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Abstract
Aim: Normal tension glaucoma (NTG) is a common optic neuropathy that can be challenging to diagnose due to 
the intraocular pressure remaining within the normal range. Early diagnosis and intervention are crucial for the 
effective lifelong management of patients.

Methods: This study recruited a total of 225 participants. Small extracellular vesicles (sEVs) RNA from circulating 
plasma was analyzed via transcriptomic sequencing, and its expression levels were verified by quantitative real-
time polymerase chain reaction (qRT-PCR). Logistic regression, linear regression, and receiver operating 
characteristic (ROC) curve analyses were performed to examine the association of biomarkers with 
clinicopathological characteristics.

Results: Analysis of sEVs mRNAs in NTG patients revealed mitochondrial dysfunction and enrichment of central 
nervous system degenerative pathways, reflecting the pathological features of NTG. Compared with those in the 
controls, the expression levels of sEVs let-7b-5p in the plasma of NTG patients were significantly lower, with an 
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area under the curve (AUC) of 0.870 (95%CI: 0.797-0.943) (P < 0.0001), and the AUC combined with age was 
0.923 (95%CI: 0.851-0.996) (P < 0.0001). In addition, we found that let-7b-5p levels were significantly correlated 
with the severity and visual field defects of NTG patients and had good specificity compared with other ophthalmic 
diseases.

Conclusion: The sEVs RNA signatures in circulating plasma from NTG revealed mitochondrial dysfunction and that 
sEVs let-7b-5p can be a useful noninvasive biomarker for NTG.

Keywords: Normal tension glaucoma, small extracellular vesicles, mitochondrial dysfunction, biomarker, let-7b-5p

INTRODUCTION
Glaucoma is caused by retinal ganglion cell (RGC) degeneration, leading to progressive impairment of the 
visual field[1]. Normal tension glaucoma (NTG) is known to be more prevalent than the high-pressure form 
of primary open-angle glaucoma (POAG) in Asian populations, with approximately 70% of all POAG cases 
in Chinese populations also manifesting as NTG[2-4]. NTG is characterized by a lack of obvious symptoms, 
often leading to late-stage diagnoses. Patients typically have already developed serious visual field defects 
and visual impairments, which significantly jeopardize their visual function. Therefore, the early detection 
and diagnosis of NTG are pressing issues that need to be addressed.

The mechanism of NTG is complex and is not completely understood[5]. Numerous studies have reported 
that the translaminar pressure gradient[6], mitochondrial dysfunction[7], and oxidative stress are involved in 
the pathogenesis of NTG[8,9]. In addition, increasing evidence also supports the notion of a link between 
neurodegeneration in the brain and the optic nerve[10-12]. Interestingly, mitochondrial dysfunction is a 
known common feature of central nervous degenerative diseases[13]. The inability to obtain fresh 
pathological retinal tissues is one of the bottlenecks restricting research into the mechanism of disease. Early 
diagnosis and early intervention are important for glaucoma management, preventing impairment of visual 
function as much as possible throughout life. Lowering intraocular pressure (IOP) is the only recognized 
treatment[6], but there are still some patients with progressive visual impairment and even blindness. Visual 
field examination and optical coherence tomography (OCT) analysis are the most commonly used early 
diagnostic methods in clinical practice, but are insufficient. In fact, up to half of the RGCs are already 
degenerated when diagnosed in patients with both POAG and NTG because there are no obvious 
symptoms during the early stages[14]. Therefore, there is a need to develop more precise methods, such as 
molecular biomarkers, for early diagnosis and monitoring of disease progression.

Recent developments have led to renewed interest in small extracellular vesicles (sEVs)[15] as biomarkers for 
various diseases, including neurodegenerative diseases, and they are more reliable than conventional 
specimens[16-18]. sEVs can cross the blood-brain barrier and have low immunogenicity, thereby receiving 
much attention as potential biomarkers and drug-delivery tools for neurodegenerative diseases[18-21]. Based 
on the lipid bilayer membrane structure of sEVs, which encapsulate coding or noncoding RNAs, they can 
avoid degradation, and studies have also shown that miRNAs are prominently enriched in the sEVs RNA 
distribution[22].

sEVs play a crucial role in intercellular communication by transporting various molecules to recipient cells. 
These cargo molecules can modulate signaling mechanisms and downstream gene expression in recipient 
cells, thereby contributing to the regulation of various biological processes. The mechanism of sEVs-
mediated modulation of signaling and gene expression provides a comprehensive understanding of how 
sEVs participate in the regulation of various biological processes[23-25].
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sEVs are secreted by live cells and released into extracellular spaces and body fluids. Studies have shown 
that, unlike secreted molecules, sEVs can be taken up by other cells and then released after intracellular 
reactions[26]. Therefore, the sEVs in the circulating blood may represent the products after the reaction but 
also reveal systemic regulatory mechanisms in the body. These characteristics make them potential sources 
of biomarkers and hidden pathological information regarding complex diseases. An increasing number of 
diagnostic biomarkers of sEVs from body fluids have been identified for different diseases, providing an 
opportunity for accurate diagnosis and evaluation of disease progression in patients[27-29]. Notably, 
combinations of three mRNA expression levels of urine exosomes to predict high-grade prostate cancer and 
the related test kits have been approved by the Food and Drug Administration (FDA) for clinical 
application[30,31]. However, no studies on the exosome-based identification of noninvasive body fluid 
biomarkers for ocular neurodegenerative diseases have been reported.

As surgical treatment is not administered to patients with NTG, corresponding intraocular fluid samples 
cannot be procured[32]. In this study, we isolated circulating plasma sEVs from NTG patients, and the RNA 
signatures were explored by high-throughput sequencing. Then, possible biomarker identification and 
further verification were conducted via quantitative polymerase chain reaction (qPCR) and correlation 
analyses. The results confirmed that mitochondrial coding genes were significantly upregulated in NTG 
patients. Moreover, we found that sEVs let-7b-5p levels were correlated with visual field defects in NTG 
patients. The sEVs let-7b-5p levels may be a possible biomarker for the clinical diagnosis or evaluation of 
the disease progression of NTG.

METHODS
Participants
The criteria for the diagnosis of NTG included the following: (1) a maximum IOP not exceeding 21 mmHg; 
(2) the absence of abnormal anterior chamber angles; (3) the characteristic optic disc damage indicative of 
glaucoma (cup-to-disc ratio > 0.6); (4) corresponding visual field defects; and (5) the absence of other 
retinal diseases, ocular trauma, or systemic conditions. Demographic data including name, sex, age, history 
of ocular disease, and systemic clinical symptoms were recorded for all participants. Both eyes or the 
affected eyes underwent slit lamp examination, gonioscopy, IOP measurement, fundus imaging, OCT, and 
visual field (VF) testing. The exclusion criteria included systemic hemorrhagic, coagulation, and immune 
disorders; severe cardiovascular diseases; heart or renal failure; metabolic disorders such as hypertension 
and diabetes; other intraocular neovascular diseases; and refractive media opacity precluding clear fundus 
visualization.

The inclusion criteria for the control group consisted of patients diagnosed with age-related cataracts or 
ametropia who met the following criteria: (1) the absence of abnormal anterior chamber angles; (2) no signs 
of glaucomatous optic disc damage; (3) no corresponding visual field defects; and (4) the absence of other 
retinal diseases, ocular trauma, or systemic illnesses. The exclusion criteria included glaucoma and other 
retinal diseases; systemic hemorrhagic, coagulation, and immune disorders; severe cardiovascular diseases; 
heart or renal failure; metabolic disorders such as hypertension and diabetes; other intraocular neovascular 
diseases; and refractive media opacity impairing fundus visualization.

