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DNA Methylation Profiles of PSMA6, PSMB5, KEAP1, and
HIF1A Genes in Patients with Type 1 Diabetes and Diabetic
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Center of Eye Research and Innovative Diagnostics, Department of Ophthalmology, Oslo University Hospital,
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Abstract: We explored differences in the DNA methylation statuses of PSMA6, PSMB5, HIF1A, and
KEAP1 gene promoter regions in patients with type 1 diabetes and different diabetic retinopathy (DR)
stages. Study subjects included individuals with no DR (NDR, n = 41), those with non-proliferative DR
(NPDR, n = 27), and individuals with proliferative DR or those who underwent laser photocoagulation
(PDR/LPC, n = 46). DNA methylation was determined by Zymo OneStep qMethyl technique. The
methylation of PSMA6 (NDR 5.9 (3.9-8.7) %, NPDR 4.5 (3.8-5.7) %, PDR/LPC 6.6 (4.7-10.7) %,
p =0.003) and PSMB5 (NDR 2.2 (1.9-3.7) %, NPDR 2.2 (1.9-3.0) %, PDR/LPC 3.2 (2.5-7.1) %, p < 0.01)
differed across the groups. Consistent correlations were observed between the methylation levels of
HIF1A and PSMAG in all study groups. DNA methylation levels of PSMA6, PSMB5, and HIF1A genes
were positively correlated with the duration of diabetes, HbAlc, and albuminuria in certain study
groups. Univariate regression models revealed a significant association between the methylation
level z-scores of PSMA6, PSMB5, and HIF1A and severe DR (PSMA6: OR =1.96 (1.15; 3.33), p = 0.013;
PSMB5: OR =1.90 (1.14; 3.16), p = 0.013; HIF1A: OR = 3.19 (1.26; 8.06), p = 0.014). PSMB5 remained
significantly associated with DR in multivariate analysis. Our findings suggest significant associations
between the severity of DR and the DNA methylation levels of the genes PSMA6, PSMB5, and HIF1A,
but not KEAPI gene.

Keywords: diabetic eye disease; epigenetics; proteasome

1. Introduction

Diabetic retinopathy (DR) is one of the most common complications of diabetes, and
it has a significant impact on national and global health. In a US study conducted in 2021,
an estimated 9.6 million people were found to have DR, with a prevalence rate of 26.43%
among individuals with diabetes [1]. The pathogenetic mechanisms responsible for DR are
not yet fully understood. At present, there is a deficiency in identifying susceptibility and
probability of early indicators for DR and other microvascular complications of diabetes,
and there is also a need for effective treatments to manage the progression of the disease
during its initial stages.

Epigenetic alterations influence how genes are expressed without making changes
to the underlying DNA sequence, adapting dynamically in response to environmental,
developmental, and nutritional signals [2,3]. Recently, research has shown that epigenetic
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mechanisms play a role in diabetic complications [4], although there is not sufficient data
about their implication in DR pathogenesis. The development of DR is multifactorial, and it
is known to progress even after euglycemia is achieved [5], suggesting that epigenetics may
play a role in the development and progression of DR. Indeed, global DNA methylation
status was linked to retinopathy in a case—control study of 168 individuals with type 2
diabetes, demonstrating the strong relationship between DNA methylation and the regu-
lation of gene transcription [6]. Moreover, patients with type 1 diabetes and proliferative
DR (PDR) have displayed variations in the patterns of epigenetic factors, and this implies
that certain changes in epigenetic markers could potentially serve as predictive indicators
for the development of PDR and might be valuable as prospective biomarkers for DR
screening [7]. Since disease outcomes are thought to be determined by a combination of
genotypes, environmental exposures, and their interactions [8], DNA methylation may
represent a potential biomarker of DR [9]. Some of the epigenetic modifications, being
reversible, present important prospects for therapeutic intervention [10]. There is intense
research interest in the development of non-invasive blood-based biomarkers for DR. How-
ever, the limited available data on this topic delay the development of diagnostic and
disease-monitoring markers, which are related to the methylation statuses of genes in DR.

The ubiquitin—proteasome system plays a crucial role in regulating cell homeostasis
through protein degradation [11]. Dysregulation of this system is implicated in various
chronic diseases, including diabetes. Proteasomal gene PSMA6 has been already identified
as a gene with type 1 diabetes susceptibility [12], and PSMB5 genetic variations were found
in association with multiple sclerosis in Latvians [13].

Altered proteasome activity in response to hypoxia and oxidative stress under hy-
perglycemic conditions is observed in diabetes [14], potentially affecting the degradation
of proteins involved in anti-oxidative and anti-hypoxic defense mechanisms, such as the
Nrf2/Keap1 and hypoxia-inducible factor-1 (HIF-1) systems [15]. Under normal conditions,
Keapl facilitates the proteasomal degradation of Nrf2, but oxidative stress leads to Keapl
inactivation, stabilizing Nrf2 and promoting its anti-oxidative response [16]. In DR, epige-
netic changes in the KEAPI gene can result in decreased Nrf2 expression, compromising
the anti-oxidative response [17]. HIF-1, a key transcription factor in hypoxia responses,
plays a critical role in maintaining oxygen homeostasis [18,19]. While HIF-1 alpha is estab-
lished as a central stimulator of angiogenesis in the proliferative phase of DR, it plays a
protective role during the early stages of DR, exhibiting anti-inflammatory, antiapoptotic,
and anti-oxidative effects [20]. Notably, the HIF-1A Pro582Ser polymorphism, involved in
resistance to hyperglycemia, is associated with protection against severe DR [21]. As the
disease progresses, factors such as chronic hyperglycemia leading to the formation of ad-
vanced glycation end products (AGEs) and the chronic inflammatory state associated with
diabetes can compromise HIF-1 function [22,23]. HIF-1 alpha undergoes hydroxylation and
proteasomal degradation under normoxic conditions. However, under hypoxia or prolyl
hydroxylase domain inhibition, HIF-1 alpha stabilizes, translocates into the nucleus, and
activates downstream genes through hypoxia-responsive elements [24]. In experimental
studies, inhibitors of proteasome activity have shown a beneficial impact on the progression
of diabetic complications [25-28]. Noteworthily, there is evidence of distinct promoter
methylation patterns in UPS genes in cancer [29,30], and in diabetology, the offspring
of mothers with diabetes exhibit the altered methylation of UPS genes [31]. Numerous
associations between proteasome system genes and autoimmune diseases, including type 1
diabetes, have previously been published in the Latvian population. Polymorphisms in
PSMA3, PSMA6, and PSMC6 were found to be associated with type 1 diabetes in Latvian
patients [12]. Furthermore, correlations have been established between these proteasome
gene polymorphisms and type 1 diabetes-susceptible genes involved in various path-
ways, including innate and adaptive immunity, antiviral response, insulin signaling, and
glucose/energy metabolism, highlighting the complex interplay of these genes in type 1
diabetes pathogenesis [12]. This complex chain of associations highlights the importance of
the proteasome system in the development of diabetes and its complications.
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These findings underscore the significance of investigating UPS regulation and epige-
netic modifications in understanding the DR pathogenesis. However, there is currently no
published data on the association between the methylation status of genes associated with
the ubiquitin-proteasome system and the hypoxia signaling axis and the severity of DR.
Our study aimed to study the differences in the methylation statuses of the promoter parts
of PSMA6, PSMB5, HIF1A, and KEAP1 genes between patients with different DR stages
and type 1 diabetes in Latvia.

2. Materials and Methods
2.1. Patients and Ethics

For the implementation of this study, patients in Latvia with type 1 diabetes were
recruited in frames of the LatDiane study (a part of the international InterDiane consortium).
Inclusion criteria for the study were as follows: patients with age > 18 years and history
and established treatment of type 1 diabetes (defined as an age of diagnosis younger than
40 years, with insulin treatment initiated within one year of diagnosis, and C-peptide
levels below 0.3 nmol/L) [32]. Exclusion criteria were treatment with oral hypoglycemic
medications for more than one year after diagnosis. The study protocol was approved by
the Latvian Central Ethics Committee (clearance Nr. 1/19-10-01, issued on 1 October 2019).
The recruitment of the study participants, biobanking, and sample storage were performed
in agreement with the procedures of the Genome Database of the Latvian population [33]
and are described in more detail in [34]. The study corresponds to the ethical standards
defined in the 1964 Declaration of Helsinki and its later amendments. Written informed
consent was obtained from all study participants before inclusion in the study.

2.2. Clinical Definitions

DR grading was based on the fundus oculi examination carried out by an ophthalmol-
ogist. Patients were stratified according to the DR status as follows: no retinopathy (NDR),
non-proliferative retinopathy (NPDR), proliferative retinopathy (PDR), and patients after
panretinal-laser photocoagulation (LPC). Furthermore, to increase the power of the study,
subjects were stratified into three groups: patients with NDR; patients with NPDR; patients
with PDR, and those after LPC (PDR/LPC).

The “smokers” group applied to patients currently smoking at least one cigarette per
day, and smoking was self-reported in the questionnaire.

Body mass index (BMI) was calculated as weight (kg)/height (m)?.

The definition of arterial hypertension was based on blood pressure values (systolic
blood pressure > 140 mmHg (18.7 kPa) or diastolic blood pressure > 90 mmHg (12.0 kPa))
and the history of antihypertensive drug usage.

We defined cardiovascular disease as a history of stroke, amputation, peripheral vas-
cular disease, acute myocardial infarction, or coronary bypass/percutaneous transluminal
coronary angioplasty.

Diabetic nephropathy was defined as follows: macroalbuminuria or eGFR below
60 mL/min/1.73 m? or treatment with dialysis or kidney transplant. Albuminuria was
determined using two out of three urine albumin-to-creatinine ratio measurements in
the morning spot urine. The estimated glomerular filtration rate (eGFR) was calculated
according to Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI).

2.3. Biochemical Parameters

Total cholesterol, high- and low-density lipoprotein cholesterol, triglycerides, glycated
hemoglobin (HbAlc), and the albumin/creatinine ratio in urine were measured in certified
clinical laboratories.

2.4. Sampling of Blood for DNA Extraction and Serum Preparation

For serum preparation, peripheral venous blood was collected. The blood samples
were incubated undisturbed for 30 min at room temperature and then centrifuged. The
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serum was removed from the pellet and transferred into fresh 2 mL tubes, frozen, and
stored at —80 °C until analysis. Blood for DNA extraction was collected in EDTA tubes.
DNA isolation from whole blood samples using the phenol-chloroform extraction method
was carried out in the biobank setting, as previously described [33].

2.5. Targeted DNA Methylation Assessment

Bisulfite-free, restriction enzyme-dependent determination of the DNA methylation
status in the promoter regions of PSMA6, PSMB5, HIF1A, and KEAP1 genes was performed
using real-time PCR procedure, following the instructions given in the manual (OneStep
gMethyl™ Kit (Zymo research, Irvine, CA, USA)). The procedure involves two reactions
for each investigated DNA sample: a “Test Reaction” and a “Reference Reaction”. In the
Test Reaction, DNA is digested with Methylation Sensitive Restriction Enzymes (MSREs),
while DNA in the Reference Reaction remains undigested. Real-time PCR with the SYTO®
9 fluorescent dye (Thermo Fisher Scientific, Waltham, MA, USA) is then used to quantify
the difference in the methylation status in both reactions. DNA methylation extent was
calculated using threshold cycle or CT values and the following equation: 100 x 27A¢T,
indicating methylation status in percentage values. UCSC Genome Browser on Human
((GRCh38/hg38, https:/ /genome.ucsc.edu/) accessed on 27 October 2023) was used to
determine the localization of CpG island and promoter regions of genes of interest. Primer
design was performed with the online software Primer3plus (https://www.bioinformatics.
nl/cgi-bin/primer3plus/, accessed on 27 October 2023 (Netherlands Bioinformatics Centre,
Wageningen, The Netherlands)). To perform quantitative real-time polymerase chain
reaction (RT-PCR) with methylation-sensitive restriction enzymes (MSREs), we designed
primers that included two or more MSRE targeting sites in the amplicon flanking targeted
CpG sites regions related to the promoter parts of the investigated genes (Supplementary
Table S1). For each sample, 5 uL DNA (4 ng/uL) is added to achieve a final reaction volume
of 20 uL (1 ng/uL concentration). Duplicate human methylated and non-methylated
DNA standards with control MGMT primers, as well as positive controls, were used
in each experiment to verify the accuracy of the reaction performed according to the
standard procedure.

2.6. Statistical Analysis

Categorical data are presented as frequencies and percentages. Most of the vari-
ables analyzed violated the normality assumption (determined by the Shapiro-Wilk test),
and continuous data are represented as medians with the interquartile range (Q1-Q3).
Biomarker levels between DR groups (NDR, NPDR, PDR/LPC) were compared using the
Kruskal-Wallis test. Post hoc analysis was performed using Dunn’s test.

Analysis of covariance (ANCOVA) on ranks was conducted to assess differences in
biomarker levels among retinopathy groups adjusted for age, sex, and BMI.

Logistic regression models were employed to evaluate the odds of severe DR (PDR/LPC)
compared to patients in NDR and NPDR groups for predictors PSMA6, PSMB5, KEAP1,
and HIF1A while adjusting for age, sex, smoking, and arterial hypertension.

Correlation analysis between biomarkers among DR groups was conducted using the
Spearman correlation coefficient.

A p-value of less than 0.05 was considered statistically significant.

All statistical data analysis was performed using Statistical Software R version 4.3.0.
((http:/ /www.r-project.org), accessed on 23 April 2024).

3. Results
3.1. Characteristics of Cohort

A total of 114 patients were analyzed in the study, 46.50% of them were male. The
median age was 39 (30-49) years, duration of diabetes 22 (16-30) years, body mass index
(BMI) 24.55 (22.22-27.98) kg/m?, and waist/hip ratio 0.86 (0.78-0.93). Among all patients,
72 (63.20%) had arterial hypertension, 22 (19.30%) had diabetic nephropathy, 78 (68.40%)
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had polyneuropathy, and 11 (9.60%) had cardiovascular diseases. In the entire cohort,
the median HbAlc level was 8.75 (8.00-10.10) %, high-density lipoprotein cholesterol
measured 1.58 (1.24-1.83) mmol/L, low-density lipoprotein cholesterol measured 2.91
(2.07-3.37) mmol/L, triglycerides measured 1.20 (0.80-1.65) mmol/L, the median estimated
glomerular filtration rate (eGFR) was reported at 110.57 (91.15-120.53) mL/min/1.73 m?,
and the median albuminuria level was 1.10 (0.28-8.33) mg/mmol. The use of angiotensin-
converting enzyme inhibitors/angiotensin II receptor blockers (ACEI/ ARB) was reported
by 43 (37.70%) of the patients, while 21 (18.40%) underwent statin therapy.

3.2. Characteristics of Patients with Different Severity of DR

Characteristics of the patients within the groups of retinopathies are demonstrated
in Table 1. Patients within PDR/LPC group compared to NDR and NPDR groups had
significantly longer diabetes duration, a higher prevalence of arterial hypertension and
cardiovascular diseases, elevated serum triglyceride levels, lower eGFR, and a higher

frequency of ACEI/ARB usage and statin therapy.

Table 1. Characteristics of patients stratified according to diabetic retinopathy status.

NDR

NPDR

PDR/LPC

(n = 41) (n = 27) (n = 46) p-Value
Sex (female), 1 (%) 21 (51.22%) 12 (44.44%) 28 (61.87%) 0.372
Age, years 40 (30-47) 2P 31 (26-43) P 45 (35-51) 2 0.002
Smokers, 11 (%) 9 (21.95%) 2 14 (51.85%) 8 (17.39%) 0.004
Duration of diabetes, years 19 (13-25) 2 17 (13-21) 2 28 (22-35) <0.001
Body mass index, kg/m?2 26.60 (23.90-29.70) 22.80 (20.70-24.80) 2 24.40 (22.02-27.40) 2 <0.001
Waist/hip ratio 0.87 (0.77-0.94) 0.83 (0.80-0.88) 0.86 (0.78-0.95) 0.468
Arterial hypertension, 1 (%) 21 (51.22%) @ 12 (44.44%) @ 39 (84.78%) <0.001
Diabetic nephropathy, 1 (%) 0 (0.00%) 6 (23.08%) 2 16 (35.56%) @ <0.001
Polyneuropathy, n (%) 25 (60.98%) 18 (66.67%) 35 (76.09%) 0.310
Cardiovascular diseases, 1 (%) 1(2.44%) @ 0 (0.00%) @ 10 (21.74%) <0.001
HbAlc, % 8.30 (7.95-9.60) 10.15 (8.72-11.17) 8.60 (8.02-9.70) 0.009
Total cholesterol, mmol/L 5.32 (4.29-5.91) 4.78 (3.95-5.54) 5.20 (4.16-5.79) 0.378
:ﬁfﬁgjﬁ?ﬂﬁ’(ﬁ?ftem 1.62 (1.26-1.91) 1.58 (1.24-1.76) 153 (1.21-1.90) 0.850
Low-density lipoprotein 2.98 (2.33-3.42) 2.63 (1.84-3.26) 3.01 (2.07-3.34) 0.426
cholesterol, mmol /L
Triglycerides, mmol /L 0.96 (0.74-1.47) 2 1.09 (0.79-1.81) &b 1.32 (0.93-1.78) P 0.047
eGFR, mL/min/1.73 m2 114.57 (108.26-124.13) @ 118.53 (108.44-128.74)@  85.11 (64.17-105.30) <0.001
Albuminuria, mg/mmol 0.39 (0.21-1.19) 2.58 (0.38-23.90) 2 3.47(0.48-17.57) 2 <0.001
ACEI/ARB usage, 1 (%) 10 (24.39%) 6 (22.22%) 2 27 (58,70%) <0.001
Statin usage, n (%) 4(9.76%) @ 2 (7.41%) 2 15 (32.61%) 0.006

Continuous data are presented as medians with (Q1-Q3) with the corresponding Kruskal-Wallis test p-values.
Categorical data are presented as frequencies (percentages) with the corresponding Chi-squared test p-value for
the equality of proportions. **—indicates groups that, based on pairwise post hoc comparisons, did not exhibit
significant differences (according to Dunn’s or pairwise Chi-squared test). Entries with p < 0.05 are highlighted in
bold. NDR—no diabetic retinopathy; NPDR—non-proliferative retinopathy; PDR/LPC—proliferative retinopa-
thy/status after panretinal-laser photocoagulation; eGFR—estimated glomerular filtration rate (CKD-EPI); and
ACEI/ARB—angiotensin-converting enzyme inhibitors/angiotensin II receptor blockers.

