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Objective: Diabetic retinopathy (DR) is a primary contributor to vision loss worldwide and growing with an increase in the elderly
population. Preventing or slowing DR progression remains a critical unmet need. Recognizing the significance of systemic and ocular
chronic inflammation in the progression of DR, this study aimed to explore inflammatory factor profiles in plasma and tear samples to
identify potential biomarkers and therapeutic targets.

Methods: Using Olink’s proximity extension assay, 92 inflammation-related proteins were measured in paired plasma and tear
samples of 42 participants in type 2 diabetes mellitus (T2DM), DR and Diabetic Macular Edema (DME), followed by bioinformatic
analysis for differentially expressed proteins (DEPs).

Results: Different expression patterns of inflammatory proteins were observed between plasma and tear level. Plasma DEPs was
mainly decreased during DR development, while tears DEPs mainly upregulated. DME had more differential cytokines than DR in
both samples. By multi-comparison analyses, 23 inflammatory factors exhibited differential expression in the three compared groups
(DR vs T2DM, DME vs T2DM and DME vs DR) in plasma level, and 30 differential inflammatory cytokines in tear samples. GO and
KEGG analysis enriched pathways were primarily associated with extracellular region, cytokine activity, IL17 signaling pathway and
JAK-STAT signaling pathway.

Conclusion: Tears exhibit more DEPs than plasma during the progression of DR and DME, and the two sample types show opposite
inflammatory factor expression trends. The DEPs in tears, especially the newly discovered inflammatory factors TNFSF14, CXCL11,
IL6, CCL19, DNER and CXCL9 may serve as potential biomarkers for the diagnosis and progression monitoring of DR and DME.
Keywords: diabetic retinopathy, diabetic macular edema, inflammatory factor, differential expression analysis, Olink proteomics, tear fluid

Introduction

DR constitutes a prevalent microvascular complication of diabetes mellitus (DM), resulting in visual impairment and
blindness among nearly 40% of diabetic patients on a global scale.' By 2045, the global prevalence of DR is projected to
rise to 160.50 million.>* Prolonged hyperglycemia damages the retinal microvasculature, leading to heightened vascular
permeability, inflammation activation, and oxidative stress.*> These pathological changes culminate in the transition
from non-proliferative diabetic retinopathy (NPDR) to proliferative diabetic retinopathy (PDR).® Additionally, DME, as
a severe manifestation of DR, can detrimentally impact central vision at any DR stage, emerging as a prominent cause of

vision loss among individuals of working age.’
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Multiple studies have confirmed that the inflammatory mechanism plays a critical role in the pathogenesis of DR, and
may serve as the initiating factor of the disease.®® This inflammatory cascade orchestrates several pathogenic processes
associated with DR: (1) activating and facilitating the adhesion of recruited leukocytes to endothelial cells, (2) disrupting
the blood-retinal barrier (BRB), (3) increasing vascular permeability, (4) causing capillary obstruction, and (5) promoting
pathological neovascularization.'®'? Furthermore, inflammation is intricately linked to other pathological processes,
including oxidative stress, the generation of advanced glycation end products (AGEs), and elevated levels of vascular
endothelial growth factor (VEGF), thereby establishing a complex pathological network.'*'* However, DR is not solely
an ocular disorder; it represents a local manifestation of systemic inflammation. Tear fluid interacts directly with the
ocular surface microenvironment, reflecting the local retinal inflammatory status through compositional alterations, while
plasma provides systemic inflammatory profiles.'>'® Nonetheless, the differential pathophysiological mechanisms
between systemic inflammation and localized ocular inflammatory responses, and the extent to which tear fluid can
serve as a surrogate indicator of retinal inflammatory status, remain to be elucidated.

