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Abstract

Background: Proliferative diabetic retinopathy (PDR) is a vision-threatening complication
of diabetes characterized by retinal neovascularization. Predicting which diabetic patients
will develop PDR remains challenging. Measuring mRNA expression levels may help elu-
cidate the molecular pathways involved in PDR pathogenesis. This study investigated the
expression of genes related to inflammatory and proliferative pathways in the peripheral
blood of patients with PDR, compared to patients with non-proliferative diabetic retinopa-
thy (NPDR) and healthy controls, using NanoString technology. The findings may aid in
identifying potential biomarkers and therapeutic targets for early intervention. Methods:
This prospective study was approved by the institutional ethics review board, and written
informed consent was obtained from all participants. The study included patients with
PDR (n = 9), NPDR (n = 8), and non-diabetic controls (n = 6). Total RNA was extracted
from whole blood samples using the MagNA Pure Compact RNA Isolation Kit (Roche Ltd.,
Basel, Switzerland) and analyzed with the NanoString platform (Agentek Ltd., Yakum,
Israel). Results: Expression levels of 578 genes across 15 signaling pathways, including
inflammation (e.g., IL-17, TNF, and NF-κB) and cancer-related PI3K-Akt pathways, were
evaluated. Sixty-six genes (11.5%) were differentially expressed (p < 0.05) between the PDR
group and the NPDR and control groups. The most prominently overexpressed genes in
PDR included TGFβ1, TGFβ1R, IL23R, BAX, and CFB, which were primarily involved in
inflammatory and proliferative signaling. Conclusions: Gene expression profiling using
NanoString technology revealed significant upregulation of genes related to inflammation
and proliferation in patients with PDR. These findings suggest that beyond angiogenesis,
inflammatory and proliferative pathways may play a central role in PDR development and
could serve as targets for novel therapeutic strategies.

Keywords: apoptosis; gene expression profiling; inflammation; Nanostring; peripheral
blood biomarkers; proliferative diabetic retinopathy

1. Introduction
Diabetes mellitus is a prevalent metabolic disorder associated with multiple microvas-

cular complications, among which diabetic retinopathy (DR) remains a leading cause of
visual impairment and blindness worldwide [1,2]. The diagnosis and classification of
DR are primarily based on the evaluation of retinal microvascular changes. Proliferative
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diabetic retinopathy (PDR) represents an advanced and severe stage of the disease, charac-
terized by retinal neovascularization, and is associated with a high risk of irreversible vision
loss [3]. While poor glycemic control and longer disease duration are known risk factors,
some patients, particularly younger individuals with relatively short disease duration and
adequate metabolic control, nonetheless develop PDR [4]. This observation supports a
possible genetic predisposition to PDR.

The pathophysiology of diabetic retinopathy is complex and multifactorial, involv-
ing metabolic, genetic, and environmental components [5]. The non-proliferative phase
is characterized by retinal microvascular changes, such as microaneurysms, intraretinal
hemorrhages, venous beading, and pericyte loss, which often remain asymptomatic [6]. If
untreated, this phase may progress to PDR, a condition marked by retinal neovasculariza-
tion and increased risk of vision loss. Typically, PDR develops after 10–15 years of poorly
controlled diabetes, although some patients progress more rapidly [7–9]. Previous studies
have investigated the genetic contribution to DR, implicating a range of biological pathways
including angiogenesis, oxidative stress response, insulin signaling, inflammation, and
neurogenesis [10–15]. Although over 65 genes have been linked to DR susceptibility, no
consistent genetic profile has emerged to reliably identify individuals at risk for progression
to PDR.

Recent advances in molecular profiling, particularly the NanoString platform, enable
direct quantification of mRNA transcripts and facilitate the detection of gene expression
changes without the need for reverse transcription or amplification [16]. This platform
allows researchers to assess the activity of genes within specific biological pathways rel-
evant to disease progression. In the context of DR, altered expression of genes related
to inflammation and proliferation may reflect early molecular events associated with the
transition to PDR.

In this study, we aimed to investigate whether gene expression profiling using the
NanoString platform could distinguish patients with PDR from those with non-proliferative
diabetic retinopathy (NPDR) or no retinopathy. By analyzing mRNA extracted from periph-
eral blood and focusing on genes involved in inflammatory and proliferative pathways, we
sought to identify a blood-based molecular signature associated with PDR. Our goal was
to evaluate the feasibility of this minimally invasive approach for early identification of
patients at risk for vision-threatening complications and facilitate future development of
targeted therapeutic strategies.

