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Purpose: Attenuated endothelium glycocalyx had been shown to be  related 
to vascular damage during diabetic retinopathy (DR). Syndecans were pivotal 
components of retinal glycocalyx, which could be released from the endothelial 
surface by a highly regulated proteolytic cleavage. Thus, in the present study, 
we  tested for the associations between diabetic retinal vascular injuries, as 
evidenced by optical coherence tomography angiography (OCTA) metrics, and 
levels of syndecan-1 and syndecan-4 in the aqueous humor of diabetic patients.
Methods: A prospectively designed cross-sectional study. The study enrolled 14 
patients (16 eyes) with DR, 8 patients (10 eyes) with diabetes mellitus (DM) but no 
DR (NDR), and 16 patients (20 eyes) without DM (NDM). All participants underwent 
an OCTA scan with a 3 × 3 mm pattern. The images were meticulously binarized 
for quantification. OCTA metrics of perfusion density (PD) were calculated after 
large vessels were separated from capillaries by a rigorous automatic algorithm. 
All vessels PD (PDall), large vessels PD (PDlarge), and capillaries PD (PDcap) were 
calculated, respectively. Additionally, the concentrations of syndecans were 
measured using the highly sensitive Luminex Multiplex Immunoassay, ensuring 
the accuracy and reliability of the results.
Results: The aqueous humor level of syndecan-1 in DR (298.500 ± 106.900 pg./
mL) group was significantly higher than that in NDR (193.800 ± 51.920 pg./mL) and 
NDM (181.900 ± 42.580 pg./mL) group (both p < 0.05). For syndecan-4, the level 
in aqueous humor in DR (83.270 ± 19.180 pg./mL) group was significantly lower 
than that in NDR (110.300 ± 13.720 pg./mL) and NDM (116.900 ± 40.570 pg./
mL) group (both p < 0.05). But the differences of syndecan-1 and syndecan-4 
had no statistical significance between NDM and NDR group (both p > 0.05). 
About the OCTA metrics, the PDall in DR (37.840 ± 3.552) group was significantly 
lower than that in NDR (42.760 ± 2.633) and NDM (46.460 ± 2.201) group (both 
p < 0.05). For the PDlarge, the value in DR (15.940 ± 4.094) group was significantly 
higher than that in NDR (12.600 ± 3.179) and NDM (11.850 ± 2.565) group (both 
p < 0.05). And the PDcap in DR (21.900 ± 4.581) group was significantly lower than 
that in NDR (30.150 ± 2.521) and NDM (31.820 ± 2.535) group (both p < 0.05). But 
the differences of PDall, PDlarge, and PDcap had no statistical significance between 
NDM and NDR group (both p > 0.05). The results showed that syndecan-1 level 
in aqueous humor was negatively correlated with PDall (r = −0.5499, p < 0.0001), 
PDcap (r  = −0.4938, p  = 0.0005). However, syndecan-4 level in aqueous 
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humor was positively correlated with PDall (r  = 0.3149, p  = 0.0330), PDcap 
(r = 0.3470, p = 0.0181). There were no correlation between syndecan-1 and 
syndecan-4 with PDlarge (both p > 0.05). ROC analysis showed that syndecan-1 
(AUC = 0.8188, p  = 0.0072), syndecan-4 (AUC = 0.8750, p  = 0.0016), PDall 
(AUC = 0.8563, p  = 0.0027), PDlarge (AUC = 0.7625, p  = 0.0269), and PDcap 
(AUC = 0.9375, p = 0.0002) all demonstrated good diagnostic performance for 
DR. The combination of all indicators for diagnosing DR achieved an AUC of 
0.9750, p < 0.0001.
Conclusion: The differential expression of syndecan-1 and syndecan-4 was 
observed in the aqueous humor of DR patients, with syndecan-1 being up-
regulated and syndecan-4 down-regulated. As DR progresses, retinal large 
vessel PD showed an increasing trend, while capillaries PD decreased. Moreover, 
both syndecan-1 and syndecan-4 exhibited correlations with retinal capillaries 
PD. Syndecan-1, syndecan-4 and OCTA parameters had demonstrated 
excellent diagnostic efficacy for DR. These results not only expanded the range 
of potential biomarkers for detecting DR but also provide support for the future 
development of novel therapeutic targets for this condition.
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Introduction

Diabetic retinopathy (DR) is one of the common microvascular 
complications of diabetes mellitus (DM) and the main cause of 
preventable blindness in the working-age population (1, 2). The 
International Diabetes Federation estimates that by 2045, the number 
of DM patients worldwide will reach 700 million and the number of 
DR patients will increase to 160.5 million (3). More and more evidence 
indicates that inflammation and angiogenesis are important factors in 
the occurrence and development of DR, and retinal inflammation 
persists from the early stage of DR to the terminal stage that endangers 
vision (4–7). The interaction of multiple biological factors such as 
inflammatory cytokines, chemokines, adhesion molecules, and 
vascular endothelial growth factor (VEGF) forms a complex molecular 
network, which spreads the pathological cascade of inflammation and 
angiogenesis in DR (6–9). The current treatment methods for DR are 
mainly used in the advanced stage of the disease. Therefore, it is 
necessary to seek new targets to identify the initial stage of DR and 
monitor the effect of applied treatments.

The value of biomarkers in understanding the pathogenesis of DR 
and developing treatment methods has been well illustrated in the 
identification of VEGF in intraocular fluid during diabetic macular 
edema (DME) and proliferative diabetic retinopathy (PDR). This 
enables us to understand the role of VEGF in retinal leakage, 
inflammation and angiogenesis, and subsequently anti-VEGF drugs 
are developed for clinical practice (5). Systemic biomarkers of DM, 
such as disease duration, poor glycemic control, elevated blood 
pressure and lipid levels, are related factors, but they cannot determine 
the deterioration of DR. Therefore, it is crucial to be able to identify 
the severity and dynamic changes of retinopathy at different stages of 
DR and link their occurrence to any stage of progression from DR to 
vision-threatening DR (10, 11). Seeking new biomarkers for the early 
identification of individuals with an increased risk of microvascular 
complications in DM may provide better opportunities for the timely 
implementation of effective therapeutic interventions (5, 12). With the 