Written informed consent was obtained from all participants who did not receive any compensation or 
incentives for their involvement. The study was conducted in accordance with the Declaration of Helsinki 
and approved by the Ethics Committee of the Eye Hospital Affiliated with Wenzhou Medical University 
(2022-091-K-69). The study was based on the relevant provisions of the Regulations on the Administration 
of Human Genetic Resources of the People’s Republic of China, and had passed the review of the Office of 
the Administration of Human Genetic Resources of China.
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sEVs isolation
Peripheral blood was collected from the patients using tubes containing ethylenediaminetetraacetic acid 
(EDTA). Blood samples were centrifuged at 3,000 × g for 10 min. The supernatant plasma was recovered 
and stored at -80 °C until use. The samples were used for sequencing and validation experiments within one 
year. EVs were isolated from the plasma using differential centrifugation combined with the total sEVs 
precipitation method. The plasma was centrifuged at 2,000 × g for 20 min; then, the supernatant was 
transferred into a new tube and centrifuged at 10,000 × g for 20 min. Then, one-third of the supernatant 
volume of precipitation reagent (C10110-2, RiboBio, Guangzhou, China) was added and incubated at 4 °C 
for 20 min; the suspension liquid was centrifuged at 3,000 × g for 15 min; finally, sEV pellets were 
resuspended in phosphate-buffered saline (PBS). The morphology and size of the EVs were identified using 
transmission electron microscopy (TEM), nanoparticle tracking analysis (NTA), and western blotting.

Western blot
Western blotting was performed to detect sEVs markers, including Alix, TSG101, and Syntenin proteins. 
Briefly, proteins extracted from sEVs were separated by 10% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE), and gels were transferred to polyvinylidene fluoride (PVDF) membranes 
(Bio-Rad, USA). Membranes were blocked in 5% skimmed milk (Beyotime, China) for 2 h and incubated 
with primary antibodies, including anti-Alix (1:500, rabbit monoclonal, PTM-6407, PTM BIO, China), anti-
TSG101 (1:500, mouse monoclonal, PTM-5108, PTM BIO, China), anti-SDCBP (1:500, rabbit monoclonal, 
D223488-0025, BBI LIFE SCIENCES CORPORATION, China), and anti-Calnexin as a negative control 
(1:1,000, rabbit monoclonal, 10427-2-AP, Proteintech). Western blotting bands were visualized by enhanced 
chemiluminescence (ECL) (YESEN, China).

TEM
Mix the isolated sEVs with an equal volume of 4% paraformaldehyde (PFA) to achieve a final concentration 
of 2% PFA. Incubate for 30 min at room temperature. Pipette 10 µL of the fixed sEV sample onto the grid. 
Allow the sample to adsorb to the grid for 20 min at room temperature. Wash the grid by placing it on a 
drop of PBS to remove excess PFA. Place the grid on a drop of 1% glutaraldehyde for 5 min to further fix 
the sEVs. Wash the grid with distilled water to remove the glutaraldehyde. Stain the grid by placing it on a 
drop of 1% uranyl acetate for 5 min. This step provides contrast to the sEVs. Once the grid is dry, load it 
into the TEM instrument.

NTA
The Vesicle suspensions with concentrations between 1 × 107/mL and 1 × 109/mL were examined using the 
Zeta View PMX 110 (Particle Metrix, Meerbusch, Germany) equipped with a 405 nm laser to determine the 
size and quantity of the particles we isolated. A video of 60-second duration was taken with a frame rate of 
30 frames/sec, and particle movement was analyzed using NTA software (ZetaView 8.02.28).

Transcriptomic sequencing
Plasma samples from 20 participants in the cataract and NTG groups were pooled separately. When we 
prepared mixed samples, 200 μL of plasma was taken from each individual sample, and a group of 20 
samples were 4 mL in total. Total RNA was extracted with a Total RNA kit (Omega Bio-Tek) following the 
manufacturer’s instructions. The RNA fragments from plasma sEVs were detected using 2200Tape Station, 
to ensure that the integrity, concentration, fragment size and quality of the RNA sample meet the standards 
for on-machine sequencing. Next-generation RNA sequencing was performed on an Illumina HiSeq 2500 at 
RiboBio (Guangzhou, China). The FastQC software was used to remove adapter dimers, low complexity, 
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and reads with lengths lower than 17 nt from the raw Illumina HiSeq 2500 sequencing to obtain high-
quality clean data. The clean data were subsequently mapped with the reference genome using the HISAT2 
software to obtain a map of the distribution of the whole genome reads, and the RPKM method normalized 
the read counts by the gene length and the total number of mapped reads, allowing for the comparison of 
gene expression levels between different samples. DEGseq is based on a binomial distribution and combines 
Fisher’s exact test with the likelihood ratio test to identify the differentially expressed genes. The BioProject 
Accession number is: PRJCA015141.

Bioinformatic analyses
The volcano plot was generated by the ggplot2 R package. Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment and Gene Ontology enrichment analyses were performed for differentially 
expressed mRNAs by the DAVID website (http://david.ncifcrf.gov/), PANTHER classification system 
(http://geneontology.org/), and Metascape (http://metascape.org/). We chose Fisher’s exact test to select 
significant pathways, and the significance threshold was defined based on its P value and false discovery rate 
(FDR). Bioinformatics prediction of target genes and functional pathway enrichment was performed by 
MiRpath v.3 (http://microrna.gr/miRPathv3).

Quantitative real-time polymerase chain reaction
Total RNA was extracted by TRIzol reagent (R0016, Beyotime, China) following the manufacturer’s 
instructions. 2200Tape Station was employed to ensure the integrity, concentration, fragment size and 
quality of the RNA sample. Reverse transcription primers (stem–loop) and qPCR primers (forward and 
reverse) for each miRNA and mitochondrial RNA were designed based on the conserved regions of human 
genes, and their sequences are provided in Supplementary Tables 1 and 2. A total of 300 ng RNA was used 
for quantitative real-time polymerase chain reaction (qRT-PCR) reactions. HiScript III All-in-one RT 
SuperMix Perfect for qPCR (R333-01, Vazyme, China) was used for reverse transcription according to the 
manufacturer’s instructions. Reverse transcription of mitochondrial RNA was performed using the GoScript 
Reverse transcription System (A5004, Promega, USA). Real-time PCR was performed using Taq pro 
Universal SYBR qPCR Master Mix (Q712-02, Vazyme, China) and a QuantStudio 3 Real-Time PCR system 
(Applied Biosystems, Foster City, CA, USA). miR-30a-5p was used as an internal control to normalize the 
miRNA levels in EVs. The 2ΔΔCt method was used as a relative quantification strategy for validation of the 
relative expression of miRNA. We set a mean value of ΔCt in all control samples as a standard, and then the 
ΔCt of all samples from the control and others were deducted by the mean ΔCt to obtain the individual 
ΔΔCt. The 2ΔΔCt method was used to calculate fold changes. We repeated each sample triplicate for qPCR 
validation.

Receiver operating characteristic and correlation analyses
Logistic regression was used to establish different models as predictors of the biomarker for NTG patients. 
Receiver operating characteristic (ROC) analysis was utilized to assess the ability of miRNA expression to 
distinguish NTG patients from controls and other diseases. The optimal cutoff value was determined by 
maximizing the sum of sensitivity and specificity. The correlation between mean deviation (MD), visual 
field index (VFI), pattern standard deviation (PSD), and retinal nerve fiber layer (RNFL) with miRNA 
expression levels was used in the Spearman correlation analysis. Linear regression was used to characterize 
the relationship of the miRNA expression levels with the MD, VFI, PSD, and RNFL of the more severe eye.

Statistical analyses
Statistical analyses were performed using statistical software (SPSS, GraphPad Prism 8.0). Data for 
continuous variables are presented as the means and standard deviation [mean ± standard deviation (SD)]. 
To evaluate the normality, we performed the Shapiro-Wilk test, which is a widely used method for testing 
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normality in small sample sizes. Two-tailed Student’s t test (two groups) was used for the data analysis when 
the data had a normal distribution. We employed nonparametric tests such as the Mann-Whitney U test for 
comparing independent groups and the Wilcoxon signed-rank test for paired samples. The Mann-Whitney 
U test is suitable for comparing two independent datasets, while the Wilcoxon signed rank test is suitable 
for comparing two related conditions for the same set of samples. The nonparametric Mann–Whitney test 
(two groups) was used for comparison between the two groups when the data had a skewed distribution. 
The results are presented as the means ± standard error of mean (SEM). The P value was considered 
significant if it was less than 0.05. Supplementary Table 3 is a list of reagents and software used in this study.