Among patients in NPDR, significantly younger age, higher prevalence of smokers,
and higher levels of HbAlc were observed compared to both other groups. Patients in the
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NDR group had significantly higher BMI and lower levels of albuminuria compared to
NPDR and PDR/LPC groups. The prevalence of diabetic nephropathy was statistically
significantly higher in the PDR/LPC group compared to the NDR group.

3.3. Association of DNA Methylation with DR Severity Stages

The level of methylation (%) in the promoter regions of the genes HIF1A, PSMAG,
PSMB5, and KEAP1 was compared in three study groups NDR, NPDR, and PDR/LPC.
As demonstrated in Table 2 and Figure 1, only the levels of the methylation of PSMA6
(p =0.003) and PSMB5 (p < 0.01) genes differed across the study groups.

Table 2. DNA methylation levels of promoter parts of genes across the groups of different retinopathy
severity stages.

NDR NPDR PDR/LPC p-Value
HIF1A, % 47 (24-67) 3.8 (3.1-4.9) 49 (2.6-9.6) 0.216
KEAP1,% 47 (3.7-5.9) 47 (3.6-7.1) 46 (3.6-5.8) 0.973
PSMA6, % 5.9 (3.9-8.7) 2P 45(3.8-5.7)2 6.6 (4.7-10.7) 0.003
PSMBS5, % 2.2(1.9-3.7) 2.2 (1.9-3.0) 2 32 (2.5-7.1) <0.001

The Kruskal-Wallis test was used to compare the differences in biomarkers between diabetic retinopathy groups.
ab__indicates groups that, based on pairwise post hoc comparisons using Dunn’s test, did not exhibit signif-
icant differences. After adjusting for age, sex, and BMI (ANCOVA on ranks), the results remained consistent
with the Kruskal-Wallis test. Entries with p < 0.05 are highlighted in bold. NDR—no diabetic retinopathy;
NPDR—non-proliferative retinopathy; and PDR/LPC—proliferative retinopathy/status after panretinal-laser

photocoagulation.
A gyl __p=0241. B g4. _p=0002" _
>0.999
' p=0.964 1 . p=0321 )
- 81 é 16- p=0.146
T + %)
A
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4 4
NDR NPDR PDRILPC NDR NPDR PDRILPC
C <0.001* D 641
16.00 - : p=0.005* >0.999
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Figure 1. Methylation levels (%) of HIF1A, PSMA6, PSMB5, and KEAP1 genes across the groups of DR
severity stages. The median methylation levels (%) along with the interquartile range are highlighted.
(A)—methylation of HIF1A gene; (B)—methylation of PSMA6 gene; (C)—methylation of PSMB5
gene; and (D)—methylation of KEAPI gene. The y-axis of the graphs is presented on a log scale.
NDR—no diabetic retinopathy; NPDR—non-proliferative retinopathy; and PDR/LPC—proliferative
retinopathy /status after panretinal-laser photocoagulation. *—statistically significant difference.
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3.4. Correlations between DNA Methylation Levels and Clinical Parameters

Spearman correlation coefficients were calculated to assess the relationships between
the methylation levels of genes PSMA6, PSMB5, HIF1A, and KEAP1 among themselves
and with other clinical parameters within the study groups stratified by DR severity stages.
The results for parameters exhibiting significant correlations are summarized in Table 3.

Table 3. Correlations between DNA methylation levels (%) and clinical parameters.

NDR NPDR PDR/LPC
Variable HIF1A PSMA6  PSMB5 HIF1A PSMA6  PSMB5 HIF1A PSMA6  PSMB5
Duration of 0.52 0.43 —0.04 —0.14 —0.04 0.05 0.14 —0.08 —0.08
diabetes, years  (<0.001)  (0.005) (0.804) (0.493) (0.859) (0.797) (0.343) (0.588) (0.616)
HbALe o —0.12 —0.09 0.44 —0.02 —0.08 —0.14 ~0.12 ~0.03 0.00
’ e (0.465) (0.596) (0.005) (0.91) (0.705) (0.483) (0.435) (0.84) (0.993)
Albuminuria, 0.06 ~0.15 0.24 0.07 —0.09 0.13 0.19 0.45 0.45
mg/mmol (0.728) (0.378) (0.145) (0.752) (0.701) (0.554) (0.278) (0.008) (0.008)
KEAPT 0.26 0.23 0.46 0.01 0.26 —0.07 0.08 0.17 0.12
(0.102) (0.145) (0.003) (0.977) (0.187) (0.741) (0.620) (0.272) (0.412)
HIFIA 0.55 0.12 0.39 0.15 0.45 0.17
(<0.001)  (0.463) (0.045) (0.44) (0.002) (0.26)
0.35 —0.01 0.40
PSMAG (0.024) (0.977) (0.006)

Data are presented as Spearman correlation coefficient R (p-value). Entries with p < 0.05 are highlighted in
bold. NDR/NPDR—no diabetic retinopathy/non-proliferative retinopathy; PDR/LPC—proliferative retinopa-
thy/status after panretinal-laser photocoagulation.

In patients within the NDR group, positive correlations were observed between
methylation levels of HIFIA and PSMA6 (R = 0.55, p < 0.001), PSMB5 and KEAPI (R = 0.46,
p = 0.003), and PSMA6 and PSMB5 (R = 0.35, p = 0.024). Additionally, the duration of
diabetes was positively correlated with HIF1A gene (R = 0.52, p < 0.001) and PSMAG6 gene
methylation level (R = 0.43, p = 0.005). HbAlc was found to be positively correlated with
PSMB5 gene methylation level (R = 0.44, p = 0.005).

In the NPDR group, a positive correlation was observed between methylation levels
of genes HIF1A and PSMA6 (R =0.39, p = 0.045).

In the PDR/LPC group, positive correlations were observed between methylation
levels of genes HIF1A and PSMA6 (R = 0.45, p = 0.002) and PSMA6 and PSMB5 (R = 0.40,
p = 0.006). Moreover, albuminuria was observed to be positively correlated with PSMA6
(R =0.45, p=0.008) and PSMB5 methylation levels (R = 0.45, p = 0.008).

Overall, consistent correlation trends were observed exclusively between the methyla-
tion levels of genes HIF1A and PSMAG6 across all study groups. However, other correlations
varied among the study groups.

3.5. Association of DNA Methylation with the Presence of DR Using Logistic Regression

Logistic regression models were constructed to examine the association between DNA
methylation levels and the presence of severe DR (NDR and NPDR vs. PDR/LPC). All
continuous predictors were standardized before analysis. The results are summarized
in Table 4. Univariate regression analysis demonstrated significant effects of PSMA6
(OR =1.96 (1.15; 3.33), p = 0.013), PSMB5 (OR = 1.90 (1.14; 3.16), p = 0.013), and HIF1A (OR
3.19 (1.26; 8.06), p = 0.014).

Multivariate regression models were fitted separately for each gene methylation level
adjusted for age and sex (third column in Table 4) and additionally for smoking and
arterial hypertension (fourth column in Table 4). Only PSMB5 showed a trend towards
a statistically significant effect (OR 1.75 (0.98; 3.12), p = 0.057) when adjusted for age and
sex, and a statistically significant effect (OR 1.57 (1.04; 2.36), p = 0.030) when additionally
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adjusted for smoking and arterial hypertension. HIFIA demonstrated a trend towards
statistical significance (OR 2.13 (0.95; 4.77), p = 0.065) when adjusted for age, sex, smoking
and arterial hypertension.

Table 4. Results of logistic regression assessing the association between DNA methylation levels and
severity of diabetic retinopathy.

Variables Univariate Regression Multivariate Regression Multivariate Regression
Results Results ! Results 2
OR (95% CI) p-Value OR (95% CI) p-Value OR (95% CI) p-Value

1.96 1.01 1.00

PSMAG (1.15; 3.33) 0.013 (0.50; 2.03) 0983 (0.57;1,78) 0-990
1.90 1.75 1.57

PSMB5 (1.14; 3.16) 0.013 (0.98;3.12) 0.057 (1.04; 2.36) 0.030
0.84 0.77 0.74

KEAPT (0.53;1.34) 0472 (0.42;1.41) 0-395 (0.45;1.22) 0-238
3.19 2.00 2.13

HIFIA (1.26; 8.06) 0.014 (0.81;4.93) 0-134 (0.95; 4.77) 0.065

Results of logistic regression analysis with the presence of severe diabetic retinopathy (no diabetic retinopathy and
non-proliferative retinopathy vs. proliferative retinopathy /status post laser photocoagulation) as the response
variable. Data are presented as odds ratios with 95% CI and p-values. Separate multiple regression models
were fitted for each gene methylation level with the following adjustment variables: '—models adjusted for age
and sex; 2>—models adjusted for age, sex, smoking, and arterial hypertension. All continuous predictors were
standardized before analysis. Entries with p < 0.05 are highlighted in bold.

4. Discussion

In the present study, DNA methylation profiles of PSMA6, PSMB5, KEAP1, and
HIF1A genes were analyzed in a Latvian cohort of 114 patients to examine the effect of
methylation on different stages of retinopathy and to identify correlations with clinical and
biochemical parameters.

According to the comparative analysis of the three study groups (NDR, NPDR, and
PDR/LPC), methylation levels of genes PSMA6 and PSMB5 were found to be significantly
higher in patients with PDR/LPC. In addition, in all studied DR groups, positive corre-
lations were observed between the methylation levels of the HIFIA and PSMA6 genes.
According to data reported by Maghbooli et al., an increasing trend in global DNA methy-
lation levels has also been observed with progressing retinopathy stages. In addition, gene
promoter methylation levels found by us align with the reported global DNA methylation
levels, ranging from 1.79% to 7.35% [6]. Subsequent studies have also consistently identified
differential DNA methylation in specific genes associated with DR [35-37].

The molecular mechanism underlying increased proteasome gene promoter methyla-
tion in patients with severe DR possibly involves the epigenetic regulation of PSMA6 and
PSMBS5, key subunits of the proteasome complex responsible for protein degradation [11,38].
Several studies have shown that severe oxidative stress induced by hyperglycemia de-
creases intracellular proteolysis, probably by generating damaged proteins that cannot be
easily degraded and by damaging proteasomes [39]. The changes in DNA methylation also
can be induced by hyperglycemia [40] and other metabolic by-products of diabetes that
contribute to the development of diabetic complications in peripheral organs [41,42]. In the
context of PDR, this methylation-induced regulation might impair the normal degradation
of cellular proteins, leading to the accumulation of damaged or misfolded proteins [43].
Therefore, we can assume that the observed trend of increasing methylation profiles with
advancing retinopathy stages in our study implies a cumulative effect of prolonged hy-
perglycemia and oxidative stress on the epigenetic regulation of these proteasomal genes.
Notably, our cohort study in Latvia revealed a positive correlation between PSMB5 methy-
lation and HbAlc levels in the NDR group, suggesting a complex interaction involving
glycemic control, epigenetic changes, and proteasome function. Methylation alterations
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under hyperglycemia conditions [40] can impact PSMB5 transcription and, consequently,
impact proteasome function, influencing cellular protein homeostasis [44-46]. Interestingly,
no correlation between HbAlc and PSMB5 gene methylation was observed in NPDR and
PDR/LPC groups, which could be explained by confounding factors: higher levels of
HbAlc, higher prevalence of other complications of diabetes, and more frequent usage
of antihypertensive and hypolipidemic treatment in these groups [41-46]. Importantly,
PSMB5 gene methylation was identified in the current study as a significant predictor of
severe DR and has the potential to become a clinically significant biomarker.

The consistent positive trends in the correlation between HIF1A and PSMA6 methyla-
tion levels identified across all study groups in the current study can indicate a common
regulatory mechanism. The ubiquitin—proteasome system is crucial for regulating the
cellular response to hypoxia by controlling the stability of HIF-1 alpha. In normal oxygen
conditions, HIF-1 alpha undergoes hydroxylation, ubiquitination, and degradation [47];
under hypoxic conditions, and reduced hydroxylation and impaired ubiquitin-proteasome
degradation result in the stabilization of HIF-1 alpha [48,49]. This stabilized form translo-
cates into the nucleus, thereby transactivating the transcription of downstream genes [50].
Other post-translational modifications, including methylation, can also regulate HIF signal-
ing (reviewed in [51]).

Our results are consistent with previously published data on the utility of various
DNA methylation changes in the diagnosis of autoimmune diseases associated with disease
activity, progression, and clinical outcome. The promoter hypermethylation and associated
silencing of the C90rf72 gene occur in about 30% of amyotrophic lateral sclerosis and
frontotemporal degeneration patients with a favorable prognosis [52]. Methylation levels
of the BDNF gene can serve as a useful diagnostic marker in peripheral blood samples
of children with autism spectrum disorder (ASD) [53]. In addition, the hypermethylation
of a CpG site (cg20793532) in the PPP2R2C promoter can potentially be used as a blood
biomarker for identifying adult patients with high-functioning ASD [54].

The significant alterations observed in Latvian patients with DR in the PDR/LPC
group, including prolonged diabetes duration and changes in factors such as hyperten-
sion, diabetic nephropathy, cardiovascular disease, and elevated triglyceride levels, may
also suggest a potential association with DNA methylation patterns [55,56]. In diabetic
conditions, disruptions to metabolic homeostasis led to alterations in gene expression,
affecting genes associated with oxidative stress, apoptosis, and inflammation [35,57,58].
Studies show that the duration of diabetes may correlate with changes in DNA methylation
patterns [59]. They also aimed to identify specific genes and genomic regions that are
affected by methylation changes associated with long-term diabetes. The Finnish Diabetic
Nephropathy Study, with around 3000 diabetic patients, indicates an association between
polymorphisms in the SUV39H2 gene (which encodes histone methyltransferase) and dia-
betic microvascular complications, including retinopathy [60]. The development of diabetic
complications may be associated with metabolic memory of previous glycemic exposure
caused by epigenetic changes in target cells [61]. The higher utilization of ACEI/ARB
and statin therapy observed in the Latvian PDR/LPC group may also be linked to DNA
methylation levels. Qin et al. observed changes in longitudinal lipid and DNA methylation
levels in the blood, after the initiation of statin treatment, with changes in DNA methylation
responding primarily to changes in lipid levels rather than vice versa. Moreover, statin
therapy has also been associated with changes in DNA methylation levels at certain CpGs
(e.g., cg27243685 in the ABCGI gene) [62].

The positive correlation identified between albuminuria and methylation levels of
PSMA6 and PSMB5 in our current study indicates a potential pathogenetic relationship
between leakage of albumin following vascular damage and methylation status of these
proteasome genes. According to previously published data, increased levels of global DNA
methylation were also observed in diabetic patients with albuminuria compared to patients
with normal albumin levels [59].
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Therefore, our study’s discovery of a positive association between DNA methylation
level of certain genes and DR development indicates that an elevated DNA methylation
status might pose a potential risk for DR. This observation aligns with previously reported
data in other populations [63,64].