continuous advancement of research on DR, the roles of various 
biological factors in the vitreous and/or aqueous humor in the 
pathogenesis, progression, and treatment of the disease have garnered 
increasing attention. To date, researchers have identified a number of 
widely recognized biomarkers closely associated with DR, such as 
inflammatory cytokines, chemokines, adhesion molecules, and 
vascular growth factors (4). Analysis of the vitreous and/or aqueous 
humor will enable the characterization of the intraocular phenotype 
in individuals with DM and aid in identifying those at risk of 
developing ocular complications or disease progression. Liquid biopsy 
using ocular fluids will help identify reliable biomarkers, which can 
be used to monitor drug responses or tailor treatment strategies in a 
personalized manner (13). In addition, changes in the retinal 
microvasculature have been demonstrated to occur prior to the 
appearance of pathological features such as microaneurysms or 
hemorrhages, providing prognostic value for predicting DR (5). 
Optical coherence tomography angiography (OCTA), as a novel, 
non-invasive, three-dimensional imaging modality, can detect changes 
across retinal layers in DR, assess the effects of various treatments on 
the retinal microvasculature, and evaluate correlations between 
functional levels and anatomical and vascular metrics (14). More and 
more studies indicate that OCTA is capable of quantitatively 
evaluating DR and its complications, even prior to the onset of 
clinically visible lesions (14–16). In both clinical applications and DR 
research, OCTA can identify promising and sensitive biomarkers 
under various imaging modes, providing new insights into early-stage 
pathophysiology and supporting therapeutic screening for DR (14).

Hyperglycemia induces vascular dysfunction, inflammation, and 
neurodegeneration in the retina. Collectively, these processes cause 
endothelial cell injury and disrupt the blood-retinal barrier (BRB), 
ultimately leading to the formation of acellular capillaries and edema 
in the retinal vasculature. The resulting vascular damage promotes 
ischemia and pathological neovascularization, which exacerbates the 
severity of DR and can eventually lead to vision impairment (17). The 
glycocalyx serves as a critical regulator of vascular permeability, and 

https://doi.org/10.3389/fmed.2025.1712044
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Ma et al.� 10.3389/fmed.2025.1712044

Frontiers in Medicine 03 frontiersin.org

its loss contributes to increased microvascular permeability, leukocyte 
adhesion, and capillary occlusion, thereby promoting the progression 
of DR (17–21). Syndecans, a major component of the glycocalyx, 
belong to the heparan sulfate proteoglycan (HSPG) superfamily. They 
are transmembrane glycoproteins widely expressed across species and 
consist of four members (syndecan-1, -2, -3, -4), each exhibiting 
different functions and expression profiles (22, 23). These proteins 
play important roles in cell adhesion, migration, as well as growth 
factor interaction and signaling (22, 24, 25). Syndecans have a short 
cytoplasmic domain, a single transmembrane domain, and a large 
extracellular core protein to which glycosaminoglycan chains—
primarily heparan sulfate—are attached. The core proteins of 
syndecans are believed to confer unique binding capabilities and 
participate in specific protein–protein interactions, thereby 
determining the functional specificity of various syndecans-dependent 
biological processes (26, 27). Under physiological conditions, the 
extracellular domains of syndecans undergo a certain degree of 
constitutive shedding. However, in response to specific stimuli, this 
shedding process can be markedly enhanced. The released soluble 
ectodomains can function as paracrine or autocrine effectors, 
mediating intercellular signaling and regulatory functions (23, 24, 28). 
The shedding of syndecans have been demonstrated to regulate 
numerous pathophysiological processes, including inflammation, 
tissue repair, and cancer cell proliferation. Tissue injury is 
accompanied by cellular stress, the accumulation of leukocyte-derived 
proteases (such as thrombin, plasmin, and elastase), and the release of 
growth factors, each of which can accelerate syndecans shedding. As 
a result, shed syndecans ectodomains are detected in inflammatory 
fluids, where they are believed to maintain the balance of proteolytic 
activity and growth factor signaling, thereby modulating the 
inflammatory response (20, 24). The serum levels of shed soluble 
syndecan-1 and syndecan-4 have been proven to be associated with 
various diseases, such as sepsis, ischemia–reperfusion injury, multiple 
types of cancer, pneumonia, and heart failure (24). However, studies 
on the relationship between syndecans and ocular diseases are 
rarely reported.

Based on this rationale, we have designed this prospective cross-
sectional study to investigate the association between syndecan-1 and 
syndecan-4 with DR, with the goal of identifying novel biomarkers for 
the early detection of individuals at increased risk of DR. This may 
ultimately facilitate the timely implementation of effective 
therapeutic interventions.

Materials and methods

Demographics

This study was a prospectively designed cross-sectional 
investigation. The study subjects were selected from patients who 
visited the Department of Ophthalmology at the First Affiliated 
Hospital of Xi’an Jiaotong University between February 2020 and 
March 2021. After clinical evaluation, these patients required surgical 
interventions including phacoemulsification with intraocular lens 
implantation for age-related cataract, intravitreal pharmacologic 
injections for DME, or combined phacoemulsification with intraocular 
lens implantation and intravitreal injection based on their specific 
conditions. According to the diagnostic criteria established by the 

American Academy of Ophthalmology (29), the participants were 
categorized into three groups: non-DM group (NDM), non-DR group 
(NDR), and DR group (DR), which included both non-proliferative 
and proliferative stages. Exclusion criteria: (1) Presence of systemic 
diseases other than type 2 DM, such as nephropathy, ketoacidosis, 
hyperosmolar coma, or other major systemic disorders; (2) Ocular 
diseases other than cataracts and DR; (3) Previous history of intraocular 
injection therapy; (4) Inability to cooperate with ophthalmic 
examinations; (5) History of ocular trauma. This study was conducted 
in accordance with the principles of the Declaration of Helsinki and 
was approved by the Institutional Review Board of the First Affiliated 
Hospital of Xi’an Jiaotong University. Written informed consent was 
obtained from all participants prior to their enrollment in the study.

Ophthalmic examination

All subjects received a comprehensive ophthalmic examination, 
including the visual acuity, intraocular pressure with a non-contact 
tonometer, anterior segment, and fundus examination with slit-
lamp biomicroscope.

Image acquisition

Zeiss OCTA (Cirrus 5000 HD-OCT, Dublin, Germany) was used 
to obtain the retinal vascular images. En face images of a 3 × 3 mm 
scan of superficial capillary plexus (SCP, automatically segmented 
from the internal limiting membrane to the defined boundary of the 
inner plexiform layer) were obtained by the AngioPlex software 
(Cirrus 11.1). Perfusion density (PD, defined as the percentage of the 
vessels within 1 mm-3 mm ring centered on the fovea, based on 
vascular binarized images) of the retinal all vessels and large vessels 
were generated separately with the automatic algorithm developed by 
our group (30). Then, all vessels PD (PDall), large vessels PD (PDlarge), 
and capillaries PD (PDcap) were calculated, respectively (Figure 1).