RESULTS
Clinical characteristics and study design
The NTG patients were diagnosed by a professional physician according to the inclusion and exclusion 
criteria described in the methods. A total of 225 participants, including 70 NTG, 70 cataract, 20 
photorefractive keratectomy (PRK), and 65 other ocular diseases [20 cases of diabetic retinopathy (DR), 15 
cases of POAG, 10 cases of age-related macular degeneration (AMD), 10 cases of branch retinal venous 
occlusion (BRVO), and 10 cases of uveitis], were enrolled in this study. The clinical characteristics of the 
subjects are summarized in Table 1. A schematic representation of the study design is shown in Figure 1.

First, we used pooled plasma samples from 20 NTG patients and 20 age-related cataract patients for sEVs 
RNA profiling by high-throughput sequencing. We subsequently confirmed the expression levels via RT-
qPCR using pooled samples to explore the most significantly altered genes that were consistent with the 
sequencing data. Next, individual validation of the sequencing data was conducted in 50 NTG patients and 
50 cataract controls.

To further investigate the feasibility of plasma-derived sEVs miRNA as a biomarker in NTG patients, 20 
PRK controls and 65 other patients with ocular diseases were enrolled to verify their specificity and 
sensitivity.

sEVs mRNA signature of circulating plasma in NTG patients
The plasma-derived sEVs of the participants were isolated and confirmed by multiple experiments 
[Figure 2A]. The results revealed a typical cup-shaped structure of sEVs under TEM and NTA with a peak 
size of 85.6 nm. There is significant lipoprotein contamination in the TEM samples; we will optimize our 
method according to MISEV standards to prevent contamination in future studies. The presence of sEVs 
was confirmed by the expression of the specific protein markers Alix, TSG101, and Syntenin. Calnexin is an 
integral membrane protein primarily located in the endoplasmic reticulum (ER) and is not expected to be 
present in sEVs, which are derived from endosomal compartments. Therefore, its absence in our sEVs 
samples serves as a critical negative control. High-throughput sequencing was conducted to discover the 
sEVs transcriptomes in the circulating plasma.

To understand the functional characteristics of these genes, we first focused on coding-gene mRNAs and 
identified 2,504 differentially expressed genes (DEGs) [Figure 2B]. Gene Ontology (GO) analysis revealed 
that biological processes related to mitochondrial function were significantly enriched [Figure 2C]. 
Moreover, KEGG pathway analysis also revealed that multiple common neurodegenerative disease-related 
pathways were enriched dramatically in plasma-derived sEVs of NTG patients [Figure 2C]. The Venn 
diagram reveals that the mitochondrial-encoding genes were involved in common neurodegenerative 
diseases [Figure 2D]. We then confirmed the expression levels of sEVs mitochondrial-encoding genes in the 
pooled plasma samples [Figure 2E]. We also used Integrative Genomics Viewer (IGV) software and 
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Table 1. The characteristics of the enrolled patients

    Characteristics     NTG     Cataracts     P value     PRK     P value

    Total (n)     70     70          20     

    Age, mean (SD), y     49.96 (15.32)     66.06 (17.46)     < 0.0001     24.85 (6.80)     < 0.0001

    Male, n (%)     58     58.9     0.244     85     0.023

    IOP, mean (SD), mmHg     12.61 (2.67)     14.04 (3.27)     0.0033     17.58 (1.61)     < 0.0001

    MD, mean (SD), dB     -7.57 (7.18)     N/A          N/A     

    VFI, mean (SD)     81.38 (25.41)     N/A          N/A     

    PSD, mean (SD)     5.51 (3.34)     N/A          N/A     

    RNFL, mean (SD), μm     77.34 (32.86)     N/A          N/A     

NTG: Normal tension glaucoma; PRK: photorefractive keratectomy; SD: standard deviation; IOP: intraocular pressure; MD: mean deviation; N/A: 
not applicable; VFI: visual field index; PSD: pattern standard deviation; RNFL: retinal nerve fiber layer.

Figure 1. Schematic overview of the study. NTG denotes normal tension glaucoma, and cataract refers to age-related cataract patients, 
which were used as a control group; PRK indicates photorefractive keratectomy, representing patients with refractive errors, and 
“Others” refers to a control group comprising different eye diseases. NTG: Normal tension glaucoma.

PolyPhen-2 software to analyze the mutation sites of mitochondrial fragments of mRNA and predict the 
probable damage to these single nucleotide polymorphisms (SNPs) [Supplementary Figure 1]. We found 
two mutations with high pathogenicity.

Accumulating evidence has shown that mitochondrial dysfunction is closely related to neurodegeneration. 
NTG is also a known neurodegenerative disease, and its pathogenesis is closely related to mitochondrial 
dysfunction. Interestingly, our novel study revealed that mitochondrial function-related biological processes 
and pathways related to common neurodegenerative diseases were present in the plasma-derived sEVs of 
NTG patients, reinforcing the importance of circulating plasma sEVs detection in clinical diagnosis and 
disease features.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/evcna5045-SupplementaryMaterials.pdf
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Figure 2. The characteristics of sEVs and the sEVs mRNA signature of plasma in NTG patients. (A) Characteristics of plasma sEVs: 
Transmission electron microscopy images of sEVs with scale bar = 500 nm; nanoparticle tracking analysis for a particle diameter, and 
immunoblotting for commonly used sEVs protein markers, which include Alix, TSG101, and syntenin; (B) Volcano plot of mRNAs in 
plasma sEVs. The red dots represent upregulated genes; the blue dots represent downregulated genes; (C) GO and KEGG analyses of 
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mRNAs that were differentially expressed with a fold change ≥ 2 and P ≤ 0.05 between the NTG and cataract groups. The X-axis 
represents the -log10 (P value), and the Y-axis represents the top 15 functions or signaling pathways associated with each term; (D) 
Venn diagram of neurodegenerative disease-related pathways. Genes involved in multiple neurogenerative pathways are shown in red; 
(E) The expression levels of mitochondrial mRNAs in pooled plasma sEVs. The data are represented as the means ± SEM. ****P < 0.0001. 
sEVs: Small extracellular vesicles; NTG: normal tension glaucoma; GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and 
Genomes.

sEVs miRNA screening of circulating plasma in NTG patients
According to the plasma-derived sEVs RNA profile, we showed that miRNA was most abundant, followed 
by lncRNA, pseudogene, and mRNA [Figure 3A]. To further explore the contribution of miRNAs, we found 
that the top 20 differentially expressed miRNAs accounted for 98% of all miRNA expression [Figure 3B]. 
We also conducted biology pathway analyses for the top 20 miRNAs, and selected those associated with 
neurodegenerative diseases pathways, including miR-423-5p, miR-146a-5p, miR-320a-3p, miR-186-5p, and 
let-7b-5p; we speculated that these miRNAs are potential biomarkers for NTG, and can also reflect the 
pathology. On the basis of the abundance of miRNAs in plasma-derived sEVs, it is more reasonable to 
detect miRNAs in trace samples. For this reason, we conducted a quantitative analysis using pooled plasma 
samples to screen candidate sEVs miRNAs and found that let-7b-5p levels were significantly lower in NTG 
patients than in controls, which was also consistent with the sequencing data [Figure 3C]. Non-differentially 
expressed miRNAs, including miR-423-5p and miR-146a-5p, were excluded; miR-320a-3p was excluded 
because its expression trend was inconsistent with sequencing; and miR-186-5p was excluded because its Ct 
value was more than 30, indicating low expression in the samples. According to the results of previous 
studies, miR-30a-5p acts as a stable sEVs internal reference gene[33,34]. The levels of miR-30a-5p in plasma-
derived sEVs were relatively stable between the groups [Figure 3D], so we used an internal reference 
method for subsequent individual validation.