2. Materials and Methods
2.1. Study Design and Patients

This prospective study was conducted at a tertiary medical center and adhered to
the tenets of the Declaration of Helsinki. Ethical approval was obtained from the local
institutional review board, and written informed consent was obtained from all participants
prior to enrollment.

The study population included three groups: patients diagnosed with PDR (n = 9), pa-
tients with NPDR (n = 8), and age-matched healthy controls without diabetes (n = 6).
Peripheral venous blood samples were collected from all participants. Total RNA
was extracted from the samples, and gene expression profiling was performed using
NanoString technology.

2.2. Sample Collection

Peripheral venous blood samples were collected from each participant using a sterile
25-gauge needle into 5 mL EDTA-containing tubes. Samples were gently inverted several
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times to ensure proper anticoagulation and processed immediately or stored at 4 ◦C until
RNA extraction.

2.3. RNA Extraction

Total RNA was extracted from whole blood samples using the MagNA Pure Compact
kit and the MagNA Pure Compact RNA Isolation Kit (Roche Ltd., Basel, Switzerland),
following the manufacturer’s protocol. Gene expression analysis was performed using the
NanoString platform (Agentek Ltd., Yakum, Israel), which allows direct multiplexed quan-
tification of mRNA transcripts without the need for reverse transcription or amplification.

2.4. NanoString Technique

Gene expression profiling was performed using the NanoString nCounter Analysis
System (NanoString Technologies, Seattle, WA, USA). This platform enables direct multi-
plexed measurement of mRNA transcripts through hybridization with color-coded probe
pairs, without the need for reverse transcription or amplification. The assay allows for high
sensitivity and precision in quantifying gene expression levels across multiple predefined
targets in a single reaction. Data were processed and normalized using the NanoString
nSolver software v4.0.70 according to the manufacturer’s guidelines.

2.5. Molecular Analysis Procedure

Molecular analysis was performed using the NanoString nCounter Analysis System
(NanoString Technologies, Seattle, WA, USA), which allows for multiplexed, direct digital
quantification of mRNA transcripts without the need for reverse transcription, cDNA syn-
thesis, or amplification. Total RNA extracted from peripheral blood was quantified using
spectrophotometry, and 100–150 ng of RNA per sample was used for each hybridization
reaction, following the manufacturer’s recommendations.

Each sample was hybridized overnight (16–20 h) at 65 ◦C with a custom CodeSet
containing pairs of reporter and capture probes designed to target 578 genes relevant to
inflammatory and proliferative pathways. Reporter probes carry a fluorescent barcode
unique to each target, while capture probes allow immobilization of probe-target com-
plexes. After hybridization, reactions were processed in the nCounter Prep Station, where
unbound probes were removed through a series of automated wash steps, and probe-target
complexes were aligned and immobilized on a streptavidin-coated cartridge.

The cartridges were then scanned using the nCounter Digital Analyzer (NanoString
Technologies, Inc., Seattle, WA, USA), which performs direct single-molecule imaging
and counts individual barcodes, resulting in raw digital transcript counts for each gene.
These raw counts were subjected to quality control, including verification of imaging fields-
of-view, and were normalized in a two-step process: (1) technical normalization using
internal positive spike-in controls and background correction using negative controls, and
(2) biological normalization to selected housekeeping genes to correct for sample-to-sample
variability in RNA input and quality.

The final output represents background-subtracted, normalized digital counts for each
target gene. Because the nCounter platform is not sequencing-based, these data are not
expressed as transcripts per million (TPM) but rather as absolute counts normalized to
internal controls and housekeeping genes. Normalized expression data were analyzed
using the NanoString nSolver Analysis Software to identify differentially expressed genes
and generate pathway-level insights.

2.6. Bioinformatics Analysis

Gene Ontology (GO) enrichment analysis was performed using g:Profiler (https:
//biit.cs.ut.ee/gprofiler, version e113_eg59_p19_f6a03c19, accessed 3 October 2025). The
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list of differentially expressed genes was queried against the human genome as background,
and enrichment was calculated across GO Biological Process, Molecular Function, and
Cellular Component categories. p values were corrected for multiple testing using the
default g:SCS algorithm, and adjusted p < 0.05 was considered statistically significant.