Collection of aqueous humor and analysis 
of syndecan-1 and syndecan-4

0.1 mL of aqueous humor was obtained by limbal paracentesis 
immediately before either phacoemulsification or an intravitreal 
injection was performed. The aqueous humor was stored at −80 °C 
immediately after collection with a labeled Eppendorf tube. According 
to the manufacturer’s protocol, the syndecan-1 and syndecan-4 levels 
were measured by suspension array technology with Luminex 200 
(LXSAHM-13, R&D Systems, Minneapolis, MN, United States). The 
combined ease of use, high reproducibility, quantification, and 
sensitivity of multiplex microsphere assay using the Luminex 
technology make it a valuable technique for everyday performance 
and an emerging tool for translational and clinical research.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 10.1.2 
(GraphPad, San Diego, CA, United States) and SPSS 22.0 (IBM Corp, 
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Armonk, NY). Measurement data are presented as mean ± standard 
deviation (SD). The normality of the data was assessed using the 
Shapiro–Wilk test. Depending on whether the data followed a normal 
distribution and whether the variances were homogeneous, the 
following tests were applied: one-way ANOVA with Tukey’s post hoc 
test, Brown-Forsythe test with Dunnett’s post hoc test, or the Kruskal-
Wallis test with Dunn’s post hoc test. Spearman correlation analysis 
was used for non-normally distributed variables. The χ2 test was used 
to compare categorical data. Diagnostic performance was evaluated 
using receiver operating characteristic (ROC) curve analysis. A p value 
< 0.05 was considered statistically significant.

Results

Demographic data

A total of 20 eyes from 16 patients of NDM group, 10 eyes from 8 
patients of NDR group, and 16 eyes from 14 patients of DR group were 
included in the analysis. There were no statistically significant 
differences in age (p  = 0.2331), gender (p  = 0.3109), presence or 
absence of hypertension (p = 0.1365) among the three groups, and the 
duration of DM (p = 0.4216) among the NDR and DR group. Detailed 
information was shown in Table 1.

Comparison of syndecan-1 and 
syndecan-4 levels in aqueous humor

The concentrations of syndecan-1 and syndecan-4  in aqueous 
humor samples of the NDM, NDR, and DR groups were detected by 
the Luminex liquid suspension chips. The syndecan-1 level in the 
NDM, NDR, and DR were 181.886 ± 42.577 pg./mL, 
193.764 ± 51.917 pg./mL, and 298.521 ± 106.858 pg./mL, respectively. 
For syndecan-4, the levels in these three groups were 
116.939 ± 40.571 pg./mL, 110.269 ± 13.716 pg./mL, and 
83.266 ± 19.180 pg./mL, respectively (Figure 2). The differences of 

syndecan-1 (p = 0.0009) and syndecan-4 (p = 0.0010) among these 
three groups were statistically significant. The differences of 
syndecan-1 (p > 0.9999) and syndecan-4 (p > 0.9999) had no statistical 
significance between NDM and NDR. However, there were statistical 
differences between NDR and DR (p = 0.0166 for syndecan-1, 
p = 0.0047 for syndecan-4) and NDM and DR (p = 0.0013 for 
syndecan-1, p = 0.0044 for syndecan-4).

OCTA metrics and the comparison results

In this study, the changes in OCTA metrics were categorized as all 
vessels PD (PDall), large vessels PD (PDlarge), and capillaries PD (PDcap). 
All the OCTA metrics have statistical significance among these three 
groups, especially between NDM and DR, while there was no 
significant difference between NDM and NDR. Details were shown in 
Figure 3. The PDall in the NDM, NDR, and DR were 43.662 ± 2.201, 
42.756 ± 2.633 and 37.837 ± 3.548, respectively. For the PDlarge, in 
these three groups were 11.846 ± 2.565, 12.603 ± 3.179 and 
15.942 ± 4.094, respectively. And the PDcap in the NDM, NDR, and DR 
were 31.817 ± 2.535, 30.153 ± 2.521 and 21.896 ± 4.581, respectively. 
The differences of PDall (p < 0.0001), PDlarge (p = 0.0019) and PDcap 
(p < 0.0001) have significant differences among these three groups. 

FIGURE 1

Description of the processing of the en-face images obtained from OCTA (3 × 3 mm scan pattern-1,024 × 1,024 pixels, centered on the fovea). 
Calculation was performed within the ring between the two yellow circles (the diameter of the inner and outer circle were 1 mm and 3 mm, 
respectively). (A) Original image. (B) Binarized image of the superficial vasculature. (C) Binarized image of segmented retinal large vessels.

TABLE 1  Baseline characteristics of the study subjects in each group.

Characteristics NDM 
(n = 16)

NDR 
(n = 8)

DR 
(n = 14)

p

Age (y) 61.63 ± 12.48 68.38 ± 10.42 59.64 ± 10.84 0.2331a

Male gender (n) 11 3 7 0.3109b

Hypertension (n) 4 5 3 0.1365b

Duration of DM 9.50 ± 6.97 13.15 ± 7.93 0.4216c

aOne-way ANOVA test.
bChi-square test-Fisher’s exact test.
cMann–Whitney test.
NDM, Non-diabetic mellitus; NDR, No-diabetic retinopathy; DR, Diabetic retinopathy; DM, 
Diabetic mellitus.
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However, the difference between NDM and NDR have no statistical 
significance in PDall (p = 0.5038), PDlarge (p = 0.8247) and PDcap 
(p = 0.6441). Meanwhile, there were statistical differences between 
NDR and DR (p = 0.0037 for PDall, p = 0.0411 for PDlarge, p = 0.0051 
for PDcap) and NDM and DR (p < 0.0001 for PDall, p = 0.0017 for 
PDlarge, p < 0.0001 for PDcap).

Correlation analysis of syndecan-1 and 
syndecan-4 levels with OCTA metrics

Combined each person’s syndecans level in aqueous humor with 
the OCTA metrics, we found there were some relationships between 
them as shown in Figure 4. The results showed that syndecan-1 levels 
were negatively correlated with PDall (r = −0.5499, p < 0.0001), PDcap 
(r = −0.4938, p = 0.0005). The p value for syndecan-1 with PDlarge was 
0.2063, with no statistical significance. Compared with syndecan-1, 
the correlation of syndecan-4 levels in aqueous humor with OCTA 
metrics does not seem remarkable, syndecan-4 levels in aqueous 
humor were positively correlated with PDall (r = 0.3149, p = 0.0330), 
PDcap (r = 0.3470, p = 0.0181). The correlation of syndecan-4 with 
PDlarge was not significant because p value was 0.0596.