A growing body of evidence supports a close mechanistic link between tear film dysfunction and diabetic retinal damage,
mediated by shared neurovascular injury, oxidative stress, and inflammatory pathways.'” Chronic hyperglycemia impairs
corneal innervation and lacrimal secretion, induces AGE accumulation and ROS overproduction, and concurrently damages
retinal microvasculature and ocular surface structures.!” Furthermore, tear film impairment correlates with DR severity, and

tear proteins have been recognized as sensitive indicators of local ocular pathology independent of systemic status.'®!'”
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In this study, we utilized Olink technology to investigate inflammation-related mediators in DR by analyzing paired
tear fluid and plasma samples from patients at various stages of DR progression. By multicomparison analyses of DEPs
in paired plasma and tear fluid, this research revealed the key inflammatory regulatory factors in the progression of DR
and DME. It aims to clarify the proteomic alterations associated with DR and DME, explore the mechanism of systemic-
local inflammatory interaction, facilitate the identification of early diagnostic biomarkers and provide a theoretical basis
for the early diagnosis, disease monitoring and targeted therapy of DR and DME.

Materials and Methods
Study Design and Participants

Experimental design is presented in Figure 1. A total of 42 participants were enrolled between August 2024 and
March 2025 at the Dalian NO.3 People’s Hospital for the current study, including 13 patients with T2DM as control
group, while 14 patients with DR and 15 patients with DME as the case groups. All DR and DME case in this study were
non-proliferative type with T2DM.

Exclusion criteria include: (1) active ocular infectious inflammation; (2) a history of ocular and/or adnexal trauma within
the past year; (3) a history of any ocular surgery within the preceding 12 months; (4) ocular autoimmune diseases; (5) severe
dry eye syndrome; (6) systemic infectious diseases with recovery within three months prior to enrollment; (7) rheumatic or
autoimmune disorders; (8) malignancy of any organ system; (9) systemic or topical use of medications known to alter systemic
or ocular inflammatory profiles, including corticosteroids, nonsteroidal anti-inflammatory drugs, or immunosuppressants; and
(10) any other conditions that could confound the interpretation of tear or blood inflammatory markers.

Approval was obtained from the Ethics Committee of Dalian NO.3 People’s Hospital, following the principles of the
Declaration of Helsinki (Approval number: 2024-071-001). All participants received a detailed explanation of the study’s
background and content and provided written informed consent.

Examination Procedures

All participants underwent a comprehensive routine medical examination and a detailed ophthalmic assessment, includ-
ing slit-lamp biomicroscopy, best-corrected visual acuity (BCVA), color fundus photography, intraocular pressure
(noncontact tonometer), and optical coherence tomography (OCT). DR was classified according to the International
Clinical Diabetic Retinopathy Disease Severity Scale. The evaluation of DR was conducted by ophthalmologists. The
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Figure | Schematic of Study design which includes the collection and processing of paired plasma and tear fluid during different stages of DR: T2DM (n=13), DR (n=14) and
DME (n=15); followed by the measurement of Olink proteomics analysis.
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values of patients’ glycosylated hemoglobin Alc (HbA1C), total cholesterol (TC), triglyceride (TG), low-density
lipoproteins cholesterol (LDL-C) and high-density lipoproteins cholesterol (HDL-C) were also collected.

Sample Collection
Peripheral blood (3mL) was collected fasting and centrifuged within 30min at 1500xg for 10min in 4°C. The plasma
samples were transferred into cryovial tubes and stored at — 80°C immediately.

Tear samples were collected from one eye of subjects using sterile Schirmer paper strips without fluorescein sodium
(Tianjin Jingming new technological development Co., Ltd). The Schirmer strips were positioned without anesthesia at the
juncture of the outer and central regions of the lower eyelid and left in place for 5 minutes with the participants’ eyes closed.
Subsequently, the tear fluid collected on the strip was promptly frozen at —80°C. Prior to the experiment, all strips were
transferred to individual Spin-X tubes. To each Spin-X tube, 400uL of 0.9% NaCl solution was added, followed by gentle
inversion 5—6 times to ensure complete coverage of the Schirmer strips. The tubes were then incubated at room temperature at
100xg for 2 hours. After centrifugation at 16,000xg for 10 minutes, the supernatant was decanted, and the contents of the tubes
were harvested for subsequent analysis.