2.7. Statistical Analysis

Continuous variables are presented as mean ± standard deviation (SD), and cate-
gorical variables as absolute numbers and percentages. Gene expression levels between
groups (PDR, NPDR, and controls) were compared using unpaired Student’s t-test or
one-way ANOVA, as appropriate. A p-value of <0.05 was considered statistically sig-
nificant. All statistical analyses were performed using SPSS for Windows (version 29;
IBM Corp., Armonk, NY, USA). NanoString gene expression data were normalized using
internal positive controls and housekeeping genes within the nSolver analysis software
(NanoString Technologies).

3. Results
A total of 23 participants were enrolled in the study: 9 with PDR, 8 with NPDR, and

6 non-diabetic controls. Table 1 presents demographic and laboratory data of the study
cohort. Representative OCT images from two individuals in each group (controls, NPDR,
and PDR) are presented in Figure 1, demonstrating the characteristic retinal morphology
of each category. The PDR group included 5 males, while the NPDR and control groups
each included 3 males. The mean age was 61 ± 8 years for PDR patients, 76 ± 10 years
for NPDR, and 58 ± 17 years for controls. All PDR patients had a history of hypertension;
6 had hyperlipidemia, 1 had chronic renal failure, 1 had congestive heart failure, and 1 had
a previous cerebrovascular accident. Mean HbA1c levels were 8.6 ± 1.5 in the PDR group,
6.9 ± 0.46 in the NPDR group, and 5.3 ± 0.26 in the control group. Duration of diabetes
ranged from 7 to 33 years in the PDR group (mean 18 ± 10) and from 6 to 24 years in the
NPDR group (mean 16 ± 7.5).

Table 1. Demographic and laboratory data of study cohort.

Diagnosis Sex Age Years of Diabetes HbA1C Levels

Control Female 66 None *

Control Male 79 None 5.4

Control Male 43 None *

Control Female 38 None 5

Control Female 48 None 5.5

Control Male 76 None *

NPDR Male 71 * 6.8

NPDR Female 72 * *

NPDR Female 85 6 6.5

NPDR Female 91 * *

NPDR Male 74 * *

NPDR Female 62 17 6.5

NPDR Female 85 18 6.8

NPDR Male 67 24 7.4

PDR Male 58 23 7.3
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Table 1. Cont.

Diagnosis Sex Age Years of Diabetes HbA1C Levels

PDR Female 57 * *

PDR Male 64 7 *

PDR Male 64 * 6.3

PDR Female 80 33 7.8

PDR Female 53 27 10

PDR Male 55 11 10.4

PDR Male 56 20 9.3

PDR Female 61 8 9.2
PDR, proliferative diabetic retinopathy; NPDR, non-proliferative diabetic retinopathy. * Missing or unavailable data.

Figure 1. Representative optical coherence tomography (OCT) scans of study participants.
(A,B) Control subjects showing normal foveal contour, intact retinal layers, and absence of intrareti-
nal or subretinal fluid. (C,D) Non-proliferative diabetic retinopathy (NPDR) patients demonstrat-
ing preserved outer retinal structure with mild inner retinal thickening and no cystoid macular
edema. (E,F) Proliferative diabetic retinopathy (PDR) patients exhibiting cystoid macular edema
with subfoveal elevation and disruption of the foveal architecture. Asterisks denote areas of cystoid
macular edema.



Diabetology 2025, 6, 132 6 of 13

Total RNA was extracted from whole blood samples, and mRNA expression levels
were successfully analyzed using NanoString technology for all patients.

3.1. Gene Expression Analysis

Expression levels of 578 genes associated with inflammation and cancer-related path-
ways (a total of 15 biological pathways) were evaluated across all samples. A total of
66 genes (11.5%) were found to be significantly differentially expressed between the PDR
group and the NPDR/control groups (p < 0.05) (Figure 2). Bioinformatic pathway analysis
using nSolver™ Analysis Software v4.0.70 was conducted to identify the most relevant
pathways involved in PDR development.

Figure 2. Heatmap showing 66 statistically different genes between the PDR and the NPDR and
control groups. Colors indicate relative gene expression levels, with red representing upregulated
genes and green representing downregulated genes.