To further confirm the let-7b-5p levels in plasma-derived sEVs, we recruited 50 NTG and 50 cataract 
controls and performed qRT-PCR analysis at the individual level. In the results, we found that the 
expression levels of sEVs let-7b-5p were significantly downregulated in the NTG patients, which was 
consistent with the results in pooled samples [Figure 4A]. To investigate the possibility of let-7b-5p levels as 
a biomarker, we used patients’ gender, age, and expression levels of let-7b-5p as influencing factors to 
construct logistic regression models. The factors of gender and age (age < 40 years or age ≥ 40 years) are 
binary variables, and let-7b-5p levels were continuous variables. A logistic regression model revealed that 
age can be a main risk factor (OR: 8.185, 95%CI: 2.164-30.959, P = 0.002), but let-7b-5p levels can be a 
protection factor (OR: 0.425, 95%CI: 0.296-0.612, P = 0.0001). We then performed ROC curve analysis to 
evaluate diagnostic ability. ROC curve analysis revealed that the area under the curve (AUC) was 0.817 
(95%CI: 0.733-0.901, P < 0.0001) with 98% sensitivity and 58% specificity and the AUC combined with age 
was 0.870 (95%CI: 0.797-0.943, P < 0.0001) with 76% sensitivity and 94.1% specificity [Figure 4B]. This result 
indicated that the performance of the prediction model with age as a factor improved the accuracy of NTG 
diagnosis.

Let-7b-5p can discriminate NTG patients from other patients with ophthalmic disease
To further verify the diagnostic efficiency and clinical application value, we recruited patients in both the 
PRK group and the group with other ophthalmic diseases. Considering that the mean age of the cataract 
patients was older than that of the NTG patients and that age is an influencing factor for disease diagnosis, 
we enrolled PRK patients as younger healthy controls to evaluate the diagnostic value. As expected, the 
quantitative analysis demonstrated that sEVs let-7b-5p levels were markedly lower in the circulating plasma 
of NTG patients than in that of both the PRK group and the other disease groups [Figure 5A].
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Figure 3. sEVs miRNA screening of plasma from NTG patients. (A) Distribution of differentially expressed RNAs identified in plasma 
sEVs from NTG patients compared with those from cataract patients; (B) Percentages of sEVs miRNA in plasma from NTG patients; (C) 
Relative expression of candidate miRNAs in the pooled samples. Data are represented as the mean ± SEM; (D) Ct values of miR-30a-5p 
in the control and NTG groups. The data are represented as the means ± SEM. sEVs: Small extracellular vesicles; NTG: normal tension 
glaucoma; SEM: standard error of mean.

To further verify the specificity of the biomarker, we investigated other eye diseases, including POAG, DR, 
AMD, RVO, and uveitis. This cohort included a total of 65 patients who were diagnosed by an experienced 
doctor from the eye hospital affiliated with Wenzhou Medical University. Consolidation of three different 
control groups of individual validation demonstrated that the expression levels of plasma-derived sEVs let-
7b-5p were significantly reduced in NTG patients (n = 50) than in controls, including 50 patients with 
cataracts, 20 patients with PRK, and 65 patients with other disease [Figure 5A]. ROC analysis revealed that 
the AUC between PRK and NTG was 0.854 (95%CI: 0.767-0.940, P < 0.0001) with 100% sensitivity and 
67.3% specificity and 0.933 (95%CI: 0.875-0.991, P < 0.0001) with 83.7% sensitivity and 100% specificity, 
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Figure 4. Let-7b-5p was used in the individual validation set, and prediction models were constructed. (A) The relative expression of let-
7b-5p in individual validation set, which included 50 cataract patients and 50 NTG patients. The data are represented as the mean ± 
SEM; (B) ROC curves were generated for individual validation sets with different prediction models. NTG: Normal tension glaucoma; 
SEM: standard error of mean; ROC: receiver operating characteristic.

Figure 5. Let-7b-5p can discriminate NTG patients from patients with other ophthalmic diseases. (A) The relative expression of let-7b-
5p in individual samples from 50 cataract patients, 20 PRK patients, 65 patients with other ophthalmic diseases, and 50 NTG patients. 
Data are represented as the mean ± SEM; (B) The ROC curve was generated using different prediction model parameter applications. 
NTG: Normal tension glaucoma; PRK: photorefractive keratectomy; SEM: standard error of mean; ROC: receiver operating characteristic.

respectively, when combined with age. Meanwhile, the AUC between others and NTG was 0.875 (95%CI: 
0.808-0.942, P < 0.0001) with 84.6% sensitivity and 80.4% specificity and 0.912 (95%CI: 0.852-0.971, P < 
0.0001) with 80.4% sensitivity and 95.4% specificity, respectively [Figure 5B]. These results suggest that 
plasma-derived sEVs let-7b-5p levels can be a promising biomarker for NTG diagnosis and further confirm 
the specificity of plasma-derived sEVs let-7b-5p levels in NTG diagnosis, but a large number of samples and 
multicenter studies are needed in the future.
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Let-7b-5p expression levels reflect NTG clinical features and severity
To evaluate the feasibility of the clinical application of plasma-derived sEVs let-7b-5p levels as a biomarker
in NTG diagnosis, we stratified NTG patients into two groups (28 low-level and 22 high-level), using the
mean expression levels as the cutoff value. Table 2 shows the characteristics of the patients and their clinical
indices. We selected the clinical indicators of patients to analyze their correlation with let-7b-5p expression
levels in the NTG group. It has been demonstrated that let-7b-5p levels have a significant linear trend with
these clinical indicators, including visual field defects (MD, PSD, and VFI) and RNFL thickness
[Supplementary Figure 2A-D]. Because this dataset had a skewed distribution, we chose Spearman’s test to
calculate the correlation coefficient, and the results showed that the expression levels of let-7b-5p were
significantly correlated with these clinical indicators [Supplementary Figure 2E].

The NTG patients were further divided into mild (MD > -6 dB) and moderate to severe (MD ≤ -6 dB)
groups according to the MD value of the visual field test. As shown in Figure 6A, the expression levels of let-
7b-5p were significantly different between the two groups. The ROC curve analysis also found an AUC
value of 0.761 (95%CI: 0.647-0.874) with 86.3% sensitivity and 58.6% specificity between mild NTG patients
and those with cataracts, and it found an AUC of 0.882 (95%CI: 0.772-0.991), with 94.1% sensitivity and 81%
specificity between the moderate to severe NTG patients and those with cataracts [Figure 6B]. These results
suggest that there is a significant correlation between plasma-derived sEVs let-7b-5p levels and clinical
indicators, and that let-7b-5p can be useful for monitoring disease progression.

DISCUSSION
Glaucoma is a major leading cause of blindness worldwide[35]. NTG is a multifactorial disease that is
characterized by progressive RGC degeneration, leading to irreversible visual field damage with a normal
range of IOP[36]. An increasing amount of evidence suggests a relationship between glaucoma and
degenerative diseases of the central nervous system[11,12,37-39]. Severe glaucomatous visual field defects are
associated with Alzheimer’s disease (AD) and Parkinson’s disease (PD)[40-42]. Moreover, studies have also
reported that systemic immune regulation is altered during glaucoma progression[4]. Thus, glaucoma may be
not only a local ocular disease but also a systemic regulatory mechanism involved in disease progression.

One of the purposes of this study was to explore the characteristics of circulating plasma sEVs and to
explain the mechanism underlying the systemic regulation of NTG. Interestingly, several neurodegenerative
disease-related pathways, especially those related to the biological process of mitochondrial dysfunction,
were enriched in the circulating plasma sEVs of NTG patients [Figure 2C and D]. We further confirmed
that the expression levels of mitochondrial coding genes were upregulated in circulating sEVs of NTG
patients [Figure 2E].