Univariate regression analysis in a DR cohort of Latvian patients revealed potential
associations between severe DR and PSMA6, PSMB5, and HIF1A gene methylation. How-
ever, adjusting for covariates in multivariate regression models (Table 4) resulted in the loss
of some associations. This indicates that covariates such as age, sex, smoking, and arterial
hypertension may have contributed to differences in methylation more than DR status. In
addition, the diminished associations in the multivariate analysis could result from the rela-
tively small cohort, a limitation of this study. To address this issue and enhance associations
related to DR progression, future studies may consider increasing the cohort size. Several
other limitations of the present investigation should be emphasized. Methylation of CpG
islands often occurs in parallel with histone modifications [65]. In the present study, we
focused only on methylation status and did not evaluate the histone modification profile in
the regions of the genes studied; thus, histone modifications may still play a role in changes
in the expression of these genes in the blood cells of diabetic patients. Moreover, the present
results do not exclude epigenetic mechanisms in the upstream signaling pathways that
regulate the expression of these genes or in their other regions.

The limiting condition when using the Zymo OneStep qMethyl technique to determine
the methylation sites of specific genes is the number of CpG sites in the amplicon. For a
region that has many CpG sites, the current method cannot provide the exact quantita-
tion of methylation percentage without creating a greater number of primers specific to
each possible methylation pattern [66]. This can become potentially costly for sequences
with a large number of CpG sites. However, if one only wants to determine whether a
region is highly or lowly methylated, and to compare relative levels of methylation be-
tween experimental cohorts, conventional primers can hybridize to the sequence, and this
method provides a simple and relatively inexpensive way to examine this question with
reasonable confidence.

We believe that this study has provided a comprehensive understanding of promoter
methylation of genes related to epigenetic regulation in the process of DR. By updating our
knowledge of the mechanism of methylation regulation, we can integrate these data with
genetics, protein expression, and function data.

5. Conclusions

The exploration of epigenetics in type 1 diabetes and DR is crucial for uncovering
biomarkers and therapeutic targets. Our study revealed a positive correlation between
methylation patterns of the promoter regions of the proteasomal genes PSMA6 and PSMB5
and the hypoxia signaling axis-related gene HIF1A in different DR groups, linking these
patterns to clinical variables. These findings suggest a potential influence of disease
progression and associated factors on the methylation status of investigated genes. While
our results provide insights into the interplay of epigenetic processes in these conditions,
further research is warranted to enhance our understanding of the underlying mechanisms
and implications for inflammatory conditions in DR.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390 /biomedicines12061354/s1, Table S1: Primers and methodological details of
the PSMA6, PSMB5, HIF1A, and KEAP1 region-specific DNA methylation study.
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Abstract: Objective: Age-related macular degeneration (AMD), particularly its exudative form, is
a primary cause of vision impairment in older adults. As diabetes becomes increasingly prevalent
in aging, it is crucial to explore the potential relationship between diabetic retinopathy (DR) and
AMD. This study aimed to assess the risk of developing overall, non-exudative, and exudative AMD
in individuals with DR compared to those without retinopathy (non-DR) based on a nationwide
population study in Taiwan. Methods: A retrospective cohort study was conducted using the Taiwan
National Health Insurance Database (NHIRD) (2000-2013). A total of 3413 patients were placed
in the study group (DR) and 13,652 in the control group (non-DR) for analysis. Kaplan-Meier
analysis and the Cox proportional hazards model were used to calculate the hazard ratios (HRs)
and adjusted hazard ratios (aHRs) for the development of AMD, adjusting for confounding factors,
such as age, sex, and comorbid conditions. Results: Kaplan-Meier survival analysis indicated a
significantly higher cumulative incidence of AMD in the DR group compared to the non-DR group
(log-rank test, p < 0.001). Adjusted analyses revealed that individuals with DR faced a greater
risk of overall AMD, with an aHR of 3.50 (95% CI = 3.10-3.95). For senile (unspecified) AMD, the
aHR was 3.45 (95% CI = 3.04-3.92); for non-exudative senile AMD, it was 2.92 (95% CI = 2.08—4.09);
and for exudative AMD, the aHR was 3.92 (95% CI = 2.51-6.14). Conclusion: DR is a significant
risk factor for both overall, senile, exudative, and non-exudative AMD, even after adjusting for
demographic and comorbid conditions. DR patients tend to have a higher prevalence of vascular
comorbidities; however, our findings indicate that the ocular pathologies inherent to DR might have
a more significant impact on the progression to AMD. Early detection and appropriate treatment of
AMD is critically important among DR patients.
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1. Introduction

Diabetic retinopathy (DR) and age-related macular degeneration (AMD) are important
retinal degenerative disorders that represent a growing concern among aging societies.
These conditions exhibit overlapping pathological processes, such as retinal edema and
progressive inflammation within the central macula. The hyperglycemic environment of di-
abetes mellitus activates inflammatory cells and increases the production of reactive oxygen
species (ROS) and pro-inflammatory cytokines (e.g., IL-6, TNF-«, macrophage migration
inhibitory factor (MIF), etc.) [1,2]. In addition, diabetes is characterized by the elevated
release of substances, such as angiotensin II, prostaglandins (PGs), and vascular endothelial
growth factor (VEGF), all of which are implicated in causing retinal vascular alterations [3].
These inflammatory and vascular changes are common underlying mechanisms that are
pivotal in the progression of DR and AMD [4-6].

The balance between pro-inflammatory and anti-inflammatory pathways is crucial
in managing the progression of both DR and AMD in diabetic patients. An imbalance
between these pathways, marked by a deficiency in anti-inflammatory bioactive lipids
and an accumulation of inflammatory cytokines, exacerbates the progression of these
conditions [7-9]. Retinal pigment epithelial (RPE) cells, which protect against AMD and
DR, counteract the production of ROS, inflammatory cytokines, and adhesion molecules
through the secretion of pigment epithelium-derived factor (PEDF) [10,11]. However, in
the context of diabetes, hyperglycemia disrupts the function of these RPE cells, impeding
their PEDF production, which, in turn, can initiate retinal edema, DR, and AMD [12,13].

In Taiwan, an aging society, there is an increasing prevalence of both DR and AMD
among elderly diabetic patients. While DR and AMD share common pathophysiological
pathways, the epidemiological relationship between DR and AMD is still a subject of
debate. Some studies have identified a link between DM and AMD [14,15], while others
have not observed a significant correlation [16,17]. DM itself related positively with early
AMD among elderly Korean patients [18], whereas a similar relation was noted between
DR and neovascular AMD in a multicenter, population-based European study [19]. Herein,
we used our population-based database to explore the incidence and risks for different
types of AMD among patients with and without DR.

2. Methods
2.1. Data Source

Taiwan’s National Health Insurance (NHI) was launched by the Taiwan Department of
Health in 1995, providing comprehensive medical care coverage. A total of 23,832,551 Tai-
wanese residents, accounting for approximately 99% of the population in Taiwan, have
joined the program. The Longitudinal Health Insurance Database (LHID), which is part
of the NHI Research Database (NHIRD), contains data for one million randomly sampled
patients from the Registry for Beneficiaries of the NHIRD. The database exhibits no sta-
tistically significant differences in terms of age, sex, or healthcare costs when compared
to all NHI enrollees. Diagnoses in the database were assigned by qualified clinical physi-
cians based on laboratory, imaging, and pathological data and following the International
Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM). Personal
identification numbers were encrypted to safeguard patient privacy before the electronic
files were released for study.

2.2. Study Population

We conducted a population-based retrospective cohort study based on the LHID 2000.
Following the ICD-9-CM format, AMD has several types, such as senile (unspecified),
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non-exudative, exudative, familial, juvenile, congenital, cystic AMD, etc. (Table 6), and
we chose the most often cited codes by Ophthalmologists, which are senile (unspecified)
(362.50) AMD, non-exudative (362.51) AMD, and exudative (362.52) AMD, to represent
all types of AMD for reasonable convenience of further analysis. This study design will
result in inconsistency of codes cited by Ophthalmologists and will be listed as a study
limitation. We selected patients (aged >55 years old) who were newly diagnosed with
diabetic retinopathy (DR) using ICD-9-CM codes 362.01 and 362.02 between 2000 and
2006 as the study cohort. To only include new cases, individuals who had previously
received any DR and diabetes mellitus (DM) diagnoses, using ICD-9-CM code 250, in the
medical claim data before 2000 were excluded. Additionally, DR patients with a history
of age-related macular degeneration (AMD) using ICD-9-CM codes 362.50, 362.51, and
362.52 before the index date were excluded (n = 211). For each patient diagnosed with DR,
we randomly selected four patients without diabetic retinopathy (non-DR) as the control
group from the same database who were matched for age and sex. The non-DR group
also excluded individuals with a history of AMD before the index date. Overall, our final
sample for analysis included 3413 subjects with DR (the study group) and 13,652 subjects
without DR (the control group). The study flowchart is shown in Figure 1. Both the study
and control groups were followed to detect the occurrence of AMD. All subjects were
observed until a diagnosis of AMD, death, or 31 December 2013, whichever occurred first.
Our study was approved by the Institutional Review Board of Fu Jen Catholic University
(FJU-IRB NO: C104014).

LHID2000
1,000,000 people

Ever had diabetic

Yes retinopathy? No
n =4909 n=976,896
Exclude:
- Age <55 (n=1282)
n = 743,558
- Sex unknown (n = 3)
- AMD diagnosis before
enrollment (n=211)
1:4 Matching by age
and sex
A
n=3413 < N n=13,652

Followed until macular degeneration diagnosis, death, or 31 December 2013. occurred first

Figure 1. Study flowchart. AMD = age-related macular degeneration, LHID = Longitudinal Health
Insurance Database.

Histories of comorbidities present in both the study group and control group, such as
hypertension (ICD-9 codes 401, 402, 403, 404, and 405), hyperlipidemia (ICD-9-CM codes
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272.0,272.1, 272.2, and 272.4), coronary artery disease (CAD; ICD-9-CM codes 410, 411,
412, 413, and 414), stroke (ICD-9-CM codes 430, 431, 432, 433, 434, 435, 436, 437, and 438),
chronic obstructive pulmonary disease (COPD; ICD-9-CM codes 490, 491, 492, 493, 494,
495, and 496), and liver cirrhosis/chronic hepatitis (ICD-9-CM code 571), were included in
this study to control for their potential confounding effects.

2.3. Statistical Analysis

Chi-square tests were used to analyze categorical variables, including demographics
and comorbidities, while continuous variables were assessed with two-sample t-tests.
Kaplan—-Meier curves were used to depict cumulative AMD incidence and Cox regression
was used to estimate AMD risk, adjusted for age, sex, and comorbidities and stratified by
age and sex to determine DR and AMD association. Data were analyzed via SAS 9.4 and
SPSS 22.0, with p < 0.05 set as the significance level.

3. Results

The baseline demographic information and comorbidity conditions of patients in the
diabetic retinopathy (DR) group (N = 3413) and the non-diabetic retinopathy (non-DR)
group (N = 13,652) are presented in Table 1. The mean age in the DR group (67.1 years)
was significantly higher than that in the non-DR group (66.5 years) (p < 0.001); however,
there were no significant differences in age and gender between groups. DR patients
had significantly higher rates of comorbidities, including hypertension, hyperlipidemia,
coronary artery disease (CAD), stroke, chronic obstructive pulmonary disease (COPD), and
liver cirrhosis/chronic hepatitis, compared to the non-DR group (all p < 0.001) (Table 1).
Table 2 shows the occurrence and hazard ratios of all types of AMD for both the DR and
non-DR groups. There was a higher incidence rate of AMD (16.77 per 10,000 person years
(PYs)) in the DR group compared to the incidence rate of 5.36 per 10,000 PYs in the non-DR
group. After adjusting for age, sex, and comorbid conditions, individuals with DR still
had a significantly higher risk (aHR 3.50, 95% CI = 3.10-3.95) of overall AMD compared to
those without DR (see Table 2). The incidence of AMD increased with age in both groups,
but the association was stronger in the DR group across all age categories, with the highest
risk observed in patients over 85 years old. The incidence rates of AMD were higher for
both genders in the DR group, with males showing a slightly higher risk than females.
Markedly, the DR group had a significantly higher HR and aHR than the non-DR group,
regardless of its comorbid conditions.

Table 1. Baseline demographic status and comorbidity comparison between non-diabetic retinopathy
and diabetic retinopathy groups.

. Non-DR Grou DR Grou

Variable No13,652 (%) N=3413 (%) p-Value

Age, years (SD) * 66.5 (7.9) 67.1(7.2) <0.001
55-65 5812 (42.6) 1453 (42.6) 1.000
65-75 5832 (42.7) 1458 (42.7)
75-85 1868 (13.7) 467 (13.7)
>85 140 (1.0) 35 (1.0)

Sex 1.000
Female 7732 (56.6) 1933 (56.6)
Male 5920 (43.4) 1480 (43.4)

Comorbidity
Hypertension 6252 (45.8) 2354 (69.0) <0.001
Hyperlipidemia 2593 (19.0) 950 (27.8) <0.001
CAD 2412 (17.7) 1356 (39.7) <0.001
Stroke 1405 (10.3) 1029 (30.2) <0.001
COPD 3955 (29.0) 1265 (37.1) <0.001
Liver cirrhosis and chronic hepatitis 1566 (11.5) 601 (17.6) <0.001

* Independent f-test. Abbreviations: SD: standard deviation; non-DR: non-diabetic retinopathy; DR: diabetic
retinopathy; CAD: coronary artery disease; COPD: chronic obstructive pulmonary disease.
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Table 2. Incidence and estimated hazard ratios of all types of age-related macular degeneration
(AMD) (ICD-9 codes 362.50, 362.51, 362.52).

Variable Non-DR Group DR Group
HR (95% CI) p-Value aHR (95% CI) p-Value
Event PYs Rate Event PYs Rate
DR 704 131,328  5.36 514 30,644 16.77  3.14 (2.80-3.52) <0.001 3.50 (3.10-3.95) <0.001
Demographic
Age group
55-65 252 57,141 441 218 13412 1625  3.70(3.09-4.44) <0.001 4.17 (3.44-5.06) <0.001
65-75 380 56,031  6.78 210 13,117 16.01 2.37 (2.00-2.81) <0.001 2.62(2.19-3.12) <0.001
75-85 70 16959  4.13 81 3805 2129  5.06 (3.67-6.96) <0.001 5.69 (4.02-8.07) <0.001
>85 2 1196 1.67 5 311 16.08  10.18 (1.97-52.53) 0.006 16.64 (1.29-214.78) 0.031
Sex
Female 451 74,920  6.02 297 17,648 16.83  2.81(2.42-3.25) <0.001 3.14 (2.69-3.66) <0.001
Male 253 56,408  4.49 217 12996 1670  3.72(3.10-4.46) <0.001 4.15 (3.42-5.04) <0.001
Comorbidity
Hypertension
No 311 71,194 437 210 9739 2156  4.95(4.15-5.89) <0.001 5.44 (4.53-6.53) <0.001
Yes 393 60,133  6.54 304 20,905 14.54 224 (1.93-2.60) <0.001 2.57 (2.20-3.00) <0.001
Hyperlipidemia
No 569 106,311 5.35 408 22,157  18.41 3.44 (3.03-3.91) <0.001 3.71 (3.25-4.25) <0.001
Yes 135 25,016  5.40 106 8488 1249  2.34(1.82-3.02) <0.001 2.68 (2.06-3.49) <0.001
CAD
No 534 108,276  4.93 356 18,627  19.11 3.88 (3.39-4.43) <0.001 4.24 (3.69-4.88) <0.001
Yes 170 23,052 737 158 12,017 13.15 1.80 (1.45-2.23) <0.001 2.11 (1.69-2.63) <0.001
Stroke
No 657 118,136  5.56 457 21,689 21.07  3.80(3.37-4.28) <0.001 3.72 (3.29-4.22) <0.001
Yes 47 13,191  3.56 57 8955 6.37 1.80 (1.22-2.65) 0.003 1.75 (1.17-2.60) 0.006
COPD
No 460 93,850  4.90 356 19,227 1852  3.77(3.29-4.34) <0.001 4.19 (3.62-4.87) <0.001
Yes 244 37,478  6.51 158 11,417 1384  2.14(1.75-2.62) <0.001 2.45(1.99-3.01) <0.001
Liver cirrhosis and
chronic hepatitis
No 616 116,796 527 429 25,350 16.92  3.21(2.84-3.64) <0.001 3.56 (3.12-4.05) <0.001
Yes 88 14,531  6.06 85 5294  16.06  2.69 (2.00-3.62) <0.001 3.11 (2.29-4.24) <0.001

Model adjusted for age, sex, low income, hypertension, hyperlipidemia, CAD, stroke, COPD, and liver cirrhosis
and chronic hepatitis. Abbreviations: DR: diabetic retinopathy; AMD: age-related macular degeneration; CAD:
coronary artery disease; COPD: chronic obstructive pulmonary disease; PYs: person years; rate: incidence rate per
10,000 person years; HR: hazard ratio; aHR: adjusted hazard ratio.