Proteomic Analysis

Plasma and tear inflammatory markers were evaluated using the commercially available Olink™ Target 96 Inflammation
panels from Olink (Uppsala, Sweden). The target protein demonstrates high specificity in binding to the double oligonucleo-
tide-labeled antibody probe, followed by quantitative detection of the resulting DNA sequence through microfluidic real-time
PCR amplification of the oligonucleotide sequence. The threshold cycle (Ct) data underwent processing for quality control
and normalization using both internal and external controls. Normalized Protein Expression (NPX) values, which represent
protein levels on a log2 scale, were obtained as the final assay output. A control sample that did not meet quality control
standards was excluded from subsequent analysis. Principal component analyses (PCAs) were generated on the NPX values
and visually inspected to identify possible outliers and assess the consistency of plasma and tear data.

The proteomic data from the samples underwent analysis through two-tailed #-tests for two groups analysis. Proteins that
exhibited differential expression (DEPs) with P values <0.05 were chosen for subsequent investigation. The examination of
the DEPs involved the utilization of Volcano plots, Heat map visualization, and Spearman correlation analysis. The biological
function of DEPs was classified by GO annotation and Encyclopedia of Genes and Genomes (KEGG) enrichment.

Statistical Analysis

All proteomic bioinformatic analysis was performed using the OmicStudio tools at https://www.omicstudio.cn/tool.?

SPSS version 27 (IBM) was used to perform clinical characteristics’ statistics. Values were expressed as mean +
standard deviation, number, or median (Q1-Q3). Normally distributed data were expressed as mean + standard deviation,
while non-normally distributed data were described by median (25th—75th percentiles). P < 0.05 was considered
statistically significant. We used ¢ tests or analysis of variance if the data met the normality criteria; otherwise, we
applied the Mann—Whitney U-test for between-group analyses. For count data, the chi-square test was used.

Results

Characteristics of Participants

The clinical characteristics of the T2DM group, DR group, and DME group are presented in Table 1. No significant
differences were observed in sex, age, BMI, HbAlc, TG, or HDL among the three groups (P > 0.05). However, SBP, TC,
and LDL showed significant differences between the three groups of T2DM, DR, and DME (P < 0.05).

Characteristic Expression Patterns of Inflammatory Proteins in Plasma and Tears of
T2DM, DR and DME Groups

To investigate the role of inflammation proteins in the development of DR, we performed differential expression analysis
using Olink proteomics technology. Considering the clinical characteristics, data processing and identification of DEPs
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Table | Clinical Characteristics of Patients

T2DM (n=13) DR (n=14) DME (n=15) p*
Females/Males 2/10 717 8/7 031
Age, Y 56.00(52.75-60.50) 60.50(50.50-63.25) 55.50(45.25-61.25) 0.557
SBP, mmHg 128.00(113.50-146.25) | 143.00(138.00-160.00) | 132.50(125.25-136.75) | 0.021
DBP, mmHg 78.00(71.50-89.50) 91.50(77.75-99.00) 76(71.75-89.50) 0.111
BMI, kg/m? 25.6+2.597 26.07+2.87 26.00+3.84 0.98
HbAlc, % 8.9412.11 9.79£1.97 10.00+1.41 0.323
TG, mmol/L 1.56(1.27-2.42) 2.00(1.00-2.25) 2.00(1.75-3.25) 0.534
TC, mmol/L 4.98(4.52-5.65) 5.00(4.00-5.00) 6.00(5.75-6.25) 0.031
HDL, mmol/L 1.15 (1.03-1.27) 1.00 (1.00-1.00) 1.00 (1.00-1.00) 0.78
LDL, mmol/L 3.29(3.04-3.61) 3.00(2.75-4.00) 4.00(4.00—4.00) 0.025
IOP, mmHg 17.63+2.72 16.29+3.60 15.93+3.32 0.398

Notes: Values are expressed as mean # standard deviation, number, or median (Q,—Qj3). * To assess group differences,
a test of independence (Chi-square) for categorical variables and non-parametric Kruskal-Wallis H-test for continuous
variables were used.
Abbreviations: SBP, systolic pressure; DBP, diastolic blood pressure; BMI, body mass index; HbAlc, glycated hemo-
globin Alc; TG, triglycerides; TC, total cholesterol; HDL, high-density lipoprotein; LDL, Low-Density Lipoprotein; IOP,
intraocular pressure.