Interestingly, we also detected a high frequency of SNPs in the mitochondrial coding genes of NTG patients.
In this study, we used the IGV software to analyze the sequencing data of pooled samples from 20 patients
in each group, and we subsequently used the PolyPhen-2 software to predict the possibility of these SNPs
[Supplementary Figure 1], among which 2 mutations with high pathogenicity were found: m. C5178A (Leu-
> Met) and m. C5306T (Pro- > Leu). We speculated that these SNPs may contribute to NTG development
by mediating mitochondrial dysfunction, but further studies are needed to prove this hypothesis in the
future.

Numerous previous studies have shown that mitochondrial dysfunction is involved in neurodegenerative
diseases of the central nervous system[43-46]. Mitochondrial dysfunction triggers programmed axon death[13];
mitochondrial DNA mutation is related to tumorigenesis via mitochondrial dysfunction[47]. A previous

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/evcna5045-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/evcna5045-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202408/evcna5045-SupplementaryMaterials.pdf
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Table 2. Relation between let-7b-5p expression levels and the clinicopathologic characteristic of NTG patients

    Exosomal miRNA grade (log2FC)
    Variable

    Low (n = 28)     High (n = 22)
    P value

    Age, years (SD)     54.96 (14.01)     42.50 (14.11)     0.0031

    Sex (M:F)     15:13     14:8     0.474

    MD (SD)     -9.323 (7.849)     -5.876 (6.536)     0.0106

    PSD (SD)     6.311 (3.178)     4.534 (3.351)     0.0147

    VFI (SD)     77.91 (25.76)     85.80 (24.84)     0.0052

    RNFL (SD)     65.59 (26.57)     92.45 (34.54)     0.0056

NTG: Normal tension glaucoma; SD: standard deviation; MD: mean deviation; PSD: pattern standard deviation; VFI: visual field index; RNFL: retinal 
nerve fiber layer.

Figure 6. The plasma sEVs let-7b-5p level is a significant diagnostic factor in severe NTG patients. (A) According to the MD value, we 
stratified the NTG patients into two groups. The relative expression levels of let-7b-5p in the two groups. Data are represented as the 
mean ± SEM; (B) ROC curve analysis was performed to analyze the ability of let-7b-5p in terms of evaluating the severity of NTG. sEVs: 
Small extracellular vesicles; NTG: normal tension glaucoma; MD: mean deviation; SEM: standard error of mean; ROC: receiver operating 
characteristic.

study also demonstrated that mitochondrial proteins were enriched in the plasma sEVs of patients[48]. 
Combining this evidence with our findings, we propose that the development of NTG is correlated with 
mitochondrial dysfunction and that the disease characteristics can be detected in circulating plasma sEVs.

Integrating findings from recent studies on lncRNA regulation, exosomal biomarkers, and peripheral nerve 
regeneration offers deeper insights into the potential of exosomal let-7b-5p as a biomarker for NTG. 
Mancheng et al. emphasized the critical role of lncRNAs in metastasis through processes such as epithelial-
mesenchymal transition (EMT)[49]. Similarly, the regulation of sEVs miRNAs, like let-7b-5p, could influence 
cellular mechanisms in NTG, potentially affecting disease progression. Furthermore, the therapeutic 
potential of exosomes is highlighted by their ability to enhance nerve regeneration[50], underscoring the 
broader applicability of sEVs RNA in clinical settings and suggesting that sEVs let-7b-5p might also have 
therapeutic implications for NTG by reflecting mitochondrial dysfunction. Additionally, the utility of 
exosome profiling in the early diagnosis and treatment of cancer supports our findings that sEVs let-7b-5p 
levels correlate with NTG progression, endorsing its potential as a noninvasive diagnostic biomarker[51].
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In fact, up to half of RGCs degenerate when diagnosed clinically[14], reinforcing that early diagnosis is 
urgent. Unfortunately, there are no useful noninvasive body fluid-based biomarkers for the early diagnosis 
and prognosis of ocular diseases thus far. Another purpose of this study was to identify a noninvasive and 
easy-to-use clinical biomarker that can be used for early diagnosis and large-scale population screening.

Therefore, we explored a noninvasive biopsy biomarker based on plasma sEVs and identified the miRNA 
let-7b-5p, which can be used as a biomarker for NTG diagnosis or monitoring disease progression 
[Figures 4-6]. Most studies have focused on miRNAs because they are enriched in sEVs and may also be 
easy to detect[52,53]. Our study also demonstrated that miRNAs were enriched in the plasma sEVs of NTG 
patients [Figure 3]. Among the differentially expressed miRNAs identified via high-throughput small RNA 
sequencing of the plasma sEVs, we identified and verified that the expression levels of let-7b-5p were 
downregulated in NTG patients, which is consistent with the sequencing results [Figures 4 and 5].

To consider the influence of age on the relationship between NTG and cataracts, we further compared 
patients with PRK as the young controls with patients with age-related cataracts who were older than the 
NTG patients. The results revealed that there was no difference in the expression levels of let-7b-5p between 
cataract patients and patients with PRK, but let-7b-5p expression was significantly decreased in patients 
with NTG [Figure 5]. To further verify the specificity of this method in NTG patients, we also determined 
that the plasma sEVs let-7b-5p levels were slightly higher in patients with other ocular diseases than in those 
with cataracts [Figure 5]. In addition, we found that decreased levels of let-7b-5p were correlated with visual 
field defects [Figure 6 and Table 2], suggesting that it can be useful for monitoring disease progression in 
NTG patients. Overall, combining the expression levels of mitochondrial coding genes and let-7b-5p in 
circulating plasma sEVs can be a reliable and promising noninvasive biomarker for NTG diagnosis and 
prognosis.

Limitations of this study include the lack of healthy controls because of difficulties in ethics and informed 
consent, and multicenter and prospective research is needed for future studies. In addition, we considered 
that proteomic analysis would provide more information about the sEVs signature, probably favoring the 
progression of disease pathology. From a clinical application perspective, it is also necessary to establish 
standardized operating procedures and technical training for the extraction, identification, and quantitative 
analysis of EVs.

The molecules released by diseased eye cells are present at extremely low levels in the circulating blood, so it 
is difficult to detect their signals and accurately quantify them. For this reason, noninvasive biopsy-based 
biomarkers for ocular diseases are difficult for researchers and clinicians to recognize. Nevertheless, 
researchers have explored the potential of peripheral blood-based biomarkers[22]. Our previous studies have 
also reported plasma-based biomarkers for ocular diseases such as glaucoma and uveitis[54,55]. Research 
suggests that POAG and NTG accompany systemic symptoms such as the central neurodegenerative 
diseases AD and PD[10,12,41,56]. Therefore, the molecules found in circulating blood may come not only from 
ocular cells but also from the central nervous system.

On the other hand, sEVs have more advantages in noninvasive body fluid biomarker applications; for 
example, the detected molecules not only originate from diseased ocular cells but are also products after 
reactions through paracrine and endocrine mechanisms[57]. Moreover, sEVs contain molecules (RNA, DNA, 
and protein) that are more stable than free molecules in blood because the bilayer lipid membrane can 
prevent their degradation[58,59]. In this study, we pooled 200 μL plasma of each patient for high-throughput 
sequencing, and then validated the expression levels of candidate biomarkers at the individual level. We 
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believe that the application of sEVs biomarkers for noninvasive and efficient detection of disease has good 
prospects.

In summary, our novel study of circulating plasma sEVs provides new insight into neurodegenerative 
disease research on glaucomatous optic neuropathy. Profiling circulating plasma sEVs when fresh 
pathological retina or optic nerve tissues cannot be obtained is helpful for understanding the characteristics 
or systemic regulation of fundus diseases, and detection of sEVs mitochondrial coding genes and let-7b-5p 
in circulating plasma is a useful strategy for noninvasive early diagnosis or the monitoring of disease 
progression in NTG patients.

DECLARATIONS
Acknowledgments
The authors thank Dr De-Wei Peng and Dr Xiao-Bo Zhang for statistical assistance and Dr Tong Li, Dr De-
Wei Peng, and Dr Xi-Yuan Liu for technical assistance.