Table 3 shows the comparative risks of senile (unspecified) AMD based on DR status.
The non-DR group (n = 13,652) had an incidence rate of 4.78 per 10,000 PYs compared to the
DR group (n = 3413) with an incidence rate of 14.65 per 10,000 PYs. The aHR for senile AMD
in the DR group was 3.45 (95% CI: 3.04-3.92) compared to the non-DR group. Aging and the
male gender were correlated with significantly higher risks than other demographic factors.
A significant increase in AMD was noted in the DR group regardless of the presence or
absence of comorbid conditions, such as hypertension, CAD hyperlipidemia, stroke, COPD,
or cirrhosis/chronic hepatitis. These findings substantiate DR as a significant predictor
of senile AMD, independent of demographic factors and comorbid conditions. Table 4
examines the incidence and hazard ratios of non-exudative senile AMD in DR compared to
non-DR groups. A higher incidence rate of non-exudative AMD was observed in the DR
group (1.89 per 10,000 person years) compared to the non-DR group (0.69 per 10,000 person
years). The incidence rates increased with age in both the DR and non-DR groups. In the
DR group, the incidence rate was markedly higher with aging, particularly in the 65-75
and >85 age groups. Like in overall AMD, male patients with DR had a higher incidence
rate of non-exudative AMD compared to female patients with DR. Patients in DR had
significantly higher incidence rates of AMD than their non-DR counterparts, regardless of
their comorbid conditions (Table 4).
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Table 3. Incidence and estimated hazard ratios of senile (unspecified) age-related macular degenera-
tion (AMD) (ICD-9 code 362.50).

Variable Non-DR Group DR Group
HR (95% CI) p-Value aHR (95% CI) p-Value
Event PYs Rate Event PYs Rate
DR 629 131,665 4.78 455 31,053 14.65  3.08 (2.73-3.47) <0.001 3.45 (3.04-3.92) <0.001
Demographic
Age group
55-65 225 57,239 393 191 13,591 14.05  3.58 (2.96-4.35) <0.001 4.04 (3.29-4.97) <0.001
65-75 342 56,210  6.08 185 13,309 1390  2.30(1.92-2.75) <0.001 2.55 (2.12-3.08) <0.001
75-85 60 17,020  3.53 76 3830  19.84  5.51(3.93-7.74) <0.001 6.19 (4.28-8.94) <0.001
>85 2 1196 1.67 3 322 9.32  5.95(0.99-35.64) 0.051 4.16 (0.28-61.35) 0.298
Sex
Female 411 75,133 547 269 17,840 15.08  2.77(2.37-3.23) <0.001 3.09 (2.63-3.34) <0.001
Male 218 56,532 3.86 186 13,213  14.08  3.65 (3.00—4.44) <0.001 4.12 (3.35-5.07) <0.001
Comorbidity
Hypertension
No 271 71,318  3.80 188 9833  19.12  5.05(4.19-6.08) <0.001 5.57 (4.67-6.89) <0.001
Yes 358 60,348  5.93 267 21,220 12.58  2.13(1.82-2.50) <0.001 2.45 (2.08-2.89) <0.001
Hyperlipidemia
No 499 106,574  4.68 362 22,457 1612  3.45(3.02-3.95) <0.001 3.76 (3.26-4.34) <0.001
Yes 130 25,091  5.18 93 8596  10.82  2.11(1.62-2.75) <0.001 2.41 (1.83-3.18) <0.001
CAD
No 481 108,488  4.43 314 18,803 16.70  3.77 (3.27-4.35) <0.001 4.14 (3.57-4.80) <0.001
Yes 148 23,177  6.39 141 12,249 1151  1.82(1.44-2.29) <0.001 2.13 (1.68-2.69) <0.001
Stroke
No 587 118,404  4.96 408 21,952 1859  3.76 (3.31-4.27) <0.001 3.69 (3.23-4.21) <0.001
Yes 42 13,262 3.17 47 9101 5.16 1.64 (1.08-2.49) 0.020 1.56 (1.01-2.40) 0.043
COPD
No 416 94,032 442 316 19,484 1622  3.67 (3.17-4.25) <0.001 4.06 (3.47-4.75) <0.001
Yes 213 37,633  5.66 139 11,569 12.01  2.14 (1.73-2.65) <0.001 2.47 (1.98-3.07) <0.001
Liver cirrhosis and
chronic hepatitis
No 555 117,040  4.74 376 25,674 14.65  3.10(2.72-3.53) <0.001 3.47 (3.02-3.98) <0.001
Yes 74 14,625  5.06 79 5379  14.69  2.94 (2.14-4.04) <0.001 3.30 (2.38-4.59) <0.001
Model adjusted for age, sex, low income, hypertension, hyperlipidemia, CAD, stroke, COPD, and liver cirrhosis
and chronic hepatitis. Abbreviations: DR: diabetic retinopathy; AMD: age-related macular degeneration; CAD:
coronary artery disease; COPD: chronic obstructive pulmonary disease; PYs: person years; rate: incidence rate per
10,000 person years; HR: hazard ratio; aHR: adjusted hazard ratio.
Table 4. Incidence and estimated hazard ratios of non-exudative age-related macular degeneration
(AMD) (ICD-9 code 362.51).
Variable Non-DR Group DR Group
HR (95% CI) p-Value aHR (95% CI)  p-Value
Event PYs Rate  Event PYs Rate
DR 93 134,162 0.69 63 33,404 189 273(1.98-3.76) <0.001  2.92(2.08-4.09)  <0.001
Demographic
Age group
55-65 29 58,124  0.50 26 14,503 179  3.59(2.12-6.10)  <0.001  4.17(2.37-7.34)  <0.001
65-75 51 57,578  0.89 26 14,321  1.82  2.06 (1.28-3.30) 0.003 2.06 (1.27-3.37) 0.004
75-85 13 17,247  0.75 9 4254 212 2.79 (1.19-6.53) 0.018 3.65 (1.45-9.18) 0.006
>85 0 1213 0.00 2 326 6.13 NA NA NA NA
Sex
Female 52 76,773  0.68 30 19,251 156  2.31(1.47-3.62) 0.001 2.51 (1.56-4.02) 0.001
Male 41 57,389  0.71 33 14,154 233 3.27(2.07-518) <0.001  3.45(2.11-5.62)  <0.001
Comorbidity
Hypertension
No 43 71,997  0.60 25 10,349 242  4.07(249-6.67) <0.001  3.97(2.36-6.67)  <0.001
Yes 50 62,164  0.80 38 23,065 1.65  2.05(1.35-3.14) 0.001 2.40(1.55-3.70)  <0.001
Hyperlipidemia
No 79 108,192 0.73 47 24,076 195 2.67(1.86-3.84) <0.001  2.84(1.94-4.16) <0.001
Yes 14 25970  0.54 16 9328 172 3.22(1.57-6.59) 0.001 3.18 (1.51-6.69) 0.002
CAD
No 65 110,205  0.59 41 20,028 205 3.48(2.35-5.14) <0.001  3.84(2.59-5.77)  <0.001
Yes 28 23,957 117 22 13,376  1.64  1.42(0.81-2.48) 0.217 1.71 (0.96-3.02) 0.067
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Table 4. Cont.

Variable Non-DR Group DR Group
HR (95% CI) p-Value aHR (95% CI)  p-Value
Event PYs Rate Event PYs Rate
Stroke
No 88 120,519 0.73 57 23,436 243  3.35(2.40-4.67) <0.001 3.07 (2.17-4.36) <0.001
Yes 5 13,642 0.37 6 9969 0.60  1.65(0.50-5.41) 0.409 1.44 (0.43-4.87) 0.557
COPD
No 55 95,300 0.58 38 20,842 1.82 3.17(2.10-4.79) <0.001 3.63 (2.33-5.67) <0.001
Yes 38 38,861 0.98 25 12,562  1.99  2.04(1.23-3.39) 0.006 2.23 (1.32-3.75) 0.003
Liver cirrhosis and chronic
hepatitis
No 75 119,043  0.63 53 27,608 192  3.06 (2.15-4.35) <0.001 3.18 (2.19-4.62) <0.001
Yes 18 15,118 1.19 10 5796 173 1.46 (0.67-3.15) 0.341 1.86 (0.84-4.15) 0.127

Model adjusted for age, sex, low income, hypertension, hyperlipidemia, CAD, stroke, COPD, and liver cirrhosis
and chronic hepatitis. Abbreviations: DR: diabetic retinopathy; AMD: age-related macular degeneration; CAD:
coronary artery disease; COPD: chronic obstructive pulmonary disease; PYs: person years; rate: incidence rate per
10,000 person years; HR: hazard ratio; aHR: adjusted hazard ratio; NA: not applicable.

A notably higher incidence rate of exudative AMD was observed in the DR group
(1.37 per 10,000 person years) compared to the non-DR group (0.31 per 10,000 person years).
The incidence rates of exudative AMD increased with age in both groups. However, the
DR group exhibited significantly higher rates than non-DR over all age groups, especially
in the 55-65 and 65-75 age groups. Males in the DR group had a higher incidence rate of
exudative AMD compared to females in the same group. After adjusting for confounding
factors, the aHRs of exudative AMD remained significantly higher in the DR group, and
the risks were influenced by the presence of cardiovascular comorbid conditions, such as
hypertension, hyperlipidemia, and CAD (Table 5). Table 6 presents types of age-related
macular degeneration derived from ICD-9-CM Volume 2 Index entries containing backref-
erences to 362.50. Figures 2-5 illustrate the higher cumulative risk of all types of macular
degeneration, senile (unspecified) AMD, non-exudative AMD, and exudative AMD in the
DR group compared to that of the non-DR group.
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Figure 2. Cumulative risk of all types of AMD (age-related macular degeneration) (ICD-9 code 362.50,
362.51, and 362.52) in the DR group and the non-DR group.
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Figure 3. Cumulative risk of senile (unspecified) age-related macular degeneration (ICD-9 code
362.50) in the diabetic retinopathy cohort and the comparison cohort.
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Figure 4. Cumulative risk of non-exudative age-related macular degeneration (ICD-9 code 362.51) in
the diabetic retinopathy cohort and the comparison cohort.
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Figure 5. Cumulative risk of exudative age-related macular degeneration (ICD-9 code 362.52) in the

diabetic retinopathy cohort and the comparison cohort.

Table 5. Incidence and estimated hazard ratios of exudative age-related macular degeneration (AMD)
(ICD-9 code 362.52).

Variable Non-DR Group DR Group
HR (95% CI) p-Value aHR (95% CI) p-Value
Event PYs Rate Event PYs Rate
DR 42 134,395  0.31 46 33,545 1.37 4.38 (2.88-6.66) <0.001 3.92 (2.51-6.14) <0.001
Demographic
Age group
55-65 13 58,166  0.22 15 14,571  1.03 4.65 (2.21-9.78) <0.001 4.20 (1.88-9.38) 0.001
65-75 22 57,716  0.38 24 14,371  1.67 4.33(2.43-7.73) <0.001 3.63 (1.97-6.71) <0.001
75-85 7 17,300  0.40 7 4265 1.64  4.01(1.41-11.45) 0.009 3.98 (1.32-12.02) 0.014
>85 0 1213 0.00 0 338 0.00 NA NA NA NA
Sex
Female 21 76,917  0.27 20 19,315  1.04 3.83 (2.08-7.07) <0.001 3.16 (1.65-6.07) 0.001
Male 21 57,478 037 26 14,230 1.83 4.98 (2.80-8.86) <0.001 4.72 (2.55-8.74) <0.001
Comorbidity
Hypertension
No 17 72,062 0.24 12 10407 115  4.87(2.33-10.21) <0.001 4.67 (2.14-10.16) 0.001
Yes 25 62,343 040 34 23,138 147 3.66 (2.18-6.14) <0.001 3.57 (2.09-6.10) <0.001
Hyperlipidemia
No 36 108,329  0.33 34 24,200 140 4.19 (2.62-6.70) <0.001 3.77 (2.29-6.23) <0.001
Yes 6 26,066 023 12 9345 128  5.68 (2.13-15.15) 0.001 4.66 (1.68-12.95) 0.003
CAD
No 28 110,368  0.25 21 20,137 1.04 4.14 (2.35-7.28) <0.001 4.11 (2.28-7.42) <0.001
Yes 14 24,027  0.58 25 13,408 1.86 3.17 (1.65-6.11) 0.001 3.46 (1.78-6.75) 0.001
Stroke
No 37 120,695 0.31 36 23,607 1.52 4.95 (3.13-7.84) <0.001 4.19 (2.59-6.79) <0.001
Yes 5 13,700  0.36 10 9938 1.01 2.78 (0.95-8.12) 0.062 2.71 (0.90-8.18) 0.077
COPD
No 25 95498  0.26 33 20,902 158  6.04(3.59-10.15) <0.001 4.64 (2.64-8.14) <0.001
Yes 17 38,897  0.44 13 12,643  1.03 2.33 (1.13-4.80) 0.022 2.67 (1.27-5.64) 0.011
Liver cirrhosis and
chronic hepatitis
No 40 119,194  0.34 38 27,690  1.37 4.07 (2.61-6.34) <0.001 3.41 (2.12-5.48) <0.001
Yes 2 15200 0.13 8 5856 1.37  10.53 (2.24-49.60) 0.003 12.02 (2.47-58.45) 0.002

Model adjusted for age, sex, low income, hypertension, hyperlipidemia, CAD, stroke, COPD, and liver cirrhosis
and chronic hepatitis. Abbreviations: DR: diabetic retinopathy; AMD: age-related macular degeneration; CAD:
coronary artery disease; COPD: chronic obstructive pulmonary disease; PYs: person years; rate: incidence rate per

10,000 person years; HR: hazard ratio; aHR: adjusted hazard ratio; NA: not applicable.
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Table 6. ICD-9-CM Volume 2 Index entries containing backreference to 362.50; degeneration
and degenerative.

Macula (Senile) (Unspecified) 362.50.

- non-exudative 362.51
- exudative 362.52

- atrophic 362.51

- best’s 362.76

- congenital 362.75

- cystic 362.54

- cystoid 362.53

- disciform 362.52

- dry 362.51

- familial pseudoinflammatory 362.77
- hereditary 362.76

- hole 362.54

- juvenile 362.75

- pseudohole 362.54

- wet 362.52

4. Discussion

This population-based cohort study explored the risks of age-related macular de-
generation (AMD) in senile (unspecified), exudative, and non-exudative forms in elderly
patients with diabetic retinopathy (DR). The initial assessment of baseline characteristics,
including age and gender, showed similar distributions between the DR and non-DR
groups, as detailed in Table 1. This eliminates the potential impact of these variables on
our findings. However, a notably higher prevalence of comorbidities, such as hypertension,
hyperlipidemia, and coronary artery disease (CAD), was observed in patients with DR.
These findings are in line with previous research underscoring the multifaceted nature
of diabetes, with its extensive impact on various vascular diseases [20]. These vascular
comorbidities are known to contribute to damage in retinal small vessel endothelial cells,
thereby influencing the development and severity of DR, and might also have an impact
on the development of AMD [21,22].

Our study revealed that DR patients have a significantly increased incidence of AMD,
even after accounting for other variables. This higher incidence might be attributed to
the chronic inflammation associated with DR, which leads to an increased expression of
vascular endothelial growth factor (VEGEF), a key factor in the development of AMD [23].
Consistent with previous studies, our research indicates that age is a significant risk factor
for AMD, particularly in individuals older than 85, possibly due to hormonal variations,
genetic predispositions, or other unknown factors [24-26]. Accordingly, we observed a
higher occurrence of senile (unspecified) AMD in the DR group compared to the non-DR
group, as shown in Table 3. The risk of AMD increases with age and is higher in men,
regardless of DR status. Comorbid conditions, such as hypertension, hyperlipidemia, and
CAD, further increase the risks of AMD. It appears that a complex interaction between DR
and other systemic diseases influences the risk of AMD [27]. Overall, the data emphasize
the need for regular eye examinations for AMD in individuals with DR.

Furthermore, individuals with DR were found to have a significantly higher likeli-
hood of developing both non-exudative and exudative AMD compared to those without
DR, as presented in Tables 4 and 5. Age and the male gender were identified as risk
factors in both groups. The pathogenesis of exudative AMD often involves significant
vascular components, which could be exacerbated by the presence of DR [28]. Although
comorbidities like hypertension, hyperlipidemia, and CAD typically heighten the risks for
AMD, their relative impact is less pronounced within the DR patient group. This suggests
that DR-related pathophysiological changes might play a more dominant role in AMD
development than individual systemic conditions. Chronic inflammation, oxidative stress,
and impaired vascular function in DR are responsible for structural changes in the retinal
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pigment epithelium (RPE), which, in turn, increases the risk of AMD [29,30]. Pathways
such as VEGF expression [31], impaired lipoprotein metabolism [32], and mitochondrial
dysfunction [33] are common in the development of both DR and AMD. Our study high-
lights the importance of regular AMD monitoring and assessment among DR patients,
irrespective of comorbid conditions.

The strength of our study lies in its comprehensive evaluation of demographic and
comorbidity factors. This study included a large population sample size and examined
various demographic variables, such as age and sex, as well as several comorbidities,
including hypertension, hyperlipidemia, CAD, stroke, COPD, and liver cirrhosis and
chronic hepatitis. Adjusting for these variables in the analysis not only enhances the
robustness of the findings but also strengthens the evidence of the positive association
between DR and AMD risk.