Among the 66 differentially expressed genes, 14 were notably overexpressed in the
PDR group and mapped to proliferative and cancer-related pathways. These included
BCL2, TGFβR, BAX, CFB, and IL23R (Figure 3).
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Figure 3. Heatmap of the 14 relevant genes overexpressed in the PDR group. Colors indicate
relative gene expression levels, with red representing upregulated genes and green representing
downregulated genes.

3.2. Gene Ontology Enrichment Analysis

Gene Ontology (GO) enrichment analysis of the differentially expressed genes re-
vealed highly significant enrichment of immune-related processes, including immune
system process, immune response, lymphocyte activation, and leukocyte activation (ad-
justed p values as low as 10−23). Additional enriched categories included cytokine activity,
signaling receptor binding, MHC protein complex binding, complement activation, and
apoptotic regulation. A summary of the top enriched GO terms is presented in Table 2, and
the top categories are illustrated in Figure 4.

Table 2. Gene ontology enrichment analysis.

GO Term GO ID Intersection Size Term Size Enrichment Ratio Adjusted p-Value

Peptidyl-amino acid modification GO:0018193 9 686 0.013 1.01 × 10−2

Negative regulation of natural killer cell
mediated cytotoxicity GO:0045953 3 18 0.167 1.02 × 10−2

Regulation of chemokine (C-X-C motif) ligand
2 production GO:2000341 3 18 0.167 1.02 × 10−2

Calcium mediated T cell apoptosis involved in
inclusion body myositis WP:WP5142 3 20 0.15 1.02 × 10−2

Chemokine (C-X-C motif) ligand 2 production GO:0072567 3 18 0.167 1.02 × 10−2

Immune response GO:0006955 30 2070 0.014 1.02 × 10−18

Positive regulation of intrinsic apoptotic
signaling pathway GO:2001244 4 60 0.067 1.04 × 10−2

Regulation of leukocyte mediated immunity GO:0002703 7 255 0.027 1.04 × 10−3

Signal transduction GO:0007165 31 6002 0.005 1.04 × 10−6

Lymphocyte differentiation GO:0030098 14 442 0.032 1.04 × 10−10

Elevated erythrocyte sedimentation rate HP:0003565 6 76 0.079 1.05 × 10−3

Cell communication GO:0007154 31 6540 0.005 1.06 × 10−5

Regulation of cell population proliferation GO:0042127 18 1685 0.011 1.06 × 10−6

Negative regulation of immune system process GO:0002683 8 515 0.016 1.07 × 10−2

TAP1 binding GO:0046978 2 4 0.5 1.07 × 10−2
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Figure 4. Top enriched Gene Ontology (GO) terms identified by g:Profiler analysis of the differentially
expressed genes between PDR and NPDR/control groups (https://biit.cs.ut.ee/gprofiler, version
e113_eg59_p19_f6a03c19; analysis date: 3 October 2025). The figure displays the top GO Biological
Process and Molecular Function categories ranked by significance. Bars represent the negative
logarithm (−log10) of the adjusted p-value for each enriched term, calculated using the g:SCS multiple
testing correction.

4. Discussion
In this study, we identified distinct gene expression signatures in the peripheral

blood of patients with PDR compared to those with NPDR and healthy controls. Using
the NanoString platform, we demonstrated differential expression of 66 genes, many
of which are implicated in key inflammatory, immune, proliferative, and apoptotic
pathways. Notably, genes such as TGFβR, BCL2, BAX, IL23R, and CFB were significantly
overexpressed in PDR patients, suggesting a systemic molecular fingerprint of advanced
retinal disease.

Our findings reinforce the emerging understanding that PDR is not solely driven by
angiogenesis but also by chronic low-grade inflammation, oxidative stress, and immune
dysregulation [17]. This is consistent with recent transcriptomic and proteomic studies
showing that patients with PDR exhibit elevated circulating levels of pro-inflammatory
cytokines (IL-6, TNF-α), angiogenic mediators [vascular endothelial growth factor (VEGF)],
and apoptotic markers (caspase-3), along with increased oxidative stress indicators such
as malondialdehyde (MDA) and 4-hydroxynonenal (4HNE) [18]. These alterations are
accompanied by decreased antioxidant defenses, including superoxide dismutase (SOD)
and catalase (CAT), indicating systemic redox imbalance [18].