Authors’ contributions
Designed the experiments: Chi ZL
Carried out the experiments: Xu SL, Li JH, Zhang WM, Xing HM, Ma H
Analyzed the data: Xu SL
Collected blood samples: Li JH, Fu MJ, Gong XH, Liang YB, Cui RZ, Wu RH
Drafted the manuscript: Xu SL, Chi ZL
All of the authors reviewed and approved the final manuscript.

Availability of data and materials
The data presented in this study are openly available in BioProject, the BioProject Accession number:
PRJCA015141.

Financial support and sponsorship
This research was supported by the National Natural Science Foundation of China under Grant No.
82271114, the Zhejiang Provincial Natural Science Foundation of China under Grant No. LZ22H120001, the
Zhejiang Province Medical and Health Science and Technology Program under Grant No. 2021KY807, the
High-Level Innovation Team Program of Wenzhou under Grant No. N/A, and the Basic Scientific Research
Projects of Wenzhou under Grant NO. Y2023810.

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics 
Committee of the Eye Hospital Affiliated with Wenzhou Medical University (2022-091-K-69). Written 
informed consent was obtained from all participants who did not receive any compensation or incentives 
for their involvement. The study was based on the relevant provisions of the Regulations on the 
Administration of Human Genetic Resources of the People’s Republic of China, and had passed the review 
of the Office of the Administration of Human Genetic Resources of China.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2024.



Page 453 Xu et al. Extracell Vesicles Circ Nucleic Acids 2024;5:438-54 https://dx.doi.org/10.20517/evcna.2024.45

REFERENCES
Jonas JB, Aung T, Bourne RR, Bron AM, Ritch R, Panda-Jonas S. Glaucoma. Lancet 2017;390:2183-93.  DOI  PubMed1.     
Pan Y, Suga A, Kimura I, et al. METTL23 mutation alters histone H3R17 methylation in normal-tension glaucoma. J Clin Invest 
2022;132:e153589.  DOI  PubMed  PMC

2.     

Zhao J, Solano MM, Oldenburg CE, et al. Prevalence of normal-tension glaucoma in the Chinese population: a systematic review and 
meta-analysis. Am J Ophthalmol 2019;199:101-10.  DOI  PubMed

3.     

Shen WC, Huang BQ, Yang J. Regulatory mechanisms of retinal ganglion cell death in normal tension glaucoma and potential 
therapies. Neural Regen Res 2023;18:87-93.  DOI  PubMed  PMC

4.     

Leung DYL, Tham CC. Normal-tension glaucoma: current concepts and approaches - a review. Clin Exp Ophthalmol 2022;50:247-59.  
DOI  PubMed

5.     

Kim JA, Lee SH, Son DH, et al. Morphologic changes in the lamina cribrosa upon intraocular pressure lowering in patients with 
normal tension glaucoma. Invest Ophthalmol Vis Sci 2022;63:23.  DOI  PubMed  PMC

6.     

Chang YH, Kang EY, Liu PK, et al. Photoreceptor manifestations of primary mitochondrial optic nerve disorders. Invest Ophthalmol 
Vis Sci 2022;63:5.  DOI  PubMed  PMC

7.     

Killer HE, Pircher A. Normal tension glaucoma: review of current understanding and mechanisms of the pathogenesis. Eye 
2018;32:924-30.  DOI  PubMed  PMC

8.     

Harris A, Gross J, Moore N, et al. The effects of antioxidants on ocular blood flow in patients with glaucoma. Acta Ophthalmol 
2018;96:e237-41.  DOI  PubMed

9.     

Sen S, Saxena R, Tripathi M, Vibha D, Dhiman R. Neurodegeneration in Alzheimer’s disease and glaucoma: overlaps and missing 
links. Eye 2020;34:1546-53.  DOI  PubMed  PMC

10.     

Hirooka K, Yamamoto T, Kiuchi Y. Dysfunction of axonal transport in normal-tension glaucoma: a biomarker of disease progression 
and a potential therapeutic target. Neural Regen Res 2021;16:506-7.  DOI  PubMed  PMC

11.     

Mullany S, Xiao L, Qassim A, et al. Normal-tension glaucoma is associated with cognitive impairment. Br J Ophthalmol 
2022;106:952-6.  DOI  PubMed  PMC

12.     

Merlini E, Coleman MP, Loreto A. Mitochondrial dysfunction as a trigger of programmed axon death. Trends Neurosci 2022;45:53-
63.  DOI  PubMed

13.     

Rowe S, MacLean CH, Shekelle PG. Preventing visual loss from chronic eye disease in primary care: scientific review. JAMA 
2004;291:1487-95.  DOI  PubMed

14.     

Welsh JA, Goberdhan DCI, O’Driscoll L, et al; MISEV Consortium. Minimal information for studies of extracellular vesicles 
(MISEV2023): from basic to advanced approaches. J Extracell Vesicles 2024;13:e12404.  DOI  PubMed  PMC

15.     

Fitz NF, Wang J, Kamboh MI, Koldamova R, Lefterov I. Small nucleolar RNAs in plasma extracellular vesicles and their 
discriminatory power as diagnostic biomarkers of Alzheimer’s disease. Neurobiol Dis 2021;159:105481.  DOI  PubMed  PMC

16.     

Vergauwen G, Tulkens J, Pinheiro C, et al. Robust sequential biophysical fractionation of blood plasma to study variations in the 
biomolecular landscape of systemically circulating extracellular vesicles across clinical conditions. J Extracell Vesicles 
2021;10:e12122.  DOI  PubMed  PMC

17.     

Leggio L, Paternò G, Vivarelli S, et al. Extracellular vesicles as novel diagnostic and prognostic biomarkers for Parkinson’s disease. 
Aging Dis 2021;12:1494-515.  DOI  PubMed  PMC

18.     

Mustapic M, Eitan E, Werner JK Jr, et al. Plasma extracellular vesicles enriched for neuronal origin: a potential window into brain 
pathologic processes. Front Neurosci 2017;11:278.  DOI  PubMed  PMC

19.     

Hubens WHG, Krauskopf J, Beckers HJM, Kleinjans JCS, Webers CAB, Gorgels TGMF. Small RNA sequencing of aqueous humor 
and plasma in patients with primary open-angle glaucoma. Invest Ophthalmol Vis Sci 2021;62:24.  DOI  PubMed  PMC

20.     

Budnik V, Ruiz-Cañada C, Wendler F. Extracellular vesicles round off communication in the nervous system. Nat Rev Neurosci 
2016;17:160-72.  DOI  PubMed  PMC

21.     

Dong Z, Gu H, Guo Q, et al. Profiling of serum exosome MiRNA reveals the potential of a MiRNA panel as diagnostic biomarker for 
Alzheimer’s disease. Mol Neurobiol 2021;58:3084-94.  DOI  PubMed

22.     

Shah R, Patel T, Freedman JE. Circulating extracellular vesicles in human disease. N Engl J Med 2018;379:958-66.  DOI  PubMed23.     
Maacha S, Bhat AA, Jimenez L, et al. Extracellular vesicles-mediated intercellular communication: roles in the tumor 
microenvironment and anti-cancer drug resistance. Mol Cancer 2019;18:55.  DOI  PubMed  PMC

24.     

Hill AF. Extracellular vesicles and neurodegenerative diseases. J Neurosci 2019;39:9269-73.  DOI  PubMed  PMC25.     
Kalluri R, LeBleu VS. The biology, function, and biomedical applications of exosomes. Science 2020;367:eaau6977.  DOI  PubMed  
PMC

26.     

Kapogiannis D, Mustapic M, Shardell MD, et al. Association of extracellular vesicle biomarkers with Alzheimer disease in the 
Baltimore longitudinal study of aging. JAMA Neurol 2019;76:1340-51.  DOI  PubMed  PMC

27.     