However, as our study is a retrospective data analysis, it is subject to inherent biases
and limitations, including potential selection bias and the inability to establish causality.
On the other hand, most Ophthalmologists cited senile (unspecified) AMD, which includes
non-exudative AMD and exudative AMD, which results in large differences in patient
numbers among different types of AMD. This inconsistency of citation by Ophthalmologists
might result in a large difference in number among different types of AMD. Additionally,
the study findings have been limited by the specified population and are not generalizable
to other populations.

In conclusion, our study revealed a multifaceted relationship between DR and AMD.
DR patients are more likely to have vascular conditions, which can contribute to the onset of
all types of AMD. Here, we firstly provided the relation between DR and AMD, regardless
of comorbid conditions, andsuggested that the inherent pathologies related to DR might
have a greater impact on the progression to AMD than comorbid conditions. This is in
contrast to the non-DR cohort, where a clearer correlation between comorbidities and the
risk of AMD is observed. However, our study diverges in its emphasis on the heightened
risk of non-exudative AMD in DR patients, a less explored aspect in previous studies.
This discrepancy underscores the complexity of its association and the imperative for
continued exploration in this field. Nevertheless, this study highlights the critical need
for regular ocular monitoring in individuals with DR, with a particular focus on detecting
AMD. Healthcare providers should maintain a heightened awareness of the increased risk
of AMD in the DR population and emphasize the need for proactive and preventive eye
care measures.
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Abstract: Background: Diabetic retinopathy (DR) is a vision-threatening complication that affects
virtually all diabetic patients. Various treatments have been attempted, but they have many side
effects and limitations. Alternatively, stem cell therapy is being actively researched, but it faces
challenges due to a low cell survival rate. In this study, stem cells were pretreated with sirolimus,
which is known to promote cell differentiation and enhance the survival rate. Additionally, the sub-
conjunctival route was employed to reduce complications following intravitreal injections. Methods:
Diabetes mellitus was induced by intraperitoneal injection of 55 mg/kg of streptozotocin (STZ), and
DR was confirmed at 10 weeks after DM induction through electroretinogram (ERG). The rats were
divided into four groups: intact control group (INT), diabetic retinopathy group (DR), DR group with
subconjunctival MSC injection (DR-MSC), and DR group with subconjunctival sirolimus-pretreated
MSC injection (DR-MSC-S). The effects of transplantation were evaluated using ERG and histological
examinations. Results: The ERG results showed that the DR-MSC-S group did not significantly differ
from the INT in b-wave amplitude and exhibited significantly higher values than the DR-MSC and
DR groups (p < 0.01). The flicker amplitude results showed that the DR-MSC and DR-MSC-S groups
had significantly higher values than the DR group (p < 0.01). Histological examination revealed
that the retinal layers were thinner in the DR-induced groups compared to the INT group, with the
DR-MSC-S group showing the thickest retinal layers among them. Conclusions: Subconjunctival
injection of sirolimus-pretreated MSCs can enhance retinal function and mitigate histological changes
in the STZ-induced DR rat model.

Keywords: diabetic retinopathy; sirolimus; mesenchymal stem cells; subconjunctival injection

1. Introduction

Diabetes mellitus (DM) is the most common endocrine disease in humans. As reported
by the International Diabetes Federation in 2021, approximately 537 million adults (ages
20-79) have diabetes, constituting about 10.5% of the total global adult population. The
prevalence of DM is continuously rising, with projections exceeding 780 million cases
by 2045 [1]. DM leads to microvascular abnormalities, resulting in extensive damage to
systemic tissues, including the eyes. Diabetic retinopathy (DR), a chronic microvascular
complication of DM, impairs vision and affects nearly all patients with DM. Approximately
2% of all individuals with DM experience blindness due to DR, making it the leading cause
of vision loss in adults over the age of 25 [2,3].

There are various methods to create a DM model, among which the administration
of streptozotocin (STZ) is a commonly used approach. STZ induces the destruction of
pancreatic (3 cells and is widely used experimentally to create a type 1 diabetes model [4,5].
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STZ-induced DR typically develops after prolonged exposure to hyperglycemia levels
above 150 mg/dL [6].

Exposure to DM conditions leads to various biochemical and metabolic abnormalities,
including changes in the redox state of pyridine nucleotides, the accumulation of sorbitol,
over-activation of protein kinase C, oxidative stress due to excessive free radical production,
and alterations in hemodynamics. These pathogenic mechanisms play a crucial role in
the progression of DR. Additionally, within weeks of the onset of diabetes, leukostasis
occurs in the retinal capillaries, leading to capillary occlusion and local ischemia [7]. Retinal
hypoxia results in the increased expression of vascular endothelial growth factor (VEGF) [8].
Elevated levels of VEGF induce angiogenesis and enhance retinal vessel permeability,
causing disruption of the barrier between the retina and blood [8,9].

Current treatments for DR include retinal photocoagulation using lasers and intravit-
real injections of anti-VEGF agents. However, due to its destructive nature, laser photo-
coagulation can result in permanent damage to retinal cells [10,11]. Anti-VEGF therapy
has shown superior results in reducing vision loss and improving the rate of vision re-
covery compared to laser monotherapy. However, its effects are short-lived, necessitating
continuous follow-up observation and injection therapy [10,12-14]. Additionally, cases
of non-responsiveness to this therapy also occasionally occur. These methods target only
vascular pathology, hence highlighting the need for the development of new treatments
with different mechanisms [15,16].

Mesenchymal stem cells (MSCs) have the ability to differentiate into various cell
lineages, thereby promoting tissue regeneration and enhancing function [17]. Further-
more, through paracrine effects, they can secrete immunomodulatory, anti-angiogenic, and
neurotrophic factors [18]. They also support mitochondrial function, which is crucial in
restoring retinal cell functionality [19]. Additionally, MSCs inhibit the secretion of pro-
inflammatory cytokines and reduce oxidative damage [20]. Numerous studies have shown
MSCs to be effective in treating retinal diseases, demonstrating their ability to prevent
retinal capillary dropout, loss of ganglion cells, oxidative damage, and neovasculariza-
tion [16,21,22].

However, the application of stem cells alone faces a significant challenge due to their
low survival and adhesion rates [19]. This issue is particularly pronounced in hyper-
glycemic conditions, where an excessive accumulation of reactive oxygen species (ROS) can
alter the regenerative abilities of MSCs, leading to decreased survival rates and reduced
efficacy [23].

Therefore, there are attempts to enhance the success rate of stem cell therapies through
pre-conditioning/treatment of the cells [24]. One such approach involves subjecting the
stem cells to be transplanted to conditions similar to the harsh microenvironment of
damaged tissues, such as hypoxia, thereby improving the cells’ resistance to the stress of
the host environment [25,26]. Another method involves pretreatment with drugs; there
are already studies that have enhanced the efficacy of stem cells by pretreating them with
tacrolimus, dexamethasone, and sirolimus [19,27-29].

Sirolimus, also known as rapamycin, was initially isolated from the bacterium Strep-
tomyces hygroscopicus [30]. This drug functions by inhibiting the mammalian target of
rapamycin, a key regulator of cell growth, proliferation, survival, protein synthesis, and au-
tophagy [31,32]. Studies have shown that sirolimus enhances autophagy, regulates energy
metabolism, reduces oxygen consumption, and ROS production and thereby promotes
stem cell differentiation, increasing cell migration and survival rates [27,28].

Thus, the aim of this study is to investigate the therapeutic effects of sirolimus-
pretreated MSC transplantation in the treatment of the STZ-induced DR rat model.

2. Materials and Methods
2.1. Animals

The research conducted was approved by the Institutional Animal Care and Use
Committee (IACUC) at Chungbuk National University (Approval No. CBNUA-2032-
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22-01), in accordance with the Association for Research in Vision and Ophthalmology
statement for the Use of Animals in Ophthalmic and Vision Research.

Twenty-five male Sprague-Dawley rats, aged 8 weeks, were obtained from Nara
Biotech (Pyeongtaek, Republic of Korea). They were housed in a conventional environment
with a standard 12 h light/12 h dark cycle. The rats had free access to normal pellet chow
(Experimental Rat & Mouse Diet, Purina, St. Louis, MO, USA) and water.

2.2. Measurements of Body Weight (BW) and Blood Glucose (BG)

All BW and BG measurements were conducted after a 6-h fasting period. The initial
dataset was collected just before the diabetes induction. The second and third datasets
were measured at 3 weeks and 10 weeks post-diabetes induction, respectively. The final
measurements were taken at week 17 post-diabetes induction.

2.3. Diabetes Induction

DM was induced in the rats after an 8-h fasting period. This was achieved through
an intraperitoneal injection of STZ (Sigma-Aldrich, St. Louis, MO, USA) in citrate buffer
(pH 4.5) (Sigma-Aldrich) at a dose of 55 mg/kg. The intact control group (INT, eight
rats, sixteen eyes) received an equivalent volume of citrate buffer via intraperitoneal
injection [33].

DM was confirmed twenty-three days post-STZ injection when the BG exceeded
250 mg/dL, as measured by a commercial blood glucose meter (FORA G11, ForaCare,
Moorpark, CA, USA). The seventeen diabetic rats were randomly divided into three
groups: the diabetic retinopathy group (DR, seven rats, fourteen eyes); the DR group with
subconjunctival MSC injection (DR-MSC, four rats, eight eyes); and the DR group with
subconjunctival sirolimus-pretreated MSC injection (DR-MSC-S, six rats, twelve eyes).

2.4. Preparations and Injections of MSCs

Human umbilical cord blood-derived mesenchymal stem cells (hUCB-MSCs) were
obtained from Kang Stem Biotech (Seoul, Republic of Korea). These cells were cultured
using a KSB-3 Complete Medium® Kit (Kang Stem Biotech) with 10% fetal bovine serum
(Thermo Fisher Scientific Inc., Waltham, MA, USA) in a humidified atmosphere containing
5% CO; at 37 °C. For the DR-MSC-S group, 100 nM of sirolimus dissolved in dimethyl
sulfoxide (DMSO) (Sigma-Aldrich) was pretreated in the culture media for 24 h [19,34].
The same amount of DMSQO, without sirolimus, was added to the culture media for the
same duration for the DR-MSC group.

After 10 weeks of DM induction, subconjunctival MSC injections (1 x 10° MSCs
in 10 puL phosphate-buffered saline; PBS) and sirolimus-pretreated MSC injections were
performed using a 31G insulin syringe (Ultra-Fine II short needle, BD Biosciences, Franklin
Lakes, NJ, USA). General anesthesia was induced by isoflurane (Terrell, Piramal Critical
Care, Bethlehem, PA, USA) and topical anesthesia was induced by proparacaine (Alcaine,
Alcon, Geneva, Switzerland). Then, disinfection of the surface of the globe was performed
using 0.5% povidone iodine. In the INT and DR groups, 10 uL of PBS was injected using the
same protocol. These injections were repeated twice, with an eight-day interval between
administrations.

2.5. Electroretinography (ERG)

Ten weeks post-STZ injection, all the rats underwent 6 h of dark adaptation. ERG
evaluations were then conducted after pupil dilation using topical 0.01% tropicamide and
phenylephrine (Mydrin-P, Santen, Osaka, Japan). Flash and flicker stimuli (8.0 cd-s/ m? at
2 Hz and 28.3 Hz, respectively) were utilized with the RETevet ERG system (LKC, Gaithers-
burg, MD, USA). The examination aimed to identify the presence of DR. Subsequent ERG
assessments were performed fourteen weeks post-STZ injection to evaluate retinal function
using the same protocol.
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2.6. Histological Evaluation

Eighteen weeks post-STZ injection, three rats from each group were sacrificed, and
their eyes were immediately removed and immersed in BioFix HD (BioGnost, Zagreb,
Croatia). The eyes were bisected along the optic nerve, creating two equal halves, and
the lenses and vitreous were removed. Following routine tissue processing, the eyes were
then embedded in paraffin. The paraffin-embedded sections were stained using routine
hematoxylin and eosin (H&E) staining. The thickness of the retinal tissue was measured at
a magnification x200.

2.7. Statistical Analysis

The data were analyzed using Prism 10 software (GraphPad Software, Boston, MA,
USA). The results are presented as the mean + standard deviation. Statistical significance
between the groups was determined using an ordinary one-way analysis of variance.
p values less than 0.01 were considered statistically significant.

3. Results
3.1. Assessment of BW and BG

The final measurements were taken at week 17 post-diabetes induction. A comparison
of the BW and BG data was conducted across the INT, DR, DR-MSC, and DR-MSC-S
groups. The averages of the BW for the INT, DR, DR-MSC, and DR-MSC-S groups were
589.50 + 36.75 g, 234.20 + 36.68 g, 262.50 £ 22.05 g, and 231.00 £ 26.76 g, respectively
(Figure 1A). The averages of the BG were 98.75 & 11.62 mg/dL, 540.70 £ 134.70 mg/dL,
429.50 £ 48.00 mg/dL, and 534.50 = 102.70 mg/dL, respectively (Figure 1B). Prior to STZ
administration, there were no significant differences in the BW and BG among the groups.
However, post-diabetes induction by STZ, the INT group showed a significantly higher
BW and a lower BG compared to the diabetic groups. No significant differences in the BW
and BG were observed among the DR, DR-MSC, and DR-MSC-S groups at week 17. This
suggests that subconjunctival administration of MSCs and sirolimus-pretreated MSCs did
not demonstrate systemic therapeutic effects in DM.

3.2. Confirmation of DR with ERG

To confirm the induction of DR prior to the subconjunctival injections of the substance,
ERG assessments were conducted at 10 weeks post-diabetes induction. The average flash
b-wave amplitude in the INT group and the diabetes-induced groups was 153.2 & 56.59 uV
and 73.84 4= 21.25 uV, respectively (Figure 2A). The average flicker amplitude in the INT
group and the diabetes-induced groups was 118.59 + 32.29 uV and 66.41 + 24.28 uV,
respectively (Figure 2B). Both results were significantly lower in the diabetes-induced
groups compared to the INT group (p < 0.01), confirming the induction of DR.

3.3. Retinal Function Evaluation with ERG

ERG measurements were repeated at 14 weeks post-diabetes induction, two weeks
after the final substance administration, to evaluate changes in retinal function. The average
flicker amplitudes in the INT, DR, DR-MSC, and DR-MSC-S groups were 147.00 & 28.62 uV,
48.28 £ 17.03 uV, 88.27 + 23.91 pV, and 107.30 + 23.01 pnV, respectively (Figure 3A). The
DR-MSC group showed significantly higher values compared to the DR group (p < 0.01).
The DR-MSC-S group demonstrated significantly higher values than both the DR and
DR-MSC groups (p < 0.01), with no statistical difference from the INT group.

The average flash b-wave amplitudes in the INT, DR, DR-MSC, and DR-MSC-S groups
were 173.30 &+ 46.19 nV, 60.21 £ 22.31 uV, 89.53 + 18.46 nV, and 148.50 & 17.32 uV, respec-
tively (Figure 3B). The DR-MSC-S group exhibited significantly higher values than both the
DR and DR-MSC groups (p < 0.01).
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Figure 1. Changes in BW and BG over time. (A) A graph for BW changes over time (B) A graph
for BG changes over time; subconjunctival administration was conducted at 11 and 12 weeks post-
diabetes induction. There were no significant differences in BW and BG among the DR, DR-MSC,
and DR-MSC-S groups at week 17. The INT group exhibited significantly higher BW and lower BG
at all time points. * p < 0.01, INT, n = 8 rats; DR, n = 7 rats; DR-MSC, n = 4 rats; DR-MSC-S,n =6
rats. Abbreviations: BW, body weight; BG, blood glucose; INT, intact control group; DR, diabetic
retinopathy group; DR-MSC, DR group with subconjunctival MSC injection; DR-MSC-S, DR group
with subconjunctival sirolimus-pretreated MSC injection.
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Figure 2. Comparison of electroretinogram results between intact and diabetic groups at week
10 post-diabetes induction. (A) Results of flash b-wave amplitude and (B) Results of flicker amplitude
at 10 weeks post-diabetes induction; the diabetic group showed significantly lower values compared
to the intact group, indicating the induction of diabetic retinopathy. * p < 0.01, Intact, n = 8 rats,
16 eyes; Diabetic, n = 17 rats, 34 eyes.
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Figure 3. Comparative analysis of flicker and flash b-wave amplitudes in ERG across groups.
(A) Flicker stimulus ERG results at 14 weeks post-diabetes induction; the DR-MSC and DR-MSC-S
groups exhibited significantly greater amplitude than the DR group. (B) Flash stimulus ERG results at
14 weeks post-diabetes induction; the DR-MSC-S group showed significantly greater amplitude than
both the DR and DR-MSC groups and did not differ statistically from the INT group. * p < 0.01. INT,
n = 8 rats, 16 eyes; DR, n =7 rats, 14 eyes; DR-MSC, n = 4 rats, 8 eyes; DR-MSC-S, n = 6 rats, 12 eyes.
Abbreviations: ERG, electroretinogram; INT, intact control group; DR, diabetic retinopathy group;
DR-MSC, DR group with subconjunctival MSC injection; DR-MSC-S, DR group with subconjunctival
sirolimus-pretreated MSC injection.