Analysis of the diagnostic efficacy of 
syndecans and OCTA metrics for DR

In further research, the diagnostic efficacy of syndecan-1, 
syndecan-4, and OCTA parameters for DR in DM patients were 
analyzed. The results showed that syndecan-1, syndecan-4, PDall, 
PDlarge, and PDcap all demonstrated good diagnostic performance for 
DR, with all p < 0.05. Details were shown in Table 2. Additionally, the 
combination of syndecan-1 and syndecan-4 for diagnosing DR 
achieved an AUC of 0.9188 (95% CI, 0.8041 to 1.000), p = 0.0004. The 
combination of PDall, PDlarge, and PDcap for diagnosing DR achieved an 
AUC of 0.9313 (95% CI, 0.8261 to 1.000), p = 0.0003. The combination 

of all indicators for diagnosing DR achieved an AUC of 0.9750 (95% 
CI, 0.9258 to 1.000), p < 0.0001, as shown in Figure 5.

Discussion

As far as we know, our study was the first to simultaneously report 
the expression levels of soluble syndecan-1 and syndecan-4 in the 
aqueous humor of DR patients. Our study utilized Luminex multiplex 
assay technology to detect the expression levels of syndecan-1 and 
syndecan-4  in the aqueous humor of the participants. The results 
showed that the level of syndecan-1 in the aqueous humor of NDR 
patients was higher than that in NDM patients, but not significantly 
(p > 0.05). And the level of syndecan-1 in the aqueous humor of DR 
patients was significantly higher than that in both NDR and NDM 
patients (both p < 0.05). Additionally, the level of syndecan-4 in the 
aqueous humor of NDR patients was lower than that in NDM patients, 
but not significantly (p > 0.05), while the level of syndecan-4 in the 
aqueous humor of DR patients was significantly lower than that in 
both NDR and No-DM patients (both p < 0.05). These findings 
suggest that soluble syndecan-1 and syndecan-4 may play distinct 
roles in the development and progression of DR.

Since the shedding of syndecans was specifically regulated under 
pathological conditions, the soluble extracellular domains of 
syndecans were used as biomarkers for various diseases. Syndecans 
shedding had been shown to modulate numerous pathophysiological 
processes, such as inflammation, tissue repair, and cancer cell 
proliferation. Tissue injury was accompanied by cellular stress, 
accumulation of leukocyte-derived proteases, and release of growth 
factors, each of which may accelerate syndecans shedding. 
Consequently, shed syndecans extracellular domains were found in 
inflammatory fluids and are believed to help maintain the balance of 
proteolysis and growth factors, as well as mediate inflammation (23–
25, 31, 32). The majority of research on soluble syndecans as 
biomarkers had focused on soluble syndecan-1. For instance, elevated 
levels of the syndecan-1 extracellular domain had been observed in 

FIGURE 2

The differential expression of syndecan-1 and syndecan-4 in aqueous humor in NDM, NDR, and DR. The concentration of syndecan-1 (A) and 
syndecan-4 (B) in aqueous humor. ns, no significant difference; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. NDM, Non-diabetic mellitus; NDR, 
No-diabetic retinopathy; DR, Diabetic retinopathy.
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the serum of patients with sepsis, ischemia–reperfusion injury, graft-
versus-host disease, and various cancers (24, 31). In contrast, soluble 
syndecan-4 in serum was primarily associated with pneumonia and 
heart failure. Furthermore, high serum levels of syndecan-4 had been 

identified as a significant predictor of heart failure in hypertensive 
patients, and syndecan-4 was also considered a suitable biomarker for 
adverse left ventricular remodeling in patients with dilated 
cardiomyopathy (24). Serum levels of both soluble syndecan-1 and 

FIGURE 3

The measured values and comparisons of OCTA metrics among NDM, NDR, and DR. All vessel PD (A), large vessel PD (B), and capillaries PD (C). ns, no 
significant difference; *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001. PD, perfusion density; NDM, Non-diabetic mellitus; NDR, No-diabetic 
retinopathy; DR, Diabetic retinopathy; OCTA, Optical coherence tomography angiography.

FIGURE 4

Scatter plots for correlation of aqueous humor syndecan-1 and syndecan-4 with OCTA metrics in NDM, NDR, and DR groups. The correlation of 
syndecan-1 with PDall (A), and PDcap (B). The correlation of syndecan-4 with PDall (C), and PDcap (D). PD, perfusion density.
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syndecan-4 had been demonstrated to be associated with a variety of 
diseases. Consequently, distinguishing the underlying causes of 
elevated syndecans levels in different patients to determine their 
potential disease associations remains a challenge. We analyzed the 
diagnostic efficacy of syndecan-1 and syndecan-4  in the aqueous 
humor, along with OCTA parameters, for DR. The results 
demonstrated that syndecan-1, syndecan-4, PDall, PDlarge, and 
PDcap all exhibited good diagnostic value for DR, with AUC values 
of 0.8188, 0.8750, 0.8563, 0.7625, and 0.9375, respectively (all 
p < 0.05). Furthermore, the combined diagnostic model integrating 
these indicators achieved an AUC of 0.9750 (p  < 0.0001). These 
findings suggested that a comprehensive evaluation incorporating the 
expression levels of aqueous humor syndecan-1 and syndecan-4, 
together with OCTA parameters, holder promise for diagnosing 
DR. Theoretically, syndecan-1 and syndecan-4 were feasible as 
diagnostic biomarkers for DR.

