.004510 Low

3 mmu-mir-6240-p3_1ss2GA CAATGTGATTTCTGCCCA Up 2.10 0.014911 Middle

4 PC-5p-80778_29 ATCCTTCCTCCCCAGCCA Up Inf 0.017653 Low

5 PC-5p-86899_25 TCTGTAAGCCTGTGAAGGT Up 2.53 0.022106 Low

6 hsa-miR-29c-5p_R-1 TGACCGATTTCTCCTGGTGTT Up 1.87 0.028813 Middle

7 PC-5p-39533_68 AGTGCTAAGTGTTAGAGGG Up 4.23 0.031828 Middle

8 hsa-miR-210-3p CTGTGCGTGTGACAGCGGCTGA Up 1.74 0.032053 Middle

9 hsa-miR-17-5p CAAAGTGCTTACAGTGCAGGTAG Up 0.59 0.033761 High

10 hsa-miR-106a-5p_1ss1AC CAAAGTGCTTACAGTGCAGGTAG Up 0.59 0.033761 High

11 hsa-miR-548ag_R+1_1ss4GA AAAAGTAATTGTGGTTTCTGCC Up 2.68 0.036450 Low

12 PC-5p-115167_13 AATCCTCTCGTGGACACC Up Inf 0.038260 Low

13 PC-3p-55043_49 TTAGTACGAGAGGAACCG Up 1.79 0.039187 Low

14 bta-miR-11987_L-1R-2_1ss8TA GAGGAAACTCTGGTGGAG Up 2.25 0.043964 Low

15 hsa-miR-26a-1-3p CCTATTCTTGGTTACTTGCACG Up 1.57 0.045712 Middle

16 PC-3p-37421_72 GAGCTGTGATGGCGAGGGA Up 2.54 0.046111 Middle

17 hsa-miR-133a-3p_R+1 TTTGGTCCCCTTCAACCAGCTGT Up 1.69 0.048328 Middle

18 hsa-miR-24-3p TGGCTCAGTTCAGCAGGAACAG Up 0.34 0.049208 High

Notes: Data from the miRNA sequencing are reported as mean values of log2 (fold_change) for men with DR vs men with DM (control), and sorted by P-values. Eighteen 
miRNAs were explored significantly altered expression in exosomal RNAs derived from men with DR. PC, predicted candidate, novel miRNAs.
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Exosome Tracing and the Effect of Exosomal miRNA-3976 on RGC-5 and HUVEC
The previous studies confirmed that exosomes could be secreted from cells and released into circulation.28 Afterwards, 
exosome uptake occurs by the recipient cells.29 New studies on retinal physiology suggest that DR-oriented retinal 
dysfunction may be viewed as an impairment in the retinal neurovascular unit.30,31 Therefore, we selected RGC-5 and 
HUVEC to assess the neural dysfunction and vascular changes, respectively. To determine whether the circulating 
exosomes from the DR group targeted the retina, we evaluated the uptake ability of RGC-5 and HUVECs in vitro by 
labeling exosomes with PKH67 dye, and then proceeding to add them into the culture medium of RGC-5 and HUVEC 
separately. After 24h co-culture, we discovered that both RGC-5 and HUVECs had the properties to take up exosomes 
from the DR group (Figure 3B), based on the green fluorescence staining in the cells. Notably, RGC-5 took up more DR- 
exosomes than HUVEC. It still remains unclear on how exosomes are specifically targeted to recipient cells or how 
exosome uptake occurs. However, previous studies have suggested that exosome uptake occurs in a cell-specific 
manner.32 Thus, it is thought that RGC-5 instead of HUVEC acts as one of the recipient cells of DR-exosomes. 

Figure 3 The trait and function of DR-exosomes. (A) The relative expression of miRNA-3976, PC-5p-39533, and PC-3p-3742 in serum and serum exosomes. (B) PKH67- 
labeled exosomes were absorbed by RGC-5 and HUVEC. (C) miRNA-3976 level in three groups of two kinds of cells measured by qRT-PCR analysis. (D) Effects of 
exosomes on RGC-5 and HUVEC proliferation measured by CCK-8. Comparisons of two groups were carried out with Student’s t-tests, and P < 0.05 was considered 
significant. #P < 0.1, *P < 0.05.
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However, when treated with DM-exosomes, HUVEC took up more DM-exosomes than RGC-5. RGC-5 took up more 
DR-exosomes than DM-exosomes. In contrast, HUVEC took up more DM-exosomes than DR-exosomes, indicating that 
changing conditions could alter the exosome uptake in cells (Figure 3B).