were carried out using R-based statistical packages, with adjustment for SBP, TC and LDL. Principal component analysis
(PCA) (Figure 2A and D) and hierarchical clustering (heatmap) (Figure 2C and F) revealed distinct separation among
T2DM, DR and DME groups, indicating substantial differences in the inflammation profiles in both plasma level and tear
fluid level. Histogram of DEPs in plasma (Figure 2B) and tear fluids (Figure 2E) shown the significantly different
numbers and expression patterns of inflammatory proteins in pairwise comparisons (DR vs T2DM, DME vs T2DM,
DME vs DR) and combined analysis (DR&DME vs T2DM). The expression of DEPs in plasma samples was mainly
decreased in the development of DR, while in tears, it was mainly upregulated.

Inflammatory factors alterations among the three groups of plasma samples and tear

samples
Venn diagram showed that 23 inflammatory factors exhibited differential expression in the three compared groups (DR vs
T2DM, DME vs T2DM and DME vs DR) in plasma level (Figure 3A). These 23 inflammatory factors consist of
STAMBP, ILS, 4E-BP1, TSLP upregulation, uPA, MCP-4, CXCL6, TNFSF14, MMP-1, CXCL1, TWEAK, MCP-2,
DNER, EN-RAGE, CCL23, IL8, IFN-y, TRANCE downregulation, and IL10, IL1 alpha, IL20 reduced expression in DR
vs T2DM, and increased expression in DME vs T2DM and DME vs DR, B-NGF, MCP-1 increased expression in DR vs
T2DM, and reduced expression in DME vs T2DM and DME vs DR (Figure 3A, C and Supplementary Table 1). In tear
samples, 30 differential inflammatory cytokines were found in the three compared groups (Figure 3B). These 30 DEPs
included TNFSF14, CXCL11, IL6, CCL19, DNER, CXCL9, OPG, IL15RA, ADA, CCL4, CCL20, IL18, LIF, SLAMF1,
CST5, IL17A, CD40, TNFB, CD6, SCF upregulation, and TNFRSF9, 1L.20, NT-3, ILS downregulation. The other
inflammatory factors were shown CASP-8, CCL23, CCL11, CCL28 reduced expression in DR vs T2DM, and increased
expression in DME vs T2DM and DME vs DR, while IL12B were increased in DR vs T2DM, and decreased in DME vs
T2DM and DME vs DR (Figure 3B, C and Supplementary Table 2).

When comparing the regulatory patterns of TNFSF14 in plasma and tears among the three groups, it was observed that

TNFSF14 exhibited downregulation in plasma but upregulated expression in tears as the transition occurred from T2DM to
DR and DME (Figure 3A and B). Furthermore, elevated levels of TSLP were detected in the plasma of DR and DME groups,
whereas reduced concentrations were observed in the tear fluid of DR and DME patients when compared to those with T2DM.
Tear fluid levels of IL20 uniformly downregulated in the DR and DME groups, compared to T2DM, but increased in plasma of
DR vs T2DM, and decreased in other plasma comparisons. IL.24, IL7 are dual upregulation in plasma and tears of DME
patients, when compared to T2DM or DR. CCL19 is pronounced increased in both plasma and tears of DR and DME patients
when compared with T2DM. VEGFA is higher expression in DME vs T2DM or DR in tear samples, but no plasma level
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Figure 2 Protein expression profiles of inflammatory proteins in Plasma and Tear samples. (A and D) PCA of proteomics profile among T2DM, DR and DME in plasma data
and tear data. The X and Y axis indicates the two principal components. Each data point indicates a sample. (B and E) Histogram of the numbers of DEPs among the four
compared groups. (€ and F) Heatmap of abundance variation profile for each group in plasma and tear, by hierarchical clustering with complete linkage, with distance
determined by the Euclidean method.

differences. Similarly, CXCL11 were only up-regulated in tear level, with no differences in plasma level between the three
groups. CASPS is upregulated in DME tears but downregulated in DR tears vs. T2DM; in plasma, upregulated in DR vs
T2DM but reduced in DME vs DR (Figure 3, Supplementary Figure 1, Supplementary Tables 1 and 2).