Syndecan-1 was the most well-characterized syndecan and seems 
to be involved in multiple endothelial-related physiological processes 
(22). As a widely expressed cell surface HSPG, syndecan-1 had been 
shown to be present in the corneal, limbal, and conjunctival epithelial 
cells, meibomian and lacrimal glands, as well as in the retina, retinal 

pigment epithelium, and choroid (33). Soluble (shed) syndecan-1 
actively promoted inflammation, angiogenesis, tumor cell growth, and 
metastasis (24, 28). Kaur et al. (17) founded that soluble syndecan-1 
was significantly increased in DM rats and treated rat retinal 
microvascular endothelial cells (RRMECs) with high glucose. They 
proposed that this increase could promote pathways related to 
inflammation, neuronal degradation, and neovascularization, 
ultimately driving disease progression. Furthermore, Abu El-Asrar 
et al. (28, 34, 35) reported that the level of soluble syndecan-1 in the 
vitreous of patients with proliferative diabetic retinopathy (PDR) was 
significantly higher than that in NDM patients. Their work also 
highlighted the roles of the heparinase/syndecan-1/VEGF axis and the 
calcium-binding protein S100A4/syndecan-1/VEGF axis in 
angiogenesis and progression within the PDR microenvironment. 
Additionally, Abu El-Asrar et al. (35) demonstrated that intervention 
with ADAMTS13 (a protease) in high glucose-treated, inflammation-
stimulated, and hypoxia-cultured human retinal microvascular 
endothelial cells (HRMECs) significantly reduced the elevated levels 
of soluble syndecan-1 in the culture medium. These findings suggest 
a protective role for ADAMTS13  in retinal endothelial barrier 
function. Wu et  al. (36) observed significantly higher levels of 
syndecan-1, PIGF, ANGPTL-4, VEGF, and IL-8 in the vitreous of PDR 
patients compared to NDM patients. They also found that VEGF 
levels significantly correlated with levels of syndecan-1, PIGF, and 
ANGPTL-4. The authors proposed that correlations exist among 
different angiogenic and inflammatory mediators, indicating 
interactive roles of these pathways in the pathogenesis of PDR. They 
further suggested that the ANGPTL4/MMP/syndecan-1/IL-8 axis 
might contribute to PDR progression, providing clues to 
understanding the link between angiogenesis and inflammation in 
PDR. Similarly, our previously published research alson had 
demonstrated the roles of aqueous humor ANGPTL4 and 
ANGPTL6 in DME (37). Future studies we will continue to explore 
the role of the ANGPTL4/syndecan-1/IL-8 axis in DR. Currently, 
reports on soluble syndecan-1 in ocular diseases were scarce. Our 
study indicated that syndecan-1 may promote inflammation and 
angiogenesis in the development and progression of DR. This 
undoubtedly enriched the understanding of the potential roles of 
soluble syndecan-1  in ocular diseases and provided evidence 
supporting the development of new therapeutic targets for DR.

Syndecan-4 was nearly ubiquitous and present in most nucleated 
cell types, though its expression levels were generally low (23). Kaur 
et  al. (17) treated RRMECs with high glucose and observed a 
significant increase in both syndecan-4 mRNA and protein expression 
levels. Li et al. (38) founded that the expression of the syndecan-4 
extracellular domain decreased in human umbilical vein endothelial 

TABLE 2  ROC analysis of syndecans and OCTA metrics in diagnosing DR in DM patients.

Parameters AUC AUC 95% 
CI

p Sensitivity (%) Specificity (%) Prediction 
threshold

Syndecan-1 0.8188 0.6508 to 0.9867 0.0072 87.50 70.00 192.03

Syndecan-4 0.8750 0.7378 to 1.000 0.0016 68.75 100.00 93.00

PDall 0.8563 0.7083 to 1.000 0.0027 93.75 70 41.09

PDlarge 0.7625 0.5688 to 0.9562 0.0269 62.5 90 15.53

PDcap 0.9375 0.8470 to 1.000 0.0002 81.25 100 25.56

AUC, Area under the curve; PD, perfusion density.

FIGURE 5

ROC curves for distinguishing DR from DM patients according to 
combine indicators. ROC, Receiver operator characteristic curve; 
AUC, Area under the curve; PD, perfusion density; DR, Diabetic 
retinopathy; DM, Diabetic mellitus.
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cells (HUVECs) treated with advanced glycation end products 
(AGEs), while the level of soluble syndecan-4 in the culture medium 
increased. In DM rats, plasma level of soluble syndecan-4 increased 
during the first week after AGE stimulation but decreased over time. 
The authors suggested that the initial rise in plasma syndecan-4 might 
reflect substantial shedding of syndecan-4 at the onset of DM, while 
the subsequent decline could indicate exhaustion after prolonged 
duration of the disease. Although soluble plasma syndecan-4 was not 
solely derived from the endothelium, changes in its concentration may 
signal underlying pathophysiological alterations. De Rossi et al. (39) 
demonstrated that retinal angiogenesis during development was 
unaffected in syndecan-4−/− mice. However, in models of oxygen-
induced retinopathy (OIR) and laser-induced choroidal 
neovascularization (CNV), pathological neovascularization was 
significantly reduced in the retinas of syndecan-4−/− mice, highlighting 
the necessity of syndecan-4 in promoting vascular growth in these two 
neovascular ocular disease models. The authors proposed that, at least 
in the context of neovascular ocular diseases, syndecan-4 expression 
positively correlates with newly formed, immature vessels during 
pathological angiogenesis in both mouse models and human 
neovascular disorders. In further studies, they evaluated the role of 
soluble syndecan-4  in anti-angiogenesis and found that it was 
comparable to Aflibercept in reducing pathological neovascularization, 
suggesting that soluble syndecan-4 may exert protective effects against 
aberrant vessel formation. To our knowledge, our study was the first 
to report that the level of syndecan-4 in the aqueous humor of DR 
patients was significantly lower than that in NDR and NDM patients. 
This finding suggested a potential protective role of soluble syndecan-4 
against neovascularization, enriching the understanding of its possible 
functions in ocular diseases. Meanwhile, it provided evidence 
supporting the development of new therapeutic targets for DR.

In further investigations, we analyzed the correlation between the 
levels of syndecan-1 and syndecan-4  in the aqueous humor and 
various OCTA parameters. First, an analysis of all vessels PD revealed 
that the PDall in NDR patients was lower than that in NDM patients, 
though not significantly (p > 0.05), DR patients exhibited a 
significantly lower PDall compared to both NDR and NDM patients 
(all p < 0.05). Our findings were consistent with previous studies (40, 
41), indicating a declining trend in macular vascular PDall with the 
progression of DR. Further analysis of large vessels and capillaries PD, 
showed, (1) PDlarge in NDR patients was higher than in NDM patients, 
though not significantly (p > 0.05), while DR patients had significantly 
higher PDlarge compared to both NDR and NDM patients (all p < 0.05); 
(2) PDcap in NDR patients was lower than in NDM patients, though 
not significantly (p > 0.05), whereas DR patients exhibited significantly 
lower PDcap compared to both NDR and NDM patients (all p < 0.05). 
Our results were consistent with previous studies (30, 42), 
demonstrating that with the progression of DR, large vessels PD 
tended to increase while capillaries PD decreased. Subsequently, 
we  analyzed the correlation between syndecan-1 and syndecan-4 
levels and OCTA parameters. The results revealed that syndecan-1 
level in the aqueous humor was negatively correlated with PDall 
(r = −0.5499, p < 0.0001) and PDcap (r = −0.4938, p = 0.0005), but 
showed no correlation with PDlarge (p > 0.05). In contrast, syndecan-4 
level was positively correlated with PDall (r = 0.3149, p = 0.0330) and 
PDcap (r = 0.3470, p = 0.0181), with no correlation observed with 
PDlarge (p > 0.05). Compared to PDlarge, PDcap more accurately reflected 