We investigated the effects of exosomes and miRNA-3976 from the DR group on RGC-5 or HUVEC functionality. 
To determine the success of miRNA-3976 overexpression, we evaluated the transfection efficiency of miRNA-3976 
mimic (Figure 3C). Additionally, by using CCK-8 assays assessment on RGC-5 and HUVEC proliferation, we observed 
that treatment of RGC-5 with 20 µg/mL DR-exosomes could increase RGC-5 proliferation compared to the DM- 
exosome treatment. Conversely, further treatment with the miRNA-3976 inhibitor dramatically decreased RGC-5 
proliferation (Figure 3D), while treatment of HUVEC with 20 µg/mL DR-exosomes hindered HUVEC proliferation 
(Figure 3D). We also used flow cytometry to determine apoptosis rates in treated cells. We found that RGC-5 apoptosis 
decreased by 24% and 40%, respectively, compared to the NC group, following 10 and 20µg/mL DR-exosomes 
incremental treatments (Figure 4A). On the other hand, DM-exosome treatment led to a higher apoptosis rate in a dose- 
dependent manner (Figure 4A). Furthermore, we transfected 20 µg/mL of DR-exosome-treated cells with miRNA-3976 
inhibitor. The results showed an increase in RGC-5 apoptosis compared to the iNC group. However, when transfected 
with the miRNA-3976 mimic in an exosome non-treated condition, there was a higher percentage of RGC-5 apoptosis 
(Figure 4B). As for HUVEC, there were no significant changes in HUVEC apoptosis (Figure 4C and D). Together, these 
results indicate that DR-exosomes have the potential to regulate RGC-5 functionality.

Overexpression of miRNA-3976 Could Down-Regulated NFκB1 Expression
To further understand the molecular mechanisms by which miRNA-3976 affects RGC-5 functionality, we then identified 
possible targets of miRNA-3976 by using Miranda, Targetscan, and PITA. The prediction found 1176 genes as miRNA- 
3976 target genes (Figure 5A), of which these genes were further ranked into the top 80 by scores. Hyperglycemia could 
trigger the activation of NFκB, which then is able to modulate a pro-apoptotic signal to cells in the retina. Recent studies 
have demonstrated the association between NFκB signaling and DR.33–35 We hypothesised whether exosomal miRNA- 
3976 functions through the NFκB pathway, and discovered that NFκB1 may be a potential target gene worth considering 

Table 4 Correlation of Exosomal miRNA-3976 Content with 
Clinical Parameters

miRNA-3976

DM DR

r P r P

Duration 0.5 0.667 0.176 0.887

BMI 0.986 0.108 −0.994 0.071
Fasting insulin −0.896 0.293 −0.998 0.038*

Fasting C-peptide −0.873 0.325 −0.995 0.015*

SBP −0.918 0.26 0.438 0.711
DBP −0.254 0.837 0.501 0.666

Fasting glucose −0.945 0.212 −0.618 0.576

2h glucose −0.81 0.399 −0.804 0.406
HbA1c −0.873 0.323 0.078 0.95

HDL-C −0.318 0.794 −0.998 0.039*
LDL −0.989 0.093 −0.898 0.29
TG 0.192 0.877 −0.379 0.753

TC −0.926 0.246 −0.899 0.288

UACR 0.798 0.412 0.989 0.096
UAER 0.917 0.261 0.835 0.371

Note: *P < 0.05. 
Abbreviations: UACR, urinary albumin-to-creatinine ratio. UAER, urinary albumin 
excretion rates.
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(Figure 5A). Other previous studies have confirmed that NFκB signaling pathways were closely related to cell survival.36 

We found that the overexpression of miRNA-3976 could lead to a suppression of NFκB1 expression (Figure 5B). Hence, 
a dual-luciferase reporter assay was performed to confirm whether miRNA-3976 is able to directly bind to the predicted 
target region of the NFκB1 mRNA and regulate NFκB1 specifically. However, the result of the dual-luciferase reporter 
assay indicated that miRNA-3976 had no effect on luciferase expression with NFκB1 3’UTR (Figure 5C).