In plasma samples, volcano plot analysis identified 60 DEPs between DR and T2DM groups with CCL19, IL4,
STAMBP, IL5 and MMP-10 significantly upregulated, and OSM, uPA, MCP-4, CXCL-6, TNFSF14 significantly
downregulated; 52 DEPs between DME and T2DM groups, including CCL19, TSLP, IL4 notably upregulated, and
MCP-4, CXCL6, TNFSF14, OSM pronounced decreasing; 62 DEPs between DME and DR groups, with IL7, TWEAK,
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Figure 3 Olink proteomic analysis comparing the DR, and DME groups with the T2DM group. (A and B) Venn diagram of DEPs between the pairwise comparisons (DR vs
T2DM, DME vs T2DM, DME vs DR) in plasma data (A) and tear data (B). Proteins in the red boxes are DEPs that are co-upregulated in the three groups, proteins in the
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depicting the DEPs of pairwise comparisons (DR vs T2DM, DME vs T2DM, DME vs DR). Red dots represent upregulated DEPs, while blue dots represent downregulated
DEPs. Arrow represent increased log2(FC) at corresponding group.

ADA, IL1a upregulated, CXCL6, CXCL1, TNFSF14 and DNER downregulated (Figure 3C and Supplementary Table 1).
In tear samples, 40 DEPs were found between DR and T2DM groups, 77 DEPs between DME and T2DM groups, and 79
DEPs between DME and DR groups. Among these DEPs, PD-L1, TNFSF14 and CXCL11 were the most significant
increased expression inflammatory factors in DR group when compared with T2DM. IL6 and DNER were the foremost

upregulated inflammation cytokines in DME groups, when compared with T2DM or DR group. These may suggest that
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Figure 4 GO and KEGG enrichment analysis of the inflammation proteins in plasma (A and B) and tear data (C and D), between DR, DME and T2DM respectively. By GO,
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the enriched GO terms or KEGG pathway; the bubble sizes represents the number of proteins enriched in each KEGG pathway.

IL6 and DNER may be one of the key driving factors for the progression of DR to DME in the ocular inflammatory

environment (Figure 3C and Supplementary Table 2).

Functional Enrichment Analysis of DEPs in Plasma and Tear Samples

Based on the results of differential expression analysis of cytokines in plasma and tear between DR, DME and T2DM,
we performed GO and KEGG enrichment analysis (Figure 4). The results of GO analysis showed that the genes of
differential proteins were mainly enriched in Cellular Component with extracellular region and extracellular space. The
Molecular Function category was mainly enriched in cytokine activity (Figure 4A and C). KEGG analysis showed that
the functions of the differential proteins in both plasma and tear were mainly focused on IL17 signaling pathway and

JAK-STAT signaling pathway (Figure 4B and D).

Discussion

The pathophysiology of DR and DME involves complex interplay between systemic and localized ocular inflammation.*'
However, how inflammatory responses differ between the circulation and the ocular surface, and how tear fluid abnormalities
reflect retinal pathophysiology, remains poorly understood. Using Olink proteomics assays to profile inflammatory proteins in

paired plasma and tear samples from patients with T2DM, DR, and DME, we identified a fundamental divergence between
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systemic and ocular-localized inflammatory landscapes. This disparity suggests that local intraocular inflammatory dysregu-
lation may primarily drive advanced complications, with systemic changes reflecting secondary or compensatory responses.