Pathway-level analyses in prior work have also implicated VEGF signaling, NF-κB
activation, Toll-like receptor pathways (TLR4), complement activation, endoplasmic reticu-
lum stress (e.g., TP53, TXNIP, TRAM1), and extracellular matrix remodeling (e.g., CTGF,
SERPINH1, LOX) in the progression of PDR [19–21]. Our identification of IL23R and CFB
among the upregulated genes adds further support to the role of adaptive immunity and
complement system involvement in PDR, as IL-23 promotes Th17-mediated inflammation

https://biit.cs.ut.ee/gprofiler
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and CFB amplifies the alternative complement cascade, a pathway increasingly recognized
in retinal microvascular injury [19,21].

Of note, several of the genes identified in our analysis, particularly IL23R and CFB,
have not previously been reported in human peripheral blood expression studies comparing
NPDR and PDR, suggesting a potentially novel association with disease progression. Other
genes such as BAX, BCL2, TGFBR1/2, TNF, and NFKB1 have been implicated in diabetic
retinopathy in vitreous or retinal tissue, and our findings extend these observations by
demonstrating differential expression between NPDR and PDR in blood.

The functional significance of these transcriptional changes was supported by Gene
Ontology enrichment analysis, which demonstrated strong overrepresentation of immune-
related processes, including immune system process, lymphocyte and leukocyte activation,
and immune response, with adjusted p values as low as 10−18. Enrichment for cytokine
activity, signaling receptor binding, and MHC protein complex binding further emphasizes
the role of adaptive immunity and antigen presentation in the transition from NPDR to
PDR. Complement-related categories, driven in part by CFB and C8G, were also enriched,
highlighting amplification of the alternative complement pathway, while apoptotic regu-
lation reflected the contribution of pro-apoptotic genes such as BAX and BID. Together,
these results provide functional validation of our gene-level findings and suggest that PDR
progression is mediated not only by angiogenic mechanisms but also by systemic immune
activation, complement amplification, and dysregulated cell survival pathways.

With the emergence of artificial intelligence-based analytical approaches, future re-
search may focus on integrating the expression profiles of multiple genes to identify
reproducible molecular patterns associated with disease progression. Even in the absence
of a single novel gene, characteristic expression signatures comprising several upregulated
genes may, with sufficient data and machine learning, become diagnostic or prognostic
tools for early detection of PDR.

Previous blood-based gene expression studies in PDR have primarily relied on bulk
transcriptomic techniques (e.g., microarrays, qPCR, or RNA-seq) [22–24]. Our study is
the first, to our knowledge, to apply NanoString nCounter technology to compare NPDR
and PDR, enabling direct, amplification-free digital quantification of gene expression.
NanoString allows multiplexed, direct digital quantification of RNA transcripts without
reverse transcription or amplification, offering high sensitivity and reproducibility in
analyzing clinical samples. This platform is well suited to detect modest yet biologically
relevant changes in gene expression, especially when sample input is limited or RNA
integrity is suboptimal, a common challenge in blood-based assays.

Importantly, our results support and extend the findings of prior studies conducted in
adult populations with type 2 diabetes and advanced retinopathy. These studies typically
compare PDR patients to diabetic individuals without retinopathy or to healthy controls
and consistently identify upregulation of inflammatory, angiogenic, and apoptotic markers
in the peripheral blood [18,22]. By including NPDR patients as an intermediate group,
our study provides insight into potential transcriptional shifts associated with retinopathy
progression. Although this was a cross-sectional analysis, the differential expression
observed in PDR, but not NPDR, suggests that some of these molecular changes may be
linked to the transition from non-proliferative to proliferative stages.

Another key observation is the overexpression of BAX and BCL2, genes central to
mitochondrial-mediated apoptosis. Their concurrent upregulation may reflect a dysreg-
ulated balance between cell survival and programmed cell death, possibly contributing
to ongoing retinal injury [19]. Likewise, TGFβR overexpression suggests an active profi-
brotic and immunomodulatory axis, which has been linked to endothelial-mesenchymal
transition and neovascular membrane formation in diabetic eyes [21].
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Despite the success of anti-VEGF therapies in managing PDR, there remains an ongo-
ing search for additional intraocular targets that could address the broader pathophysiology
of the disease [25]. Current treatments primarily focus on angiogenic mediators such as
VEGF and angiopoietin, yet do not fully address the inflammatory and neurodegener-
ative components of diabetic retinopathy [26,27]. Our findings highlight upregulated
inflammatory and apoptotic markers and underscore the potential utility of targeting non-
angiogenic pathways, such as IL-23 signaling or complement activation, for therapeutic
modulation. As such, expanding the therapeutic landscape to include anti-inflammatory,
immunomodulatory, or anti-apoptotic agents for intraocular administration may offer
complementary or alternative strategies for patients who do not adequately respond to
VEGF inhibition [28,29].