changes associated with syndecans, and the correlation between 
syndecan-1 level with PDcap was stronger. We  speculated that the 
stronger correlation between aqueous humor factors and PDcap may 
be due to the significantly higher PDcap relative to PDlarge in the same 
individual, regardless of the presence of DM or DR. Thus, syndecans 
level in the aqueous humor demonstrated moderate to strong 
correlations with PDcap. Regarding the stronger correlation between 
syndecan-1 level and PDcap compared to syndecan-4, we hypothesized 
that this may be due to inherent differences in the expression patterns 
of these two syndecans in the retina, leading to variations in their 
correlations with PDcap. In future studies, we  will plan to further 
investigate the underlying reasons for this disparity through cellular 
and animal experiments.

Our study also had several limitations. First, the relatively small 
sample size may have contributed to the lack of statistically significant 
differences in various parameters between the NDM and NDR groups, 
and the severity of DR was not classified in this study, resulting in the 
inability to clarify the differences between the different stages of 
DR. Second, we only analyzed the data within the 3 × 3 mm range of 
the macular area, resulting in the loss of peripheral retinal information. 
Finally, whether the differential expression of syndecan-1 and 
syndecan-4 in the aqueous humor was associated with the duration of 
DM remained unclear based on our current data. Future studies, 
particularly those involving animal models, could help elucidate 
this relationship.

Conclusion

In summary, our findings demonstrated differential expression of 
syndecan-1 and syndecan-4 in the aqueous humor of DR patients, 
with syndecan-1 being up-regulated and syndecan-4 down-regulated. 
As DR progresses, retinal large vessel PD showed an increasing trend, 
while capillaries PD decreased. Moreover, both syndecan-1 and 
syndecan-4 exhibited correlations with retinal capillaries PD. These 
results not only expanded the range of potential biomarkers for 
detecting DR but also provide support for the future development of 
novel therapeutic targets for this condition.

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be found in the article/supplementary material.

Ethics statement

The studies involving humans were approved by Institutional 
Review Board of the First Affiliated Hospital of Xi’an Jiaotong 
University. The studies were conducted in accordance with the local 
legislation and institutional requirements. The participants provided 
their written informed consent to participate in this study. Written 
informed consent was obtained from the individual(s) for the 
publication of any potentially identifiable images or data included in 
this article.

https://doi.org/10.3389/fmed.2025.1712044
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Ma et al.� 10.3389/fmed.2025.1712044

Frontiers in Medicine 09 frontiersin.org

Author contributions

JM: Writing  – original draft, Writing  – review & editing. YB: 
Writing – original draft, Writing – review & editing. YaQ: Writing – 
original draft, Writing  – review & editing. YuQ: Data curation, 
Writing – review & editing. LQ: Data curation, Supervision, Writing – 
review & editing. AX: Project administration, Supervision, Writing – 
review & editing. QL: Investigation, Supervision, Writing – review & 
editing. XX: Methodology, Software, Writing – review & editing. JLe: 
Project administration, Software, Supervision, Writing – review & 
editing. JLi: Funding acquisition, Methodology, Resources, Writing – 
review & editing. YH: Data curation, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This work was supported 
by National Natural Science Foundation of China (No. 82571233); Key 
Research and Development Program of Shaanxi Province (2024SF-
YBXM-322); Institutional Foundation of the First Affiliated Hospital 
of Xi’an Jiaotong University (No. 2024-MS-22).

Acknowledgments

The authors would like to thank all the patients and volunteers 
who participated in the study.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
	1.	Cheung N, Mitchell P, Wong TY. Diabetic retinopathy. Lancet. (2010) 376:124–36. 

doi: 10.1016/s0140-6736(09)62124-3

	2.	Tan TE, Wong TY. Diabetic retinopathy: looking forward to 2030. Front Endocrinol 
(Lausanne). (2022) 13:1077669. doi: 10.3389/fendo.2022.1077669

	3.	Teo ZL, Tham YC, Yu M, Chee ML, Rim TH, Cheung N, et al. Global prevalence 
of diabetic retinopathy and projection of burden through 2045: systematic review 
and Meta-analysis. Ophthalmology. (2021) 128:1580–91. doi: 
10.1016/j.ophtha.2021.04.027

	4.	Kaštelan S, Orešković I, Bišćan F, Kaštelan H, Gverović Antunica A. Inflammatory 
and angiogenic biomarkers in diabetic retinopathy. Biochem Med Zagreb. (2020) 
30:030502. doi: 10.11613/bm.2020.030502

	5.	Stitt AW, Curtis TM, Chen M, Medina RJ, McKay GJ, Jenkins A, et al. The progress 
in understanding and treatment of diabetic retinopathy. Prog Retin Eye Res. (2016) 
51:156–86. doi: 10.1016/j.preteyeres.2015.08.001

	6.	Youngblood H, Robinson R, Sharma A, Sharma S. Proteomic biomarkers of retinal 
inflammation in diabetic retinopathy. Int J Mol Sci. (2019) 20:4755. doi: 
10.3390/ijms20194755

	7.	Tang J, Kern TS. Inflammation in diabetic retinopathy. Prog Retin Eye Res. (2011) 
30:343–58. doi: 10.1016/j.preteyeres.2011.05.002

	8.	Uemura A, Fruttiger M, D'Amore PA, De Falco S, Joussen AM, Sennlaub F, et al. 
VEGFR1 signaling in retinal angiogenesis and microinflammation. Prog Retin Eye Res. 
(2021) 84:100954. doi: 10.1016/j.preteyeres.2021.100954

	9.	Yue T, Shi Y, Luo S, Weng J, Wu Y, Zheng X. The role of inflammation in immune 
system of diabetic retinopathy: molecular mechanisms, pathogenetic role and 
therapeutic implications. Front Immunol. (2022) 13:1055087. doi: 
10.3389/fimmu.2022.1055087