Notably, tear fluid exhibited more DEPs than plasma, a disparity that became most pronounced during progression to
DME.?*7! This suggests that the local ocular inflammatory microenvironment may undergo more substantial and
disease-specific alterations than the systemic circulation. Moreover, inflammatory proteins in tears were predominantly
upregulated with disease progression, whereas plasma showed a notable proportion of downregulation, indicating distinct
regulatory mechanisms in each compartment. The BRB and blood—aqueous barrier (BAB) physically separate the ocular
microenvironment from the systemic circulation, allowing local production, retention, or consumption of cytokines
independent of plasma. Besides, chronic systemic inflammation in diabetes may trigger feedback inhibition or immune
exhaustion, reducing plasma cytokine levels, while the retina and ocular surface remain in a progressive pro-
inflammatory state. What’s more, tear cytokines reflect direct secretion from activated retinal glia, corneal cells, lacrimal
glands, and infiltrated immune cells, whereas plasma cytokines are diluted by multiple tissues and organs. Together, these
factors create divergent, often opposing, inflammatory signatures between the two compartments.

The most intriguing finding was discordant cytokine expression between plasma and tears. First, TNFSF14 and
DNER were downregulation in plasma but upregulation in tears, suggesting active sequestration or local production
within the eyes, highlighting ocular inflammation as a relatively insulated process. And this process might be regulated
by the BRB and BAB. Second, systemic chronic low-grade inflammation in diabetes may trigger compensatory anti-
inflammatory or exhaustion responses, leading to decreased circulating levels of some mediators. Consistent with this,
TNFSF14 was elevated in tears of DME and DR patients versus T2DM, while previous studies have reported reduced
TNFSF14 in plasma of non-proliferative DR compared to diabetes and healthy controls.’® Patients with DME exhibit
substantial oxidative stress, whose accumulation may suppress certain inflammatory factors through negative feedback
mechanism.>* The diminished release of pro-inflammatory mediators, including TNFSF14, at the plasma level could be
linked to the inhibition of signaling pathways caused by oxidative damage within cells. This connection may clarify the
lower TNFSF14 expression observed in plasma of DR and DME patients.

Additionally, IL-20 levels decreased in tears but showed variable plasma expression, possibly reflecting local
lymphocytopenia or an immunosuppressive microenvironment in the diabetic eye, consistent with prior clinical
observations.” Similarly, TSLP levels were elevated in the plasma of patients with DR and DME. This finding aligns
with the established paradigm of heightened systemic inflammation driving diabetic complications. TSLP, an epithelial-
derived cytokine, initiates and enhances type 2 inflammatory responses; hence, its elevated plasma levels may signify not
only systemic inflammatory activation but also contribute to inflammatory cascades that worsen retinal vascular damage.
Conversely, reduced TSLP in tears of DR/DME patients may reflect disrupted local immune regulation, potentially
related to documented changes in the ocular microenvironment such as enhanced vascular permeability and lowered
lymphocyte levels.’

Beyond the discordant expression patterns, our data also revealed factors co-upregulated in both compartments in
DME. Patients with DME showed increased concentrations of CCL19, IL7 and 1L24 in both plasma and tears. CCL19
promotes inflammatory responses via NF-kB activation in various inflammatory diseases.* IL7 maintains immune cell
homeostasis by supporting T-cell function and regulating mucosal immunity.*>*® Concurrent increases in CCL19 and IL7
may suggest coordinated activation of both innate and adaptive immune axes systemically and locally. 1L24 inhibits

angiogenesis®’ and may contribute to DME pathology through regulation of factors including VEGFR-1/fit-1,®

poten-
tially explaining its upregulation in DME. The coexistence of these factors reflects the complex, dysregulated inflam-
matory microenvironment characteristic of DME.

Notably, certain factors exhibited marked changes exclusively or predominantly in tears, underscoring their value as local
disease sentinels. IL-6, as a central driver of retinal vascular permeability and VEGF induction, was elevated in tears of DR
and DME patients compared to T2DM. This aligns with previous studies that substantial increases in IL6 in serum, vitreous
humor, and aqueous humor, with concentrations correlating with DR severity, and with its established pathogenic role in DR
and DME progress.*®* *° VEGFA, a core pathogenic factor of DME, was significantly elevated only in tear fluid of DME
patients, closely reflecting its clinical relevance.*'** Similarly, the angiostatic chemokine CXCL11 was specifically upregu-

lated in tears. Its presence may reflect an endogenous attempt to counteract VEGF-driven angiogenesis, or conversely,
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contribute to blood-retinal barrier breakdown via pro-inflammatory Th1 responses.***** The selective appearance of these
proteins in tears supports the value of local sampling in capturing key pathogenic events.