3.4. Histological Evaluation of the Retina

Histological evaluation was conducted 7 weeks after the initial subconjunctival injec-
tions, which was 18 weeks post-diabetes induction. All the retinas were examined using
H&E staining (Figure 4A). The total retinal thicknesses for the INT, DR, DR-MSC, and
DR-MSC-S groups were 237.20 £ 13.71 um, 179.60 % 16.18 pm, 191.80 % 18.78 pum, and
215.90 £ 12.04 pum, respectively. A decrease in the total retinal thickness was observed
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in the diabetic groups compared to the INT group. The DR-MSC-S group exhibited a
significantly greater retinal thickness compared to the DR and DR-MSC groups (p < 0.01).
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Figure 4. Comparison of histological evaluations of retina using H&E staining. (A) Total retinal layer
of each group 7 weeks after the initial subconjunctival injections, which was 18 weeks post-diabetes
induction (B) Results of total retinal thickness measuring; the DR-MSC-S had a significantly thicker
retina compared to DR and DR-MSC groups. (C) Results of INL (yellow arrow) thickness measuring.
The DR had the thinnest inner nuclear layer that showed significant difference with INT and DR-
MSC-S. There were no statistical differences between INT, DR-MSC, and DR-MSC-S. (D) Results
of PRL (white arrow) thickness measuring. The DR had the thinnest PRL that showed significant
difference with INT and DR-MSC-S. There were no statistical differences between INT, DR-MSC, and
DR-MSC-S. H&E staining, magnification x200. * p < 0.01. INT, n = 8 rats, 16 eyes; DR, n = 7 rats,
14 eyes; DR-MSC, n = 4 rats, 8 eyes; DR-MSC-S, n = 6 rats, 12 eyes. Abbreviations: H&E, hematoxylin
and eosin; NFL, nerve fiber layer; RGC, retinal ganglion cell layer; IPL, inner plexiform layer; INL,
inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; PRL, photoreceptor layer;
INT, intact control group; DR, diabetic retinopathy group; DR-MSC, DR group with subconjunctival
MSC injection; DR-MSC-S, DR group with subconjunctival sirolimus-pretreated MSC injection.

The thickness of the inner nuclear layer (INL) for the INT, DR, DR-MSC, and DR-MSC-
S groups was 38.70 = 5.93 um, 31.21 £ 5.30 um, 37.17 £ 7.64 um, and 38.45 + 6.84 pm,
respectively (Figure 4C). The thickness of the photoreceptor layer (PRL) for the INT, DR,
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DR-MSC, and DR-MSC-S groups was 33.13 £ 4.19 um, 25.43 &+ 3.56 um, 29.5 4 5.13 pm,
and 32.17 £ 4.93 um, respectively (Figure 4D). Both layer thicknesses were significantly
greater in the INT and DR-MSC-S groups compared to the DR group (p < 0.01).

4. Discussion

This study has demonstrated that subconjunctival injection of sirolimus-pretreated
MSCs can increase the b-wave amplitude and flicker amplitude in ERG recordings from rats
with DR while histologically mitigating the thinning of the retinal layers. These findings
suggest that subconjunctival injections of sirolimus-pretreated MSCs may be therapeutically
effective for DR.

Previous research indicates that DR develops three months after the intraperitoneal
injection of STZ in rats, accompanied by thinning of the retinal layers and an increase in
neovascularization [35,36]. In this study, a significant reduction in the ERG amplitude
compared to the INT group was observed 10 weeks post-STZ injection, indicating the
occurrence of DR, which was further supported by histological assessments showing
reduced thickness of the total retinal layer.

Patients with DR are known to experience significant decreases in retinal function
compared to their pre-disease state [37]. According to various studies measuring ERG in
diabetic rats, the DR-induced groups exhibited a significantly reduced b-wave compared
to the normal control [38-41]. Furthermore, flicker ERG recorded at a frequency of 30 Hz
is reduced in amplitude in patients with moderate to severe DR [42]. Consistent with
these findings, this study demonstrated a substantial decrease in both b-wave and flicker
ERG amplitude in the DR-induced groups compared to the INT group. Nevertheless, an
improvement in both amplitudes was observed in the DR-MSC-S group compared to the
DR group, suggesting that sirolimus-pretreated MSCs may improve the retinal function of
DR rats.

Histological changes in DR include thinning of the retinal layers, loss of retinal cells,
formation of neovascularization, and increased inflammation [43,44]. Additionally, reduc-
tions in the thickness of the ganglion cell layer, INL, and PRL have been observed [45-48].
These changes suggest neurodegeneration and an increase in inflammatory and neurode-
generative markers has been reported in rats with DM induced by STZ [43]. Consistent
with previous research, this study also observed a decrease in the total retinal thickness in
the diabetic groups. However, the overall retinal thickness was greater in the DR-MSC-S
group than in the DR and DR-MSC groups, and the thicknesses of the INL and PRL were
also greater in the DR-MSC-S group compared to the DR group. These results indicate
that subconjunctival injection of sirolimus-pretreated MSCs can mitigate histopathological
changes in the retina.

A challenge in treating diabetic patients with MSCs is the reduced survival rate of
MSCs in a hyperglycemic environment. Research has shown that MSCs cultured in serum
from type 2 diabetic patients exhibit significantly decreased cell survival [49]. Various
studies indicate that hyperglycemic conditions can lead to an increase in mitochondrial
glucose metabolism, which through mitochondrial hyperpolarization induces the produc-
tion of ROS [50-52]. Additionally, a chronic hyperglycemic environment can lead to the
upregulation and activation of cyclooxygenase, which may increase not only oxidative
stress but also inflammatory responses [53,54]. Excessive accumulation of ROS leads to
mitochondrial damage, cell apoptosis, inflammation, and lipid peroxidation [55]. Conse-
quently, persistently high glucose concentrations alter the potential regenerative capacity of
MSCs and ultimately reduce their survival rate, lowering the success rate of treatment [19].
In this study, the DR-MSC group did not show significant differences from the DR group in
the flash b-wave amplitude or histological evaluations, which could be attributed to the
low survival rate of MSCs in a hyperglycemic environment.

In this study, the pretreating of stem cells with sirolimus, a technique already proven
effective in several studies, was used. In mice, sirolimus has been shown to enhance
autologous regeneration and hematopoiesis in hematopoietic stem cells [32]. Treatment
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with sirolimus-pretreated MSCs in a systemic lupus erythematosus mouse model allevi-
ated clinical symptoms and extended survival, also enhancing the immunomodulatory
function of MSCs [26]. Furthermore, pretreatment with sirolimus significantly increased au-
tophagy activity and lysosome production in cells and reduced cell apoptosis under harsh
conditions compared to untreated cells. The post-transplantation of sirolimus-pretreated
cells markedly improved the repair and functional recovery in infarcted myocardium [56].
Additionally, numerous studies have used sirolimus via direct intraocular injection for
retinal treatment, confirming its intraocular stability [57-60]. However, the concentration
of sirolimus used in this study was significantly lower than that shown to be effective in
previous research, suggesting a lower likelihood of direct effects from sirolimus.

Sirolimus can modulate inflammatory responses related to the generation of ROS and
nitric oxide in cells [61]. Sirolimus-pretreated MSCs have shown increased survival or
growth factor secretion in hypoxic and serum-deprivation conditions, increased production
of survival or growth factors post-transplantation, and suppressed production of inflamma-
tory cytokines [28]. These actions may account for the significantly higher results obtained
by the DR-MSC-S group in the ERG and histological evaluations compared to the DR and
DR-MSC groups.

Moreover, this study adopted the subconjunctival route instead of the commonly
used intravitreal injection for DR treatment. Intravitreal injection has the advantage of
delivering drugs directly to the vitreous and retina, but the technique is invasive with risks
of increased intraocular pressure, infection, inflammation, potential damage to the lens,
retinal toxicity, and detachment [62,63]. However, subconjunctival injection is less invasive
and carries a lower risk of complications associated with intravitreal injections, making
repeated administration feasible. Subconjunctival injections are generally thought to pri-
marily deliver drugs to the anterior segment of the eye, but there are studies showing that
effective drug delivery to the vitreous and retinal / vitreous layers is also possible [64,65].
Administering drugs or placing implants in the subconjunctival space can skip the barriers
of the conjunctiva and cornea, resulting in enhanced permeability in the retina/choroidal
region [63]. Nevertheless, subconjunctival injection results in a lower drug concentration
reaching the posterior segment compared to intravitreal injection. There is a study show-
ing that administering MSCs at weekly intervals is more effective in inhibiting disease
progression than a single administration [66]. This study adopted a method of repeated
administrations at 8-day intervals for a total of two times to enhance the therapeutic efficacy.
Consequently, this study found subconjunctival injection to be effective in treating DR,
with minimal systemic impact on the BW or BG.

In this study, the effectiveness of sirolimus-pretreated MSCs was evaluated, focusing
on the functional improvement of the retina as measured by ERG and the histological
assessment of retinal layer thickness. However, the evaluation was confined to a maximum
duration of 7 weeks, indicating the necessity for further research into the long-term effects.
Another limitation of this study is the absence of a comparative analysis between different
concentrations of pretreated sirolimus as well as a lack of comparison between single and
repeated administrations.

5. Conclusions

In conclusion, this study has demonstrated that DR rats treated with sirolimus-
pretreated MSCs exhibit an increase in ERG amplitude. Additionally, there was a mitigation
in the reduction of the retinal thickness at a histological level. These results suggest that
sirolimus-pretreated MSCs can enhance retinal function and mitigate histological changes
in rats with DR, indicating their potential for application in DR treatment. They also
suggest that the subconjunctival route of administration can be effective for the treatment
of retinopathy.
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Abstract: Our study aimed to assess the role of a hand-held fundus camera and artificial intelligence
(Al)-based grading system in diabetic retinopathy (DR) screening and determine its diagnostic
accuracy in detecting DR compared with clinical examination and a standard fundus camera. This
cross-sectional instrument validation study, as a part of the International Diabetes Federation (IDF)
Diabetic Retinopathy Screening Project, included 160 patients (320 eyes) with type 2 diabetes (T2DM).
After the standard indirect slit-lamp fundoscopy, each patient first underwent fundus photography
with a standard 45° camera VISUCAM Zeiss and then with a hand-held camera TANG (Shanghai Zhi
Tang Health Technology Co., Ltd.). Two retina specialists independently graded the images taken
with the standard camera, while the images taken with the hand-held camera were graded using
the DeepDR system and an independent IDF ophthalmologist. The three screening methods did not
differ in detecting moderate/severe nonproliferative and proliferative DR. The area under the curve,
sensitivity, specificity, positive predictive value, negative predictive value, positive likelihood ratio,
negative likelihood ratio, kappa (k) agreement, diagnostic odds ratio, and diagnostic effectiveness
for a hand-held camera compared to clinical examination were 0.921, 89.1%, 100%, 100%, 91.4%,
infinity, 0.11, 0.86, 936.48, and 94.9%, while compared to the standard fundus camera were 0.883,
83.2%, 100%, 100%, 87.3%, infinity, 0.17, 0.78, 574.6, and 92.2%. The results of our study suggest that
fundus photography with a hand-held camera and Al-based grading system is a short, simple, and
accurate method for the screening and early detection of DR, comparable to clinical examination and
fundus photography with a standard camera.

Keywords: diabetic retinopathy; screening; slit-lamp fundoscopy; fundus camera; artificial
intelligence

1. Introduction

Diabetes is one of the fastest-growing global health emergencies of the 21st century
that has reached alarming levels and is projected to affect 783 million people by 2045 [1].
Diabetes is also a significant cause of disability and is still the leading cause of preventable
blindness in the adult working population, nontraumatic amputations, and renal failure.
Despite the growing awareness of diabetes, its complications continue to represent a signif-
icant public health problem with high health expenditure [1]. Diabetic retinopathy (DR)
represents a crucial complication of diabetes leading to vision loss and, finally, blindness
in the adult working population [2]. About 22% of patients with diabetes have DR, but
over 10% have vision-threatening DR (VIDR), including proliferative DR (PDR) and di-
abetic macular edema (DME) [3]. By 2045, the number of people with DR and VTDR is
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projected to increase from 103.12 million and 47.37 million in 2020 to 160.50 million and
73.43 million, respectively.

In clinical settings, it is essential to diagnose DR in its early asymptomatic stages and
to start on time with adequate therapy, preventing vision loss and blindness. Screening for
DR is the best and most cost-effective method to avoid blindness [4,5]. However, screening
every person with diabetes for DR with standard ophthalmological examinations is not
optimal considering the limited number of ophthalmologists, and represents an inefficient
use of resources. The minimum examinations for the screening of DR include a vision
examination (before pupil dilation) and a retinal examination adequate for DR classifica-
tion [6,7]. Several low-cost fundus cameras are widely available, and fundus photography
telemedicine has become a good option for DR screening [8-10]. Fundus cameras can be
handled by educated nurses or trained photographers taking high-quality retinal images
that can further be reviewed for interpretation and DR grading by an ophthalmologist or
an entirely artificial intelligence (AI)-based automated system [11]. In real-time, the trained
system decides whether a person requires a referral to an ophthalmologist, and it is much
cheaper than having ophthalmologists screen each person with diabetes. The first such
Al-based automated system for DR identification was approved in April 2018 by the US
Food and Drug Administration (FDA) [12], and since then, many other systems have been
developed and introduced [13-15].

Recently, fuzzy-based image edge detection algorithms for blood vessel detection in
retinal images have also become available [16]. The performance and accuracy of vessel
segmentation approaches are based on a combination of image preprocessing techniques,
global thresholding, and image postprocessing techniques [17,18]. A framework based
on hybrid 2D-3D convolutional neural networks is developed to obtain a continuous 3D
automated surface segmentation of the retinal layer, which is essential and challenging in
analyzing optical coherence tomography (OCT) [19]. To overcome the lack of precision
of these methods preventing medical professionals from completely trusting the results
generated, explainable Al has been introduced to help increase the interpretability of the
methods [20]. A systematic review investigating the test accuracy of Al-based grading of
fundus images in DR screening suggests that Al-based systems are more sensitive than
human graders and could be safe to use in clinical practice, but have variable specificity [21].

In July 2019, before the COVID-19 outbreak, the Republic of Croatia was, thanks to
Professor Dario Raheli¢, president of the Croatian Association for Diabetes and Metabolic
Disorders and chair of the International Diabetes Federation (IDF) Young Leaders in
Diabetes Programme, included in the IDF Diabetic Retinopathy Screening Project and
for this purpose, received a hand-held fundus camera TANG, Shanghai Zhi Tang Health
Technology Co., Ltd. (Shanghai China) (Fundoscope ID: EUR-04) (Figure 1) with DR
screening software (DeepDR) that used the Al-based automated DR grading system for
analyzing the retinal images captured by the camera. This IDF project and a partnership
with the Fred Hollows Foundation highlighted the importance of integrating screening for
DR ongoing care for people living with diabetes in developing countries worldwide and
providing DR screening to all people with diabetes every one to two years [22]. The IDF
also encouraged all people with diabetes who have not had their retinas screened in the
past two years to speak to a health professional about receiving retinopathy screening as
soon as possible.

As a part of the IDF Diabetic Retinopathy Screening Project, this study aimed to assess
the role of a hand-held fundus camera and Al-based grading system in DR screening and
determine its diagnostic accuracy in detecting DR compared with clinical examination and
photography using the standard fundus camera.
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Figure 1. Instruction manual (A) and TANG hand-held fundus camera (B).

2. Materials and Methods
2.1. Study Design and Patients

This cross-sectional instrument validation study, as a part of the IDF Diabetic Retinopa-
thy Screening Project, was conducted in Vuk Vrhovac University Clinic for Diabetes, En-
docrinology and Metabolic Diseases, Merkur University Hospital in Zagreb, Croatia, fol-
lowing the Declaration of Helsinki and approved by the Hospital’s Ethics Committee. All
study participants received written and oral information about the study and signed the
written informed consent.

A total of 160 patients (320 eyes) with type 2 diabetes (T2DM) consecutively referred
to the ophthalmology department of the tertiary care specialist diabetes clinic over three
months between September 2019 and December 2019 were randomly selected and included
in the study by the first author, M.T., during her routine clinical work. At the inclusion visit,
after signing the informed consent, the first author obtained a medical history regarding
diabetes duration and other eye conditions and diseases. Patients with other posterior
eye segment diseases (macular degeneration, the central retinal artery, vein, or branches
occlusion) or anterior and posterior eye segment diseases that did not allow fundus visual-
ization and photography (previous ocular trauma, acute infection, ocular surface diseases
and irregularities, mature cataract, opacities, and vitreous hemorrhages) and patients with
poor cooperation were not included in the study.