López-Pérez Ó, Sanz-Rubio D, Hernaiz A, et al. Cerebrospinal fluid and plasma small extracellular vesicles and miRNAs as 
biomarkers for prion diseases. Int J Mol Sci 2021;22:6822.  DOI  PubMed  PMC

28.     

Liu Y, Wang Y, Chen Y, et al. Discovery and validation of circulating Hsa-miR-210-3p as a potential biomarker for primary open-
angle glaucoma. Invest Ophthalmol Vis Sci 2019;60:2925-34.  DOI  PubMed

29.     

McKiernan J, Donovan MJ, O’Neill V, et al. A novel urine exosome gene expression assay to predict high-grade prostate cancer at 
initial biopsy. JAMA Oncol 2016;2:882-9.  DOI  PubMed

30.     

https://dx.doi.org/10.1016/s0140-6736(17)31469-1
http://www.ncbi.nlm.nih.gov/pubmed/28577860
https://dx.doi.org/10.1172/jci153589
http://www.ncbi.nlm.nih.gov/pubmed/36099048
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9621137
https://dx.doi.org/10.1016/j.ajo.2018.10.017
http://www.ncbi.nlm.nih.gov/pubmed/30352196
https://dx.doi.org/10.4103/1673-5374.344831
http://www.ncbi.nlm.nih.gov/pubmed/35799514
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9241424
https://dx.doi.org/10.1111/ceo.14043
http://www.ncbi.nlm.nih.gov/pubmed/35040248
https://dx.doi.org/10.1167/iovs.63.2.23
http://www.ncbi.nlm.nih.gov/pubmed/35147659
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8842709
https://dx.doi.org/10.1167/iovs.63.5.5
http://www.ncbi.nlm.nih.gov/pubmed/35506936
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9078049
https://dx.doi.org/10.1038/s41433-018-0042-2
http://www.ncbi.nlm.nih.gov/pubmed/29456252
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5944657
https://dx.doi.org/10.1111/aos.13530
http://www.ncbi.nlm.nih.gov/pubmed/28772005
https://dx.doi.org/10.1038/s41433-020-0836-x
http://www.ncbi.nlm.nih.gov/pubmed/32152519
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7608361
https://dx.doi.org/10.4103/1673-5374.293145
http://www.ncbi.nlm.nih.gov/pubmed/32985476
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7996034
https://dx.doi.org/10.1136/bjophthalmol-2020-317461
http://www.ncbi.nlm.nih.gov/pubmed/33781990
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9234418
https://dx.doi.org/10.1016/j.tins.2021.10.014
http://www.ncbi.nlm.nih.gov/pubmed/34852932
https://dx.doi.org/10.1001/jama.291.12.1487
http://www.ncbi.nlm.nih.gov/pubmed/15039416
https://dx.doi.org/10.1002/jev2.12404
http://www.ncbi.nlm.nih.gov/pubmed/38326288
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10850029
https://dx.doi.org/10.1016/j.nbd.2021.105481
http://www.ncbi.nlm.nih.gov/pubmed/34411703
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9382696
https://dx.doi.org/10.1002/jev2.12122
http://www.ncbi.nlm.nih.gov/pubmed/34429857
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8363909
https://dx.doi.org/10.14336/ad.2021.0527
http://www.ncbi.nlm.nih.gov/pubmed/34527424
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8407885
https://dx.doi.org/10.3389/fnins.2017.00278
http://www.ncbi.nlm.nih.gov/pubmed/28588440
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5439289
https://dx.doi.org/10.1167/iovs.62.7.24
http://www.ncbi.nlm.nih.gov/pubmed/34156425
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8237107
https://dx.doi.org/10.1038/nrn.2015.29
http://www.ncbi.nlm.nih.gov/pubmed/26891626
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4989863
https://dx.doi.org/10.1007/s12035-021-02323-y
http://www.ncbi.nlm.nih.gov/pubmed/33629272
https://dx.doi.org/10.1056/nejmc1813170
http://www.ncbi.nlm.nih.gov/pubmed/30485772
https://dx.doi.org/10.1186/s12943-019-0965-7
http://www.ncbi.nlm.nih.gov/pubmed/30925923
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6441157
https://dx.doi.org/10.1523/jneurosci.0147-18.2019
http://www.ncbi.nlm.nih.gov/pubmed/31748282
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6867808
https://dx.doi.org/10.1126/science.aau6977
http://www.ncbi.nlm.nih.gov/pubmed/32029601
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7717626
https://dx.doi.org/10.1001/jamaneurol.2019.2462
http://www.ncbi.nlm.nih.gov/pubmed/31305918
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6632160
https://dx.doi.org/10.3390/ijms22136822
http://www.ncbi.nlm.nih.gov/pubmed/34201940
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8268953
https://dx.doi.org/10.1167/iovs.19-26663
http://www.ncbi.nlm.nih.gov/pubmed/31284309
https://dx.doi.org/10.1001/jamaoncol.2016.0097
http://www.ncbi.nlm.nih.gov/pubmed/27032035


Xu et al. Extracell Vesicles Circ Nucleic Acids 2024;5:438-54 https://dx.doi.org/10.20517/evcna.2024.45 Page 454

McKiernan J, Donovan MJ, Margolis E, et al. A prospective adaptive utility trial to validate performance of a novel urine exosome 
gene expression assay to predict high-grade prostate cancer in patients with prostate-specific antigen 2-10 ng/ml at initial biopsy. Eur 
Urol 2018;74:731-8.  DOI  PubMed

31.     

Razeghinejad MR, Lee D. Managing normal tension glaucoma by lowering the intraocular pressure. Surv Ophthalmol 2019;64:111-6.  
DOI  PubMed

32.     

Huang X, Yuan T, Liang M, et al. Exosomal miR-1290 and miR-375 as prognostic markers in castration-resistant prostate cancer. Eur 
Urol 2015;67:33-41.  DOI  PubMed  PMC

33.     

Yuan T, Huang X, Woodcock M, et al. Plasma extracellular RNA profiles in healthy and cancer patients. Sci Rep 2016;6:19413.  DOI  
PubMed  PMC

34.     

Stein JD, Khawaja AP, Weizer JS. Glaucoma in adults-screening, diagnosis, and management: a review. JAMA 2021;325:164-74.  DOI  
PubMed

35.     

Chuangsuwanich T, Tun TA, Braeu FA, et al. Differing associations between optic nerve head strains and visual field loss in patients 
with normal- and high-tension glaucoma. Ophthalmology 2023;130:99-110.  DOI  PubMed

36.     

Sharif NA. Glaucomatous optic neuropathy treatment options: the promise of novel therapeutics, techniques and tools to help preserve 
vision. Neural Regen Res 2018;13:1145-50.  DOI  PubMed  PMC

37.     

Wareham LK, Calkins DJ. The neurovascular unit in glaucomatous neurodegeneration. Front Cell Dev Biol 2020;8:452.  DOI  
PubMed  PMC

38.     

Artero-Castro A, Rodriguez-Jimenez FJ, Jendelova P, VanderWall KB, Meyer JS, Erceg S. Glaucoma as a neurodegenerative disease 
caused by intrinsic vulnerability factors. Prog Neurobiol 2020;193:101817.  DOI  PubMed

39.     

Mancino R, Martucci A, Cesareo M, et al. Glaucoma and Alzheimer disease: one age-related neurodegenerative disease of the brain. 
Curr Neuropharmacol 2018;16:971-7.  DOI  PubMed  PMC

40.     

Wostyn P, Van Dam D, De Deyn PP. Alzheimer’s disease and glaucoma: look-alike neurodegenerative diseases. Alzheimers Dement 
2019;15:600-1.  DOI  PubMed

41.     

Gupta VB, Chitranshi N, den Haan J, et al. Retinal changes in Alzheimer’s disease- integrated prospects of imaging, functional and 
molecular advances. Prog Retin Eye Res 2021;82:100899.  DOI  PubMed

42.     