	10.	Cunha-Vaz J, Ribeiro L, Lobo C. Phenotypes and biomarkers of diabetic 
retinopathy. Prog Retin Eye Res. (2014) 41:90–111. doi: 10.1016/j.preteyeres.2014.03.003

	11.	Gong D, Fang L, Cai Y, Chong I, Guo J, Yan Z, et al. Development and evaluation 
of a risk prediction model for diabetes mellitus type 2 patients with vision-threatening 
diabetic retinopathy. Front Endocrinol (Lausanne). (2023) 14:1244601. doi: 
10.3389/fendo.2023.1244601

	12.	Chondrozoumakis G, Chatzimichail E, Habra O, Vounotrypidis E, Papanas N, 
Gatzioufas Z, et al. Retinal biomarkers in diabetic retinopathy: from early detection to 
personalized treatment. J Clin Med. (2025) 14:1343. doi: 10.3390/jcm14041343

	13.	Nawaz IM, Rezzola S, Cancarini A, Russo A, Costagliola C, Semeraro F, et al. 
Human vitreous in proliferative diabetic retinopathy: characterization and translational 
implications. Prog Retin Eye Res. (2019) 72:100756. doi: 10.1016/j.preteyeres.2019.03.002

	14.	Zhang Q, Gong D, Huang M, Zhu Z, Yang W, Ma G. Recent advances and 
applications of optical coherence tomography angiography in diabetic retinopathy. Front 
Endocrinol (Lausanne). (2025) 16:1438739. doi: 10.3389/fendo.2025.1438739

	15.	Waheed NK, Rosen RB, Jia Y, Munk MR, Huang D, Fawzi A, et al. Optical 
coherence tomography angiography in diabetic retinopathy. Prog Retin Eye Res. (2023) 
97:101206. doi: 10.1016/j.preteyeres.2023.101206

	16.	Suciu CI, Suciu VI, Nicoara SD. Optical coherence tomography (angiography) 
biomarkers in the assessment and monitoring of diabetic macular Edema. J Diabetes Res. 
(2020) 2020:1–10. doi: 10.1155/2020/6655021

	17.	Kaur G, Rogers J, Rashdan NA, Cruz-Topete D, Pattillo CB, Hartson SD, et al. 
Hyperglycemia-induced effects on glycocalyx components in the retina. Exp Eye Res. 
(2021) 213:108846. doi: 10.1016/j.exer.2021.108846

	18.	Alvarez IA, Lee M, Eshaq RS, Leskova W, Harris NR. High glucose induces 
oxidative stress that alters glycocalyx proteoglycan levels in primary rat retinal 
microvascular endothelial cells and in isolated ophthalmic arteries. Pathophysiology. 
(2024) 31:89–99. doi: 10.3390/pathophysiology31010007

	19.	Machin DR, Sabouri M, Zheng X, Donato AJ. Therapeutic strategies targeting the 
endothelial glycocalyx. Curr Opin Clin Nutr Metab Care. (2023) 26:543–50. doi: 
10.1097/mco.0000000000000973

	20.	Haymet AB, Bartnikowski N, Wood ES, Vallely MP, McBride A, Yacoub S, et al. 
Studying the endothelial glycocalyx in vitro: what is missing? Front Cardiovasc Med. 
(2021) 8:647086. doi: 10.3389/fcvm.2021.647086

	21.	Reitsma S, Slaaf DW, Vink H, van Zandvoort MA, oude Egbrink MG. The 
endothelial glycocalyx: composition, functions, and visualization. Pflugers Arch. (2007) 
454:345–59. doi: 10.1007/s00424-007-0212-8

	22.	De Rossi G, Whiteford JR. Syndecans in angiogenesis and endothelial cell biology. 
Biochem Soc Trans. (2014) 42:1643–6. doi: 10.1042/bst20140232

	23.	Gopal S, Arokiasamy S, Pataki C, Whiteford JR, Couchman JR. Syndecan 
receptors: pericellular regulators in development and inflammatory disease. Open Biol. 
(2021) 11:200377. doi: 10.1098/rsob.200377

	24.	Bertrand J, Bollmann M. Soluble syndecans: biomarkers for diseases and 
therapeutic options. Br J Pharmacol. (2019) 176:67–81. doi: 10.1111/bph.14397

https://doi.org/10.3389/fmed.2025.1712044
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/s0140-6736(09)62124-3
https://doi.org/10.3389/fendo.2022.1077669
https://doi.org/10.1016/j.ophtha.2021.04.027
https://doi.org/10.11613/bm.2020.030502
https://doi.org/10.1016/j.preteyeres.2015.08.001
https://doi.org/10.3390/ijms20194755
https://doi.org/10.1016/j.preteyeres.2011.05.002
https://doi.org/10.1016/j.preteyeres.2021.100954
https://doi.org/10.3389/fimmu.2022.1055087
https://doi.org/10.1016/j.preteyeres.2014.03.003
https://doi.org/10.3389/fendo.2023.1244601
https://doi.org/10.3390/jcm14041343
https://doi.org/10.1016/j.preteyeres.2019.03.002
https://doi.org/10.3389/fendo.2025.1438739
https://doi.org/10.1016/j.preteyeres.2023.101206
https://doi.org/10.1155/2020/6655021
https://doi.org/10.1016/j.exer.2021.108846
https://doi.org/10.3390/pathophysiology31010007
https://doi.org/10.1097/mco.0000000000000973
https://doi.org/10.3389/fcvm.2021.647086
https://doi.org/10.1007/s00424-007-0212-8
https://doi.org/10.1042/bst20140232
https://doi.org/10.1098/rsob.200377
https://doi.org/10.1111/bph.14397


Ma et al.� 10.3389/fmed.2025.1712044

Frontiers in Medicine 10 frontiersin.org

	25.	Rajabloo Y, Saberi-Karimian M, Soflaei SS, Ferns GA, Ghayour-Mobarhan M. 
Syndecans and diabetic complications: a narrative review. Am J Med Sci. (2024) 
368:99–111. doi: 10.1016/j.amjms.2024.04.017

	26.	Arokiasamy S, Balderstone MJM, Shaik F, Cristante E, Moseley TC, Madoo A, et al. 
QM107, a novel CD148 (RTP type J) activating peptide therapy for treating neovascular 
age-related macular degeneration. Br J Pharmacol. (2025) 182:951–68. doi: 
10.1111/bph.17362

	27.	Corti F, Wang Y, Rhodes JM, Atri D, Archer-Hartmann S, Zhang J, et al. N-terminal 
syndecan-2 domain selectively enhances 6-O heparan sulfate chains sulfation and 
promotes VEGFA(165)-dependent neovascularization. Nat Commun. (2019) 10:1562. 
doi: 10.1038/s41467-019-09605-z

	28.	Abu El-Asrar AM, Nawaz MI, De Hertogh G, Alam K, Siddiquei MM, Van den 
Eynde K, et al. S100A4 is upregulated in proliferative diabetic retinopathy and 
correlates with markers of angiogenesis and fibrogenesis. Mol Vis. (2014) 
20:1209–24.