2.2. Ophthalmologic Retinal Examination and Fundus Photography

After signing the informed consent and pupil dilation with eye drops containing
0.5% tropicamide, each patient first underwent a standard clinical examination—indirect
slit-lamp fundoscopy (Figure 2A)—then fundus photography with a standard 45° fundus
camera VISUCAM Zeiss (Carl Zeiss Meditec AG, Goeschwitzer Str. 51-52, 07745 Jena,
Germany (Figure 2B), and finally fundus photography with a hand-held fundus camera
TANG (Shanghai Zhi Tang Health Technology Co., Ltd.) (Shanghai China) (Figure 2C,D).

A biomicroscopic indirect slit-lamp fundus examination and color fundus photog-
raphy of two fields (macula-centered, optic disc-centered) of both eyes with a standard
VISUCAM Zeiss camera was performed by the first author, M.T. Two-field 45° photographs
consisted of the first field image (macula-centered) covering the temporal area and optic
disc and the second field image (optic disc-centered) covering the nasal area [23,24]. Two-
field photography has the advantage of detecting DR in the nasal retina that single-field
photography could otherwise miss. After that, the first, M.T., and the second author, R.V.,
two medical retina specialists, independently graded the photographs and assigned a DR
grade using the proposed international clinical diabetic retinopathy and diabetic macular
edema disease severity ratings [25]. Since there was no case where the experts assigned
different grades, there was no need for a third grader.
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Figure 2. Standard clinical indirect slit-lamp fundus examination (A), photography with a standard (B)
and a hand-held fundus camera (C,D).

Color fundus photography of two fields (macula-centered, optic disc-centered) of
both eyes with a hand-held TANG camera was conducted, according to the IDF Dia-
betic Retinopathy Screening Project guidelines [26], by the ophthalmology nurse D.H.
and graded using the Al-based automated software (DeepDR) and an independent IDF
ophthalmologist from Brussels, Belgium. Fundus image reports from Al and the IDF oph-
thalmologist contained an image quality assessment, diagnosis, and advice. If the images
were of sufficient quality, there were two possible results: (1) diagnose: no DR or mild
nonproliferative DR (NPDR), and advice: regular follow-up; (2) diagnose: moderate/severe
NPDR or PDR, and advice: refer to an ophthalmologist.

2.3. Statistical Analysis

Statistical analysis was performed, and the graphs were created using the software
package Statistica™ 14.0.1 (TIBCO Software Inc., Palo Alto, CA, USA) and SPSS 23.0. (IBM,
Armonk, NY, USA). The Kolmogorov-Smirnov test was used to evaluate the normality of
data distribution, and the Leven test was used to evaluate the homogeneity of variance.
The results were expressed as numbers or percentages for categorical variables and the
mean + SD or median (min-max) for continuous variables. For continuous data, the
differences between groups were tested using the Kruskal-Wallis and one-way ANOVA
tests. Scheffe’s post-hoc test was used where needed. For categorical data testing, the
Chi-square test was used. A receiver operating characteristic (ROC) curve, the area under
the ROC curve (AUC), sensitivity and specificity, predictive values, likelihood ratios, kappa
agreement, diagnostic odds ratio, and diagnostic effectiveness (accuracy) were used to
assess the ability of the hand-held fundus camera TANG and Al-based grading system
in DR screening and determine its diagnostic accuracy in detecting DR compared to
clinical examination and photography using the standard fundus camera. To calculate all
diagnostic accuracy measures, the examined eyes were divided into two groups: eyes with
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no retinopathy and those with any retinopathy (mild /moderate/severe NPDR/PDR). A
p-value < 0.05 was considered statistically significant in all analyses.

3. Results

This study included 320 eyes of 160 T2DM (89 male/71 female) with a median age
of 65 (45-83) years and a median diabetes duration of 14 (2-33) years. Their mean best-
corrected visual acuity (BCVA) was 0.98 £ 0.10, and the mean intraocular pressure (IOP)
was 15.21 £ 1.01 mmHg. Sixteen (5%) eyes had primary open-angle glaucoma and were
regularly treated with local antiglaucoma medications. Thirty-six (11.25%) eyes had a clear
crystalline lens, 230 (71.87%) had initial cataract, and 54 (16.88%) eyes were pseudophakic
due to previous cataract surgery.

Based on the photography with a hand-held fundus camera, 202 (63.1%) eyes in
this study had no DR, 58 (18.1%) had mild or moderate NPDR, and 60 (18.8%) eyes had
severe NPDR or PDR. Their basic characteristics are presented in Table 1. The groups did
not significantly differ in gender (Chi-square test, p = 0.058), age, and diabetes duration
(Kruskal-Wallis test, p = 0.408, p = 0.161) nor in the mean IOP (one-way ANOVA test,
p = 0.776), the prevalence of glaucoma, and the status of intraocular lens (Chi-square test,
p =0.612, p = 0.447). The only difference among the examined eyes was observed in BCVA
(one-way ANOVA test, p = 0.027). The eyes with no retinopathy had significantly better
BCVA than those with severe NPDR or PDR (Scheffe test, p = 0.029).

Table 1. The basic characteristics of 320 examined eyes of 160 T2DM divided into three groups
according to the level of diabetic retinopathy.

Mild/Moderate Severe

NoDR NPDR NPDR/PDR p-Value

Gender (m/f) 50/50 73/27 80/20 0.058 2

Age (yrs.) 65 (48-83) 64(54-77) 62 (45-70) 0.408 b
Diabetes duration (yrs.) 12.5 (2-33) 14 (7-24) 15 (2-30) 0.161b
BCVA (decimal) 0.98 £+ 0.05 0.98 £ 0.08 0.89 £ 0.27 0.027 ¢
IOP (mmHg) 14.92 +£2.29 15.27 £1.16 15.20 + 0.68 0.776 ¢
Glaucoma (no/yes) 94/6 100/0 93/7 0.6122
Lens (1/2/3) 16/68/16 7/80/13 0/87/13 0.4472

Legend: Values are percentages, medians (min-max), or means + SD. ® indicates Chi-square test, ® Kruskal-Wallis
test, © one-way ANOVA test; BCVA best-corrected visual acuity; IOP intraocular pressure; Lens 1—eyes with clear
crystalline lens, 2—eyes with initial cataract, 3—pseudophakic eyes.

After evaluation by Al and an IDF ophthalmologist, the images of 248 (77.5%) eyes
taken by the hand-held camera were rated as good quality, while images of 72 (22.5%) eyes
were of medium quality. Not a single image was considered low-quality or unreadable.
Figures 3-5 present the images of the same patients taken by the standard (A) and hand-
held fundus camera (B).

When comparing the reports of the hand-held camera with the standard clinical
examination and the standard camera in DR degree assessment, there were no differences
in detecting severe NPDR and PDR between the three methods (Table 2, Figure 6). However,
the most significant discrepancy in DR degree assessment was in the eyes with no DR
and those with signs of mild NPDR (single microaneurysms). Out of the 202 eyes with
no DR screened by the hand-held camera, the signs of mild NPDR were detected in 22
(6.9%) eyes screened by the standard clinical examination and in 34 (10.6%) eyes by the
standard camera.
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Figure 3. Images of the same patients taken by standard (A) and hand-held fundus camera (B).

Figure 4. Images of the same patients taken by standard (A) and hand-held fundus camera (B).
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Figure 5. Images of the same patients taken by standard (A) and hand-held fundus camera (B).

Table 2. Diabetic retinopathy degree assessed by fundus photography with a hand-held fundus
camera vs. standard clinical examination and photography with a standard fundus camera.

Fundus Photography with a Hand-Held Fundus Camera

77777777777777777777777 No Retinopathy Mild/Moderate NPDR Severe NPDR/PDR
- g No retinopathy 180 (56.2) 0(0) 0(0)
= ittt e e i ettt e
e E é Mild /moderate NPDR 22 (6.9) 58 (18.1) 0(0)
© = & 0 L e e e  f  f  m el m
a~
® " Severe NPDR/PDR 0(0) 0(0) 60 (18.8)
By No retinopathy 168 (52.5) 0(0) 0(0)
=
T2 Qé Mild /moderate NPDR 34 (10.6) 58 (18.1) 0(0)
s -T© - - - - - - - - - - - - - -"-"-"-"=-"=-"-"-"-"=-"=-"-"-"=-"=-"=-"=-"=-"=-"=-"=-"=-"-"=-"=-"=-"=-"=-"=-"=-"=-"=-"=-"-"=-“"“—-"=—-"—-—"=—-—"=— = - = -
h e Severe NPDR/PDR 0 (0) 0(0) 60 (18.8)

N (%). Abbreviations: NPDR, nonproliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy.
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Figure 6. DR degree assessed by standard clinical examination, standard, and hand-held
fundus camera.
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In contrast to this useful clinical division of examined eyes into three groups, in
the statistical calculation of all diagnostic accuracy measures, the examined eyes were
divided into two grades: those with no retinopathy and those with any retinopathy
(mild/moderate/severe NPDR/PDR). The shape of the ROC curves and the area un-
der the curves (AUC) of 0.921 and 0.883 defined the excellent discriminative power of the
hand-held fundus camera in DR detection compared to the standard clinical examination
and very good discriminatory power compared to the standard fundus camera (Table 3,
Figure 7).

Table 3. The area under the curve for diabetic retinopathy screening by fundus photography with a
hand-held fundus camera vs. standard clinical examination and standard fundus camera.

Fundus Photography with a Hand-Held Fundus Camera

Area Std. Error 95% CI p
_Standard clinical examination 0921 0.026 __ 0§70-0973 0000
Standard fundus camera 0.883 0.030 0.824-0.942 0.000
A \ ROC Curve B , ROC Curve
B g B = 7 ///7,«
08 o] _— =
z 05 2 05
g 04 ‘g 044
024 024
% 0 02 04 06 08 10 0'vo.o 02 04 06 08 10
1 - Specificity 1 - Specificity

Diagonal segments are produced by ties Diagonal segments are produced by ties

Figure 7. ROC curves of DR screening by photography with a hand-held fundus camera vs. stan-
dard clinical examination (A) and standard fundus camera (B). Blue line: ROC curve; green line:
reference line.

Other diagnostic accuracy measures of DR detection by the hand-held camera com-
pared to the standard clinical examination and standard fundus camera are shown in
Table 4.

Photography with a hand-held camera had 89.1% and 83.2% sensitivity and 100%
specificity in detecting DR compared to the clinical examination and standard camera. A
positive predictive value (PPV) of 100% and a positive likelihood ratio (LR+) of infinity
indicated absolute agreement between the hand-held camera and the other two methods in
positively detecting patients with DR. In comparison, a negative predictive value (NPV)
of 91.4% and 87.3% and negative likelihood ratio (LR—) of 0.11 and 0.17 implied almost
perfect agreement between the hand-held camera and clinical examination and substantial
agreement between the hand-held and standard camera in negatively noticing patients
without DR. A kappa (k) values of 0.86 and 0.78 and diagnostic odds ratio (DOR) values of
936.48 and 574.6 indicated almost perfect and significant agreement among the hand-held
camera and clinical examination and the standard camera in detecting DR, presuming the
excellent test performance of the hand-held camera. Finally, the diagnostic effectiveness
(DE) of 94.9% compared to the clinical examination and 92.2% to the standard camera
expressed the almost perfect accuracy of the hand-held camera in correctly classifying
subjects (TP + TN) among all subjects.
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Table 4. Diagnostic accuracy measures of diabetic retinopathy detection by the hand-held fundus
camera vs. standard clinical examination and standard fundus camera.

Hand-Held Fundus Standard Examination Standard Fundus Camera
Camera vs. Estimate 95% CI Estimate 95% CI
Sensitivity 89.1% 81.3-94.4% 83.2% 74.4-89.9%

"~ Specificity ~ 100%  939-100% 100% 93.9-100%
- PPV 100%  959-100% 100% 95.7-100%
- NPV 914% 85.9-949% 87.3% 81.7-91.4%
LR+ Infinity | NaN-Infinity ~ Infinity ~  NaN-Infinity
- LR— 011 006-019 017  011-026
"~ Kappa+SE 086+004 077-094 078+£0.05  0.69-088
- DOR 936.48 542-161946 5746 33.8-97435
T DE 949% 90.3-97.8% 922% 86.9-95.8%

Abbreviations: PPV—positive predictive value; NPV—negative predictive value; LR+—positive likelihood
ratio; LR——negative likelihood ratio; Kappa—kappa agreement; DOR: diagnostic odds ratio; DE—diagnostic
effectiveness (accuracy); NaN—the calculation cannot be performed because the values entered include one or
more instances of zero.

4. Discussion

Generally, for each clinician, as well as for countries and their health systems, when
choosing a method for diagnosing a disease, the diagnostic characteristics and costs of that
method are fundamental. Diagnostic characteristics speak about the method’s success in
correctly discriminating between certain two conditions of interest (health and disease or
two stages of a disease, etc.).

In this study, the main interest was to investigate and compare the diagnostic charac-
teristics of the small hand-held camera and Al or teleophthalmology-based grading system
with a standard clinical examination and standard fundus camera in detecting DR and
discriminating those persons who need the referral. This applies especially to patients
with severe NPDR and PDR requiring prompt further retinal diagnostics and treatments.
However, in the present study, the number (percentage) of eyes with severe NPDR and
PDR detected by the hand-held camera corresponded with absolute accuracy to those
detected by the clinical examination and standard camera. There was also no discrepancy
in detecting eyes with moderate NPDR, whereas the substantial distinction in DR degree
assessment among methods was found in the eyes with no retinopathy and those with
signs of mild NPDR (single microaneurysms). Out of the 320 eyes included in the study,
the hand-held camera misdiagnosed the signs of mild NPDR in 22 (6.9%) eyes screened
by the standard clinical examination and in 34 (10.6%) eyes by the standard camera. Still,
in both conditions, with no DR and mild NPDR, the recommendation regarding the cur-
rent diabetic retinopathy guidelines is the same: regular follow-up [6,7]. Furthermore,
according to all diagnostic accuracy measures used in the present study, the hand-held
camera demonstrated excellent to very good discriminative power in positively detecting
patients with DR and negatively detecting those without it compared to the other two
diagnostic methods. Compared to the standard clinical examination, the hand-held camera
had an AUC of 0.921, a sensitivity of 89.1%, and a specificity of 100%, while compared to
the standard fundus camera; these measures, except for a specificity of 100%, were slightly
lower: the AUC was 0.883 and the sensitivity was 83.2%.

The diagnostic accuracy of DR screening using different mobile cameras or smart-
phones has been widely researched, and numerous authors from various institutions and
countries have obtained similar results. One of the first of such studies, published in 2015
by Rajalakshmi R et al., compared DR detection by a smartphone with the seven standard
field images taken by a digital fundus camera, and found a sensitivity of 92.7% and a
specificity of 98.4% for detecting any DR degree by a smartphone, while for detecting the
sight-threatening diabetic retinopathy (STDR) by smartphone, the sensitivity and specificity
were 87.9% and 94.9% [27]. The same authors reported that 21.9% of the images taken by a
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smartphone were of good quality, and the remaining 66.8% were of medium-good quality,
while 61.1% of the images taken by a standard fundus camera were of good quality, and
34.9% were of medium-good quality [27]. Zhang W et al. compared screening for DR using
a portable, noncontact, nonmydriatic hand-held retinal camera and the images graded by
five masked ophthalmologists to the dilated clinical exam, and observed that the overall
sensitivity for identifying VTDR was 64-88% and the specificity was 71-90%, while the
images were gradable in 86-94% of predilation and 94-97% of postdilation photos [28].
A scoping review and meta-analysis of nine diagnostic test accuracy studies published
from January 2000 to November 2018 regarding the use of various smartphone ophthal-
moscopy for detecting DR reported the pooled sensitivity and specificity for detecting
any DR of 87% (95% CI 74-94%) and 94% (95% CI 81-98%) and referral-warranted DR
of 91% (95% CI 86-94%) and 89% (95% CI 56-98%), while the AUC ranged from 0.879 to
0.979 and the DOR from 11.3 to 1225 [29]. In the present study, the DOR for detecting DR
by a hand-held camera compared to the clinical examination was 936.48, and compared
to the standard camera, it was 574.6. A comparative pilot study performed in rural and
tribal India, another developing country, compared the images taken with a hand-held
non-mydriatic fundus camera (Horus scope 200, Medical Imaging Innovation Solution
Partner, Taiwan) by two different trained technicians and graded by a retinal specialist to
the indirect ophthalmoscopy completed by expert ophthalmologists and found a sensitivity,
specificity, PPV, and NPV of 54.8%, 92.1%, 59.6%, and 83.9%, while the kappa agreement for
DR between both detection methods was 0.48 [30]. In the present study, PPV and LR+ were
100% and infinity when comparing the hand-held camera with both diagnostic methods,
while NPV and LR- were 91.4% and 0.11 when comparing the hand-held camera with the
clinical examination and 87.3% and 0.17 with the standard camera. The present study’s
kappa (k) agreement for the comparison of the hand-held camera to clinical examination
was 0.86 and 0.78 to the standard fundus camera.