Discussion
In our findings, we demonstrated that RNA expression of miRNA-3976, PC-5p-39533, and PC-3p-37421 increased in 
serum exosomes from DR patients. However, the total serum miRNA abundance of these miRNAs was not significantly 

Figure 4 Flow cytometry was performed to analyze cell apoptosis rate. (A) Treatment of 10.20 µg/mL DM-exosomes and DR-exosomes in RGC-5. (B) Transfection of 
miRNA-3976 mimic in exosome non-treated conditions in RGC-5 and transfection of miRNA-3976 inhibitor in 20 µg/mL DR-exosomes treated RGC-5. (C) Treatment of 
10.20 µg/mL DM-exosomes and DR-exosomes in HUVEC. (D) Transfection of miRNA-3976 mimic in exosome non-treated conditions in HUVEC and transfection of 
miRNA-3976 inhibitor in 20 µg/mL DR-exosomes treated HUVEC. NC, exosome non-treated group. DR10, 10 µg/mL DR-exosomes group. DM10, 10 µg/mL DM- 
exosomes group. DR20, 20 µg/mL DR-exosomes group. DM20, 20 µg/mL DM-exosomes group. mNC, miRNA-3976 mimic negative control. iNC, miRNA-3976 inhibitor 
negative control.
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altered compared with the T2DM patients. In order to explore the role of miRNA-3976 enriched exosomes, we treated 
RGC-5 and HUVEC with DR-exosomes. We found that these exosomes could increase RGC-5 proliferation and reduce 
RGC-5 apoptosis, and these changes could be partly reversed via the miRNA-3976 inhibitor. To further understand the 
role of miRNA-3976 on gene expression, signal transduction, and similar properties, we overexpressed miRNA-3976 in 
RGC-5 and found that miRNA-3976 overexpression suppressed the expression of NFκB1.

Exosomes are secreted by all cells and released into body fluid, which can be absorbed by recipient cells to regulate 
their functionalities.7,37 Therefore, exosomes have been considered potential biomarkers or therapeutic applications of 
various diseases.7,38–42 In addition to disease diagnosis, the protection of their cargo makes them ideal candidates for 
vehicles in drug delivery.43 However, the precise origins of exosomal cargo and exosome uptake remain uncertain. Some 
studies have suggested that almost all types of cells can take up exosomes, whereas others advocated cell-specific uptake. 
In our study, we noticed that RGC-5 internalized more DR-exosomes than HUVEC after 24h co-culture. This indicates 
that cell-specific exosome uptake occurred in the early stage of DR, and these cells may have been the first to react. The 
previous study also revealed that neural impairment occurred before overt microangiopathy, and RGCs were the first 
neurons to detect apoptosis caused by diabetes.31 However, our results showed that RGC-5 apoptosis had decreased 
following the DR-exosomes treatment, and an increase in RGC-5 proliferation had also been observed. Additionally, we 

Figure 5 Predicted miRNA-3976 target genes and validation. (A) Targetscan, miRanda and PATA were used to identify possible target genes of miRNA-3976. (B) The qRT- 
PCR analysis of NFκB level. (C) The association between miRNA-3976 and NFκB was revealed by luciferase reporter assay. H306, pMIR-REPORT Luciferase. H21094, 
plasmid-MIR-REPORT Luciferase-NFκB1 3’UTR (WT). H21095, plasmid-MIR-REPORT Luciferase-NFκB1 3’UTR (MUT). *P < 0.05.
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found that RGC-5 took up more DR-exosomes than DM-exosomes. These results suggest RGC-5’s protective ability of 
circulating DR-exosome, or the possibility of a compensated stage for limited rescue prior to overt microangiopathy. 
Nonetheless, these assumptions require further research and evidence. We theorized that circulating exosomes were 
involved in the pathological process of DR.

MiRNAs are small non-coding RNAs;44,45 and have raised concerns as they regulate gene expression making them 
ideal candidates for disease biomarkers.27,46 Collective efforts have been made to identify the miRNA profiles for 
diagnosis and therapeutic potential, and the findings of exosomes containing nucleic acid make it highly appealing. Some 
reports have discussed the relationship between specific exosomal miRNAs and DR.34,47 However, the exosomal 
miRNAs they found come from specific types of cells, and usually, the exosomes are from cell supernatants. Our 
study contained T2DM and DR patients through strict standards, and exosomes were isolated from participants’ serum. It 
not only has the potential for diagnosis but also can observe the combined effect on the whole body. We found that 
miRNA-3976 and the two novel miRNAs (PC-5p-39533 and PC-3p-37421) were up-regulated in DR-exosomes for the 
first time. To further explore the effect of miRNA-3976, we transfected RGC-5 with a miRNA-3976 inhibitor and 
discovered lower RGC-5 proliferation and higher RGC-5 apoptosis rates. These findings indicate that miRNA-3976 from 
DR-exosome may exert a protective role on RGC-5. However, we observed that the overexpression of miRNA-3976 in 
RGC-5 aggravated the cell apoptosis rate. Although the overexpression of miRNA-3976 suppressed NFkB1 expression, 
it may have also protected cell proliferation and reduced cell apoptosis. Further, we found the regulation of miRNA-3976 
was indirect to NFkB1 (Figure 5). One possible explanation was that the proper content of miRNA-3976 could exert 
a protective role partly via NF-κB axis repression, and an excess of miRNA-3976 could regulate multiple pathways. The 
combined effects of these are potentially harmful. Our subsequent study aims to further investigate the exact molecular 
mechanism behind our current findings.