While our findings are promising, the study has several limitations. The relatively
small sample size reduces statistical power and limits subgroup analyses based on age,
diabetes duration, or systemic comorbidities such as hypertension and renal disease, which
were present in several PDR patients. Although peripheral blood profiling offers a mini-
mally invasive window into disease biology, it may not fully capture retina-specific events.
Nevertheless, the overlap between systemic and intraocular molecular alterations in dia-
betic retinopathy has been repeatedly demonstrated [30,31], supporting the relevance of
blood-based biomarkers. Finally, this study was not powered to calculate relative risk or
odds ratios for progression to PDR, and such risk estimates will require larger, longitudinal
cohorts that track clinical conversion over time.

Moreover, the functional consequences of the observed transcriptional changes re-
main to be elucidated. Further studies incorporating protein-level validation, single-cell
transcriptomics, and functional assays (e.g., pathway inhibition or gene knockdown) are
necessary to determine whether these differentially expressed genes are causally involved
in PDR pathogenesis or represent downstream markers of tissue injury. In addition, inte-
grating gene expression data with methylation profiling [22] and metabolomic or proteomic
data [32] may yield a more comprehensive picture of the disease process and help refine
predictive models. Such integrative approaches could also clarify whether the observed
transcriptional signature reflects disease-specific alterations or underlying inter-individual
variability, including genetic polymorphisms in inflammatory, complement, and apoptotic
pathways. These polymorphisms could predispose certain patients to an exaggerated
retinal response to the metabolic stress of diabetes, thereby accelerating progression from
NPDR to PDR. Notably, several of the upregulated genes in our study (e.g., IL23R, CFB,
BAX) are involved in immune activation, complement amplification, and apoptosis, sug-
gesting that similar molecular patterns might be present in other ocular diseases driven by
inflammation or neovascularization, such as neovascular age-related macular degeneration,
retinal vein occlusion, or uveitis-related neovascularization. Future work comparing pe-
ripheral blood gene expression across these conditions, and in non-diabetic cohorts, will be
essential to determine whether the observed profile represents a PDR-specific fingerprint
or a broader systemic pro-inflammatory and pro-angiogenic phenotype.

Interestingly, analysis of the normalized NanoString data revealed that a subset of
NPDR patients exhibited expression levels for several of the most strongly upregulated
genes in PDR, including BAX, BCL2, TGFBR1, TGFBR2, CFB, IL23R, NFKB1, and TNF, that
overlapped with or approached those of the PDR group. For example, IL23R expression in
one NPDR patient exceeded that of most PDR samples, and several NPDR patients had BAX
and BCL2 expression within the PDR range. These findings suggest that partial activation
of apoptotic, immune, and complement pathways may already be present in some NPDR
individuals, possibly indicating a pre-proliferative molecular phenotype. This observation
supports the concept of a molecular continuum between NPDR and PDR and highlights the
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potential of these genes as candidate biomarkers for progression. Longitudinal studies will
be essential to determine whether these transcriptional profiles precede clinical conversion
to PDR and could guide early identification of high-risk patients.

Looking ahead, future research should focus on longitudinal studies to assess whether
the identified gene signatures precede the clinical onset of PDR, and whether they can be
modulated by pharmacological interventions. The ultimate goal would be to develop a non-
invasive blood-based diagnostic panel that incorporates inflammatory and proliferative
gene markers to facilitate early risk stratification, personalized monitoring, and targeted
therapy for diabetic patients.

5. Conclusions
This study demonstrates that NanoString-based gene expression profiling can re-

veal systemic molecular alterations in patients with PDR, supporting the involvement of
inflammatory, immune, angiogenic, apoptotic, and fibrotic pathways in disease pathogen-
esis. Gene expression profiling using NanoString technology may aid in distinguishing
PDR patients from NPDR patients and healthy individuals based on inflammatory and
proliferative pathway activation. These findings highlight the potential of peripheral
blood as a source of clinically useful biomarkers and underscore the need for integra-
tive, multi-omics approaches to improve prediction and prevention of vision-threatening
diabetic retinopathy.
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