Despite divergent inflammatory profiles between plasma and tears, functional enrichment analysis yielded convergent
findings. KEGG pathway analysis identified IL17/JAK/STAT signaling pathway as the most critical pathway underlying
DR pathogenesis. The JAK/STAT pathway is a well-established regulator of inflammatory responses and VEGF produc-
tion, both of which play central roles in pathological angiogenesis and vascular permeability in DR.* Inhibiting this
pathway has been shown to slow DR progression and reduce VEGF in diabetes models,*® consistent with our results linking
abnormal cytokine signaling to retinal vascular damage. Importantly, our data further highlight IL17 signaling as a key an
upstream trigger of JAK/STAT activation in DR. Taken together, these findings support that the IL17/JAK/STAT axis is
a critical driver of inflammation injury and vascular dysfunction in the progression from DR to DME.*’

Our comparative analysis nominates TNFSF14, CXCLI11, IL6, CCL19, DNER and CXCL9 as promising tear-based
candidate biomarkers, which could be developed into a non-invasive panel for DR/DME risk stratification, early
detection, and longitudinal monitoring, reducing reliance on retinal imaging for community screening and follow-up.
Despite these promising findings, several limitations should be acknowledged. First, this was an exploratory proof-of-
concept study without a priori sample size calculation, which is common and acceptable in preliminary biomarker
discovery and proteomic profiling research. The sample size was determined by clinical feasibility and the aim to
generate initial hypotheses, yet the relatively small sample size may still limit the statistical power and generalizability of
the findings. Future large-scale and longitudinal cohort studies with formal sample size calculation are warranted to
validate the diagnostic and prognostic value of these tear biomarkers. Second, this study utilized the Olink® PEA
technology, with DEPs levels reported as NPX. Although this platform has been validated for tear and plasma analysis in
ophthalmic research,*® relative quantification may restrict cross-study comparability. Future investigations should employ
more unbiased proteomics approaches alongside targeted assays providing absolute concentration measurements. Third,
although our findings confirmed divergent inflammatory profiles between tear fluid and plasma and supported that tear
fluid reflects local ocular pathophysiology independently of systemic changes, the precise anatomical and physiological
connections between the tear microenvironment and retinal tissue remain to be fully elucidated.

We therefore propose a unifying hypothesis to explain how tear fluid may serve as a surrogate indicator of retinal
pathology. Under diabetic inflammatory conditions, activated retinal cells including microglia, glia, and vascular
endothelial cells secrete inflammatory mediators into the retina, vitreous cavity, and aqueous humor. These mediators
diffuse anteriorly toward the anterior chamber, cross the BAB, and reach the ocular surface, thereby entering the tear
film. In parallel, hyperglycemia and ocular inflammation also impair lacrimal gland function, corneal innervation, and
conjunctival integrity, which directly modulate tear composition. Thus, tear fluid acts as an integrated sentinel of overall
intraocular inflammation that indirectly reflects retinal pathophysiology. Further mechanistic studies are needed to clarify
this connection. If validated in larger cohorts, inflammatory profiling of tears may represent a more sensitive and non-
invasive approach than systemic plasma analysis for monitoring local ocular pathophysiology and providing early
warning of DR and DME.

In conclusion, this comparative analysis of inflammatory factors in the plasma and tears from patients with T2DM,
DR and DME revealed distinct compartment-specific profiles. Tears exhibited a more pronounced inflammatory signature
than plasma, suggesting that progression from DR to DME is driven primarily by local ocular dysregulation, with
systemic changes reflecting secondary responses. These findings highlight tear fluid as a promising non-invasive sample
for detecting DR/DME-associated pathophysiological changes and support further investigation of tear-derived candi-
dates as early diagnostic biomarkers or therapeutic targets.
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