Diabetic retinopathy (DR) is one of the leading causes of preventable blindness in adults.3 T2DM patients have a 50– 
60% risk of developing DR in their lifetime, while the risk in T1DM increases up to 90%.48 Currently, anti-VEGF 
therapy is the primary treatment for DR, however, the effects are limited and costly. Therefore, early identification and 
intervention are crucial. By exploring the correlation between clinical parameters and miRNA-3976 content, we found 
that miRNA-3976 content was significantly negatively correlated with the HDL-C level of DR patients. GO analysis 
showed the predicted miRNAs target genes were enriched in the lipid metabolism process. Compared to previous studies, 
fenofibrate treatment in DR patients with dyslipidemia can slow down retinopathy progression, particularly in patients 
with extremely mild NPDR.49 Fenofibrate improved the lipid profile, notably the TG and HDL-C levels in patients with 
dyslipidemia,50 and the protective effect may have been due to the HDL-C level improvement. If Fenofibrate was to 
improve the HDL-C level, this would eventually lead to lowered levels of exosomal miRNA-3976. This was consistent 
with our findings given that miRNA-3976 overexpression resulted in RGC-5 apoptosis, whereas the appropriate level of 
miRNA-3976 had a protective effect. However, these findings were found in the early stage of DR, and further research 
is needed for the later period of DR. Our study provided new evidence for the relationship between HDL-C and DR 
progression. We also observed a negative correlation between miRNA-3976 and fasting C-peptide in the group of men 
with DR (r = −0.995, P = 0.015). One study demonstrated that miRNA-3976 was significantly upregulated in serum- 
derived exosomes from patients with pancreatic cancer (PaCa) compared with the control group.51 Patients with 
pancreatic cancer usually had impaired pancreatic islets function, and it was reported that approximately 25% of PaCa 
patients had diabetes at diagnosis and a further 40% had impaired glucose tolerance.52 Overall, we took into considera-
tion whether poor pancreatic islets function may be a risk factor for DR, and further verification is required. One primary 
aspect was to determine where exosomes originate from and where they travel. In our study, we demonstrated that RGCs 
were one of the recipient cells of DR-exosomes, however, their origin remained unclear. The previous study showed that 
miRNA-3976 enriched exosomes from both serum of PaCa patients and the PaCa cell culture supernatant.51 Thus, we 
considered pancreatic islets may be one of the possible origins of exosomal miRNA-3976.

It is undeniable that our study has certain limitations and unresolved issues that need further attention. One major 
limitation is the limited sample size, which posed challenges in acquiring a sufficient number of exosomes for animal 
research. We are currently working on increasing the sample volume for secondary sequencing and further verification. 
Additionally, our study only encompassed in vitro studies, necessitating further in vivo validation. Furthermore, the 
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precise mechanism underlying the function of miRNA-3976 remains unclear. Although treatment with DR-exosomes has 
shown to enhance RGC-5 proliferation and reduce apoptosis, the miRNA-3976 inhibitor partially reverses this protective 
effect. We observed that miRNA-3976 overexpression increases RGC-5 apoptosis, contradicting the expected protective 
effects of miRNA-3976. The direct downstream targets regulated by miRNA-3976 are still unknown. Lastly, the role of 
the newly identified PC-5p-39533 and PC-3p-37421 also requires exploration. While these miRNAs may be associated 
with DR, gaining a deeper understanding of the physiological functions of PC-5p-39533 and PC-3p-37421 is essential.

Our study provided evidence that miRNA-3976 is highly expressed in serum exosomes isolated from DR patients, 
and exosomal miRNA-3976 has the potential to serve as a potential DR biomarker. Moreover, suitable contents of 
miRNA-3976 can promote RGCs proliferation and reduce RGCs apoptosis in the early stage of DR. Although, since 
exosomal miRNA-3976 content was found to be negatively correlated with HDL-C and C-peptide levels in the DR 
group, low-levels of HDL-C and poor pancreatic islets function may contribute to being a risk factor for DR progression. 
In summary, our study highlighted the potential interactions between circulating exosomal miRNAs and DR.
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