	29.	Flaxel CJ, Adelman RA, Bailey ST, Fawzi A, Lim JI, Vemulakonda GA, et al. 
Diabetic retinopathy preferred practice pattern®. Ophthalmology. (2020) 127:P66–p145. 
doi: 10.1016/j.ophtha.2019.09.025

	30.	Xu X, Chen C, Ding W, Yang P, Lu H, Xu F, et al. Automated quantification of 
superficial retinal capillaries and large vessels for diabetic retinopathy on optical 
coherence tomographic angiography. J Biophotonics. (2019) 12:e201900103. doi: 
10.1002/jbio.201900103

	31.	Kaur G, Harris NR. Endothelial glycocalyx in retina, hyperglycemia, and diabetic 
retinopathy. Am J Physiol Cell Physiol. (2023) 324:C1061–77. doi: 
10.1152/ajpcell.00188.2022

	32.	Kunnathattil M, Rahul P, Skaria T. Soluble vascular endothelial glycocalyx 
proteoglycans as potential therapeutic targets in inflammatory diseases. Immunol Cell 
Biol. (2024) 102:97–116. doi: 10.1111/imcb.12712

	33.	Zhang Y, McKown RL, Raab RW, Rapraeger AC, Laurie GW. Focus on molecules: 
syndecan-1. Exp Eye Res. (2011) 93:329–30. doi: 10.1016/j.exer.2010.06.008

	34.	Abu El-Asrar AM, Alam K, Nawaz MI, Mohammad G, Van den Eynde K, 
Siddiquei MM, et al. Upregulated expression of Heparanase in the vitreous of patients 
with proliferative diabetic retinopathy originates from activated endothelial cells and 
leukocytes. Invest Ophthalmol Vis Sci. (2015) 56:8239–47. doi: 10.1167/iovs.15-18025

	35.	Abu El-Asrar AM, Nawaz MI, Ahmad A, Siddiquei M, Allegaert E, Adyns L, et al. 
ADAMTS13 improves endothelial function and reduces inflammation in diabetic 
retinopathy. Cells. (2025) 14:85. doi: 10.3390/cells14020085

	36.	Wu G, Liu B, Wu Q, Tang C, Du Z, Fang Y, et al. Correlations between different 
angiogenic and inflammatory factors in vitreous fluid of eyes with proliferative diabetic 
retinopathy. Front Med (Lausanne). (2021) 8:727407. doi: 10.3389/fmed.2021.727407

	37.	Yan J, Li WJ, Qin YZ, Qiu XY, Qin L, Li JM. Aqueous angiopoietin-like levels 
correlate with optical coherence tomography angiography metrics in diabetic macular 
edema. Int J Ophthalmol. (2021) 14:1888–94. doi: 10.18240/ijo.2021.12.12

	38.	Li R, Xie J, Wu H, Li G, Chen J, Chen Q, et al. Syndecan-4 shedding impairs 
macrovascular angiogenesis in diabetes mellitus. Biochem Biophys Res Commun. (2016) 
474:15–21. doi: 10.1016/j.bbrc.2016.03.112

	39.	De Rossi G, Vähätupa M, Cristante E, Arokiasamy S, Liyanage SE, May U, et al. 
Pathological angiogenesis requires Syndecan-4 for efficient VEGFA-induced VE-
cadherin internalization. Arterioscler Thromb Vasc Biol. (2021) 41:1374–89. doi: 
10.1161/atvbaha.121.315941

	40.	Zhang B, Chou Y, Zhao X, Yang J, Chen Y. Early detection of microvascular 
impairments with optical coherence tomography angiography in diabetic patients 
without clinical retinopathy: a Meta-analysis. Am J Ophthalmol. (2021) 222:226–37. doi: 
10.1016/j.ajo.2020.09.032

	41.	Palma F, Camacho P. The role of optical coherence tomography angiography to 
detect early microvascular changes in diabetic retinopathy: a systematic review. J 
Diabetes Metab Disord. (2021) 20:1957–74. doi: 10.1007/s40200-021-00886-0

	42.	Lei J, Yi E, Suo Y, Chen C, Xu X, Ding W, et al. Distinctive analysis of macular 
superficial capillaries and large vessels using optical coherence tomographic angiography 
in healthy and diabetic eyes. Invest Ophthalmol Vis Sci. (2018) 59:1937–43. doi: 
10.1167/iovs.17-23676

https://doi.org/10.3389/fmed.2025.1712044
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.amjms.2024.04.017
https://doi.org/10.1111/bph.17362
https://doi.org/10.1038/s41467-019-09605-z
https://doi.org/10.1016/j.ophtha.2019.09.025
https://doi.org/10.1002/jbio.201900103
https://doi.org/10.1152/ajpcell.00188.2022
https://doi.org/10.1111/imcb.12712
https://doi.org/10.1016/j.exer.2010.06.008
https://doi.org/10.1167/iovs.15-18025
https://doi.org/10.3390/cells14020085
https://doi.org/10.3389/fmed.2021.727407
https://doi.org/10.18240/ijo.2021.12.12
https://doi.org/10.1016/j.bbrc.2016.03.112
https://doi.org/10.1161/atvbaha.121.315941
https://doi.org/10.1016/j.ajo.2020.09.032
https://doi.org/10.1007/s40200-021-00886-0
https://doi.org/10.1167/iovs.17-23676

	Aqueous humor levels of syndecan-1 and syndecan-4 associated with OCTA metrics in diabetic retinopathy
	Introduction
	Materials and methods
	Demographics
	Ophthalmic examination
	Image acquisition
	Collection of aqueous humor and analysis of syndecan-1 and syndecan-4
	Statistical analysis

	Results
	Demographic data
	Comparison of syndecan-1 and syndecan-4 levels in aqueous humor
	OCTA metrics and the comparison results
	Correlation analysis of syndecan-1 and syndecan-4 levels with OCTA metrics
	Analysis of the diagnostic efficacy of syndecans and OCTA metrics for DR

	Discussion
	Conclusion

	References