Verma M, Lizama BN, Chu CT. Excitotoxicity, calcium and mitochondria: a triad in synaptic neurodegeneration. Transl 
Neurodegener 2022;11:3.  DOI  PubMed  PMC

43.     

Du F, Yu Q, Yan S, et al. Gain of PITRM1 peptidase in cortical neurons affords protection of mitochondrial and synaptic function in 
an advanced age mouse model of Alzheimer’s disease. Aging Cell 2021;20:e13368.  DOI  PubMed  PMC

44.     

Siena A, Yuzawa JMC, Ramos AC, et al. Neonatal rotenone administration induces psychiatric disorder-like behavior and changes in 
mitochondrial biogenesis and synaptic proteins in adulthood. Mol Neurobiol 2021;58:3015-30.  DOI  PubMed

45.     

Han S, Zhang M, Jeong YY, Margolis DJ, Cai Q. The role of mitophagy in the regulation of mitochondrial energetic status in neurons. 
Autophagy 2021;17:4182-201.  DOI  PubMed  PMC

46.     

Lu J, Sharma LK, Bai Y. Implications of mitochondrial DNA mutations and mitochondrial dysfunction in tumorigenesis. Cell Res 
2009;19:802-15.  DOI  PubMed  PMC

47.     

Jang SC, Crescitelli R, Cvjetkovic A, et al. Mitochondrial protein enriched extracellular vesicles discovered in human melanoma 
tissues can be detected in patient plasma. J Extracell Vesicles 2019;8:1635420.  DOI  PubMed  PMC

48.     

Mancheng AD, Ossas U. How does lncRNA regulation impact cancer metastasis. Cancer Insight 2022;1:6.  DOI49.     
Hu T, Chang S, Qi F, et al. Neural grafts containing exosomes derived from Schwann cell-like cells promote peripheral nerve 
regeneration in rats. Burns Trauma 2023;11:tkad013.  DOI  PubMed  PMC

50.     

Guo W, Cai Y, Liu X, et al. Single-exosome profiling identifies ITGB3+ and ITGAM+ exosome subpopulations as promising early 
diagnostic biomarkers and therapeutic targets for colorectal cancer. Research 2023;6:0041.  DOI  PubMed  PMC

51.     

Yu B, Xiao M, Yang F, et al. MicroRNA-431-5p encapsulated in serum extracellular vesicles as a biomarker for proliferative diabetic 
retinopathy. Int J Biochem Cell Biol 2021;135:105975.  DOI  PubMed

52.     

Yang P, Song F, Yang X, et al. Exosomal microRNA signature acts as an efficient biomarker for non-invasive diagnosis of gallbladder 
carcinoma. iScience 2022;25:104816.  DOI  PubMed  PMC

53.     

Wang YQ, Dai XD, Ran Y, et al. Circulating S100A8/A9 levels reflect intraocular inflammation in uveitis patients. Ocul Immunol 
Inflamm 2020;28:133-41.  DOI  PubMed

54.     

Gan YJ, Fang AW, Liu C, et al. Elevated plasma levels of drebrin in glaucoma patients with neurodegeneration. Front Neurosci 
2019;13:326.  DOI  PubMed  PMC

55.     

Lee CS, Larson EB, Gibbons LE, et al. Associations between recent and established ophthalmic conditions and risk of Alzheimer’s 
disease. Alzheimers Dement 2019;15:34-41.  DOI  PubMed  PMC

56.     

Thompson AG, Gray E, Heman-Ackah SM, et al. Extracellular vesicles in neurodegenerative disease - pathogenesis to biomarkers. Nat 
Rev Neurol 2016;12:346-57.  DOI  PubMed

57.     

Pegtel DM, Gould SJ. Exosomes. Annu Rev Biochem 2019;88:487-514.  DOI  PubMed58.     
de Abreu RC, Fernandes H, da Costa Martins PA, Sahoo S, Emanueli C, Ferreira L. Native and bioengineered extracellular vesicles for 
cardiovascular therapeutics. Nat Rev Cardiol 2020;17:685-97.  DOI  PubMed  PMC

59.     

https://dx.doi.org/10.1016/j.eururo.2018.08.019
http://www.ncbi.nlm.nih.gov/pubmed/30237023
https://dx.doi.org/10.1016/j.survophthal.2018.07.003
http://www.ncbi.nlm.nih.gov/pubmed/30300624
https://dx.doi.org/10.1016/j.eururo.2014.07.035
http://www.ncbi.nlm.nih.gov/pubmed/25129854
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4252606
https://dx.doi.org/10.1038/srep19413
http://www.ncbi.nlm.nih.gov/pubmed/26786760
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4726401
https://dx.doi.org/10.1001/jama.2020.21899
http://www.ncbi.nlm.nih.gov/pubmed/33433580
https://dx.doi.org/10.1016/j.ophtha.2022.08.007
http://www.ncbi.nlm.nih.gov/pubmed/35964710
https://dx.doi.org/10.4103/1673-5374.235017
http://www.ncbi.nlm.nih.gov/pubmed/30028313
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6065230
https://dx.doi.org/10.3389/fcell.2020.00452
http://www.ncbi.nlm.nih.gov/pubmed/32656207
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7325980
https://dx.doi.org/10.1016/j.pneurobio.2020.101817
http://www.ncbi.nlm.nih.gov/pubmed/32360241
https://dx.doi.org/10.2174/1570159x16666171206144045
http://www.ncbi.nlm.nih.gov/pubmed/29210654
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6120118
https://dx.doi.org/10.1016/j.jalz.2018.12.012
http://www.ncbi.nlm.nih.gov/pubmed/30713020
https://dx.doi.org/10.1016/j.preteyeres.2020.100899
http://www.ncbi.nlm.nih.gov/pubmed/32890742
https://dx.doi.org/10.1186/s40035-021-00278-7
http://www.ncbi.nlm.nih.gov/pubmed/35078537
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8788129
https://dx.doi.org/10.1111/acel.13368
http://www.ncbi.nlm.nih.gov/pubmed/33951271
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8135081
https://dx.doi.org/10.1007/s12035-021-02317-w
http://www.ncbi.nlm.nih.gov/pubmed/33608825
https://dx.doi.org/10.1080/15548627.2021.1907167
http://www.ncbi.nlm.nih.gov/pubmed/33757395
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8726713
https://dx.doi.org/10.1038/cr.2009.69
http://www.ncbi.nlm.nih.gov/pubmed/19532122
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4710094
https://dx.doi.org/10.1080/20013078.2019.1635420
http://www.ncbi.nlm.nih.gov/pubmed/31497264
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6719261
https://dx.doi.org/10.58567/ci01010002
https://dx.doi.org/10.1093/burnst/tkad013
http://www.ncbi.nlm.nih.gov/pubmed/37122841
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10141455
https://dx.doi.org/10.34133/research.0041
http://www.ncbi.nlm.nih.gov/pubmed/37040507
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10076010
https://dx.doi.org/10.1016/j.biocel.2021.105975
http://www.ncbi.nlm.nih.gov/pubmed/33838342
https://dx.doi.org/10.1016/j.isci.2022.104816
http://www.ncbi.nlm.nih.gov/pubmed/36043050
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9420508
https://dx.doi.org/10.1080/09273948.2018.1538461
http://www.ncbi.nlm.nih.gov/pubmed/30395736
https://dx.doi.org/10.3389/fnins.2019.00326
http://www.ncbi.nlm.nih.gov/pubmed/31001081
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6456690
https://dx.doi.org/10.1016/j.jalz.2018.06.2856
http://www.ncbi.nlm.nih.gov/pubmed/30098888
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6333518
https://dx.doi.org/10.1038/nrneurol.2016.68
http://www.ncbi.nlm.nih.gov/pubmed/27174238
https://dx.doi.org/10.1146/annurev-biochem-013118-111902
http://www.ncbi.nlm.nih.gov/pubmed/31220978
https://dx.doi.org/10.1038/s41569-020-0389-5
http://www.ncbi.nlm.nih.gov/pubmed/32483304
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7874903