In the Republic of Croatia, a country located in Central and Southeast Europe on
the Adriatic Sea coast, with 327.785 adults having diabetes (8.5% of the population) [31],
screening for DR is usually performed using dilated slit-lamp fundus examination only
by ophthalmologists, mostly medical retina specialists, and fundus photography with a
standard fundus camera is not used routinely for DR screening but only for fluorescein
angiography and research purposes [32]. Also, no nurses/technicians, optometrists, new
technologies such as small hand-held fundus cameras, electronic data transfer systems
(including telemedicine), or Al and automated grading are introduced into DR screening
in Croatia.

The hand-held fundus camera used in this study is the only one of its kind in Croatia,
obtained thanks to Professor Raheli¢ and the IDF for the IDF Diabetic Retinopathy Screening
Project which aimed to highlight the importance of integrating DR screening into routine
care for people living with diabetes in developing countries. Furthermore, besides the first
use of a hand-held fundus camera, this was the first time an ophthalmology nurse actively
participated in DR screening in Croatia.

According to the current guidelines, screening for DR has become an important cost-
effective part of diabetes care, which means that even if enough ophthalmologists are
available, using ophthalmologists to screen every person with diabetes is usually not
feasible and is likely to be an inefficient use of resources [6,7].

The present study determined that all three DR screening methods were simple, but
the differences were in the duration of the procedure and the persons who performed
them. The first author, M.T., an ophthalmologist—medical retina specialist—performed
the standard clinical examination, which took the longest time, about 15-20 min for each
patient. M.T. also conducted fundus photography with a standard 45° fundus camera, while
D.H., an ophthalmology nurse, performed fundus photography with a hand-held fundus
camera. Both photographing sessions lasted much shorter than the clinical examination,
about 5 min each. All images (4 images of 160 subjects = 640 images in total) from the
standard 45° fundus camera were subsequently and independently graded by M.T. and

49



Biomedicines 2024, 12, 34

R.V.in about 6 h (360 min), while the images (4 images of 160 subjects = 640 images in total)
from the hand-held fundus camera were graded immediately by Al and after a few hours
by an IDF independent ophthalmologist.

However, besides the DR degree report, Al and an IDF ophthalmologist also eval-
uated the image quality and rated 77.5% of them as good quality and 22.5% as medium
quality. Not a single image taken by the hand-held camera was considered low-quality or
unreadable. Yet, all images (100%) taken by the standard 45° fundus camera VISUCAM
Zeiss were of good quality because that nonmydriatic fundus camera has been in the Vuk
Vrhovac University Clinic for the last 15 years, and the images were taken by M.T., who is
very experienced in working with it. In contrast, the hand-held fundus camera TANG was
entirely new at the Vuk Vrhovac University Clinic, and the photographing was performed
by the ophthalmology nurse D.H., who was completely inexperienced in photographing
with fundus cameras because in Croatia, only ophthalmologists, medical retina specialists,
perform fundus photography.

All these study results implied that DR’s hand-held fundus camera assessment com-
pleted by a nurse and graded by Al or an external ophthalmologist was reliable and in
agreement with those of the standard clinical examination and fundus photography with a
standard camera performed by a medical retina specialist. With nurses’ further education
and active participation in the photography technique and improving the image quality, it
could be expected that the images would be of better quality and that the method would
be more accurate and reliable.

The crucial role of nurses/technicians in DR screening with the aim of reducing
the prevalence of blindness due to diabetes and reducing diabetes-related costs has been
confirmed and reported earlier in numerous scientific articles and reviews [33-36]. In many
diabetes centers in Europe and worldwide, educated nurses/technicians especially, in
addition to fundus photographing, grade the fundus images and refer each patient with
suspicious and positive results to ophthalmologists for further diagnosis and treatment.
During the DR screening, the nurses/technicians also continuously educate the patients
about the importance of regular DR screening and maintain good control of risk factors,
such as glycemia, hypertension, and dyslipidemia, to prevent vision loss and blindness
due to diabetes.

Some limitations of the present study should be addressed. First, this study was cross-
sectional, performed in a single health center, and included a small number of patients.
Unfortunately, all of the above were consequences of the COVID-19 pandemic onset in
December 2019, when authorities worldwide recommended implementing lockdown
measures to preserve public health and control the transmission of the virus. With the
COVID-19 outbreak, including more participants was impossible, and the IDF Diabetic
Retinopathy Screening Project ended. Second, the difference in the fundus photography
experience and skill between the first author, ophthalmologist M.T., and the nurse D.H.
resulted in a higher percentage of medium-quality images taken by the hand-held camera.
Third, comparing two standard diagnostic methods, clinical examination and photography
using the standard fundus camera, with a new method using an entirely new camera
during only three months resulted in a deviation from the expected agreement and lower
accuracy of the tested method. Fourth, we did not incorporate different imaging modalities
or sources to validate the method’s versatility and explore the algorithm’s resilience to
potential adversarial attacks or noisy input data. Accordingly, a nuanced understanding
of each element’s contribution to the overall performance, aiding in identifying crucial
components and possible areas, is missing.

5. Conclusions

Recently, several Al-based automated systems for DR identification have been de-
veloped and introduced. The results suggest that Al-based systems are more sensitive
than human graders and could be safe to use in clinical practice. In the present study,
the number (percentage) of eyes with severe NPDR and PDR detected by the hand-held
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fundus camera and Al-based grading system corresponded with absolute accuracy to those
detected by the clinical examination and standard camera. There was also no discrepancy
in detecting eyes with moderate NPDR, whereas the substantial distinction in DR degree
assessment among methods was found in the eyes with no DR and those with signs of
mild NPDR (single microaneurysms). In addition, the hand-held camera misdiagnosed the
signs of mild NPDR in 22 (6.9%) eyes screened by the standard clinical examination and in
34 (10.6%) eyes by the standard camera. Compared to the standard clinical examination,
the hand-held camera had an AUC of 0.921, a sensitivity of 89.1%, and a specificity of 100%.
Implementing the DR screening using the small fundus cameras and active involvement of
nurses/technicians in the DR screening process would enable all people with diabetes to be
regularly screened for DR, and provide ophthalmologists—medical retina specialists—the
proper time needed for further diagnostic procedures and treatments.
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Abstract: The Solute Carrier Family 22 Member 3 (SLC22A3) is a high-capacity, low-affinity trans-
porter for the neurotransmitters norepinephrine, epinephrine, dopamine, serotonin, and histamine.
SLC22A3 plays important roles in interorgan and interorganism small-molecule communication, and
also regulates local and overall homeostasis in the body. Our aim was to investigate the association
between the 152048327 gene polymorphism and diabetic retinopathy (DR) in Slovenian patients
with type 2 diabetes mellitus (T2DM). We also investigated SLC22A3 expression in the fibrovascular
membranes (FVMs) of patients with proliferative DR (PDR). Our study involved 1555 unrelated
Caucasians with T2DM with a defined ophthalmologic status: 577 of them with DR as the study
group, and 978 without DR as the control group. The investigated polymorphisms were genotyped
using the KASPar genotyping assay. The expression of SLC22A3 (organic cation transporter 3—OCT3)
was examined via immunohistochemistry in human FVM from 16 patients with PDR. The C allele
and CC genotype frequencies of the rs2048327 polymorphism were significantly higher in the study
group compared to the controls. The logistic regression analysis showed that the carriers of the CC
genotype in the recessive genetic models of this polymorphism have a 1.531-fold increase (95% CI
1.083-2.161) in the risk of developing DR. Patients with the C allele of rs2048327 compared to the
homozygotes for the wild type T allele exhibited a higher density of SLC22A3 (OCT3)-positive cells
(10.5 & 4.5/mm? vs. 6.1 & 2.7/mm?, respectively; p < 0.001). We showed the association of the
152048327 SLC22A3 gene polymorphism with DR in a Slovenian cohort with type 2 diabetes mellitus,
indicating its possible role as a genetic risk factor for the development of this diabetic complication.

Keywords: SLC22A3; rs2048327; diabetic retinopathy; immunohistochemistry

1. Introduction

Diabetic retinopathy (DR) is one of the leading complications of diabetes that can cause
visual impairment or blindness. A third of people with diabetes worldwide have DR, and a
third of those people have retinopathy that could result in vision loss [1]. The development
and progression of diabetic retinopathy are influenced by the type and duration of diabetes.
Type 1 diabetes carries a higher relative risk of developing diabetic retinopathy than type 2,
while type 2 diabetes carries a higher prevalence of diabetic macular edema [2]. Changes in
the rheological properties of blood, as well as changes in the wall of retinal blood vessels,
lead to capillary occlusion, hyperpermeability, and retinal ischemia. The combinations
of these changes with inflammatory changes lead to the appearance and development of
DR, with characteristic histological changes, the loss of pericytes, and the thickening of
the basilar membrane. Microaneurysms, or locations where the capillary wall balloons
outward, are pathognomonic [3], alongside retinal hemorrhages, macular edema, and
retinal neovascularization.
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In recent years, the role of diabetic retinal neurodegeneration is increasingly evident,
not only as a biomarker for DR but also as a causal factor in the development of DR [4-6].
Retinal ganglion cell apoptosis, as the most important feature of neurodegeneration, occurs
early in the disease course, presented as a thinner retinal inner layer by OCT imaging [7-11].

There are numerous biochemical signaling pathways at play among which the role of
oxidative stress is crucial. Kang and Yang showed that hyperglycemia can cause oxidative
stress through a series of pathways, including the polyol, protein kinase C, and hexosamine
pathways, as well as an increased expression of advanced glycation end products (AGEs)
and their receptors. This imbalance in cellular redox homeostasis is further exacerbated by
the abnormal activity of nuclear factors like highly activated NF-«B, and the diminished
activity of Nrf2, as well as hyperglycemia-induced mitochondrial dysfunction. These
factors contribute to the overproduction of reactive oxygen species (ROS) in DR [12]. An
overproduction of ROS leading to oxidative stress can upset the balance of the metabolic
system and cause the dysfunction of the retinal neurovascular unit, resulting in apoptosis,
inflammation, and the degeneration of both the vasculature and neurons. It may also
promote the growth of new blood vessels (neovascularization). Additionally, oxidative
stress can lead to epigenetic changes and alter the expression of genes involved in signal
transduction [13-15].

Organic cation transporter 3 (OCT3, SLC22A3) is a high-capacity, low-affinity trans-
porter for the neurotransmitters norepinephrine, epinephrine, dopamine, serotonin, and
histamine. Corticosterone has a direct impact on inhibiting the OCT3-mediated transport
of these neurotransmitters. Corticosteroid hormones can affect gene expression by act-
ing on intracellular glucocorticoid receptors (GR) and mineralocorticoid receptors (MR),
leading to a wide range of physiological and behavioral responses. In addition, corticos-
teroid hormones also have rapid effects on physiology and behavior through non-genomic
mechanisms. Some of these mechanisms are dependent on GR or MR, while others are
independent of these receptors. One such GR-independent mechanism involves the inhibi-
tion of monoamine transport mediated by “uptake2” transporters, including OCT3, as a
result of corticosteroid action [16].

Dopamine and histamine are important neurotransmitters and neuromodulators in
the retinal neurons [17,18].

Dopamine supplementation in diabetic rodent models prevents visual loss because
dopamine levels in the retina are decreased [19,20]. According to a preclinical study in
diabetic patients, neurodegeneration can be detected early on by electroretinography and
treated with L-dopa to prevent it from progressing to clinically recognized retinopathy [21].
Dopamine was found to exert protective effects against microvascular leaking and pericyte
and endothelial loss, as well as to inhibit hyperglycemia-induced oxidative stress and mito-
chondrial dysfunction in HRECs and mouse retinas; therefore, it affects the development
of diabetic vasculopathy as well [22].

The Solute Carrier Family 22 Member 3 (SLC22A3 also known as organic cation
transporter 3—OCT3, gene ID: 6581, OMIM: 604842, HGNC: 10967) is a protein-encoding
gene located on chromosome 6 on the q arm at position 25.3 [23]. The protein encoded
by this gene belongs to the SLC22 transporter family. The neuroendocrine, growth factor—
cytokine, and other homeostatic systems, along with SLC22 transporters, play important
roles in interorgan and interorganism small-molecule communication. These systems also
regulate local and overall homeostasis in the body [24]. The SLC22 transporter family is
divided into two major clades: OAT—organic anion transporters; OCT—organic cation
transporters. Each of these clades can be further divided into three subclades, designated
as OAT, OAT-like, OAT-related, OCT, OCTN (organic cation/carnitine transporter), and
OCT/OCTN-related. The OCT subclade has three known members: OCT1, OCT2, and
OCT3 (SLC22A1, SLC22A2, and SLC22A3). OCT3 is more widely expressed than OCT1
and OCT2. OCT3 expression is widespread and can be found in the skeletal muscle, heart,
brain, placenta, cornea, retina, iris, liver, kidney, and vascular endothelial cells [24-27].
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To date, the exact mechanism of action of OCT3 has not been fully elucidated. However,
OCT3 is associated with liver fibrosis, hepatocellular carcinoma, colorectal carcinoma, and
altered drug pharmacokinetics [28-31].

A few studies found an association between the rs2048327 polymorphism of the
SLC22A3 (OCT3) gene and CHD (coronary heart disease) in the Iranian population, and
CVD (cardiovascular disease) and low HDL concentration in the Canadian population [32].
In contrast to these studies, studies on the Chinese Han population found no association
between the rs2048327 polymorphism and coronary heart disease. The same findings were
supported by a second study that also included this population [33]. Possible reasons for
the opposite results of the aforementioned studies may be due to the effects of epigenetic
and environmental factors in the aforementioned populations. However, data on the
polymorphism rs2048327 and its association with the DR, and prognostic and therapeutic
significance are lacking.

The objective of this study was to investigate the association between the polymor-
phisms of the SLC22A3 gene and the development of DR among patients with type
2 diabetes in the Slovenian population (Caucasians). Moreover, we investigated the associ-
ation of the rs2048327 polymorphism of SLC22A3 gene expression in the FVMs of patients
with T2DM and PDR.

2. Materials and Methods
2.1. Patients

In our case—control study, were enrolled 1555 unrelated Caucasians with T2DM, with
a defined ophthalmologic status. The current American Diabetes Association criteria were
used to identify patients with T2DM [34]. Between January 2010 and January 2023, partic-
ipants were collected from the University Medical Center Ljubljana Diabetic Outpatient
Clinic and Eye Clinic. After pupil dilation, as aforementioned, a senior eye specialist
(M.G.P) performed a fundus examination [35]. The study group consisted of 1555 subjects:
577 subjects with DR (cases) and the control group of 978 subjects with T2DM of more than
a 10-year duration who had no clinical signs of DR.

Patients with overt nephropathy were not included in the study to avoid the con-
founding effect of impaired kidney function. Moreover, patients with other ocular diseases
were excluded. The study was carried out in accordance with the Helsinki Declaration
and received approval from the National Ethical Committee (number 118/12/2011). Fol-
lowing the acquisition of informed consent for study participation, a thorough interview
was conducted.

2.2. Biochemical Analyses

Standard biochemical techniques were used to measure glucose, creatinine, total choles-
terol, low-density lipoproteins (LDL), high-density lipoproteins (HDL), and triglycerides.

2.3. Genotyping

Using a Qiagen isolation kit, genomic DNA was extracted from 100 uL of whole blood.
The rs2048327 polymorphism of the SLC22A3 gene was genotyped by LGC Biosearch
Technologies using their own novel, fluorescence-based, competitive, allele-specific PCR
(KASPar) assay. The details of the method used can be found at http:/ /running-KASP-on-
ABI-StepOne-and-StepOnePlus.pdf (accessed on 15 July 2023).

2.4. Immunohistochemistry

In this study, we investigated the expression of SLC22A3 in fibrovascular membranes
(FVMs) obtained from 25 patients (mean age: 62.5 & 14.3 years; 13 men and 12 women)
with type 2 diabetes mellitus (T2DM) and proliferative diabetic retinopathy (PDR) during
pars plana vitrectomy. A pars plana vitrectomy with fibrovascular membrane peeling was
performed by an experienced surgeon (M.G.P.). Formalin-fixed paraffin-embedded (FFPE)
tissue sections of the FVMs were prepared by cutting consecutive 5 um sections from each
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paraffin block and mounting them on glass slides. Deparaffinization and dehydration
were carried out using a series of alcohol solutions. To detect the SLC22A3 protein in
our tissue samples, we performed immunohistochemistry using the i-View method with
the Invitrogen SLC22A3 antibody (MA5-36158) on the Ventana Roche diagnostic system
(Tucson, AZ, USA). To ensure the reliability of the staining procedure, positive and negative
controls were included. Kidney tissue sections known to express SLC22A3 were used as
positive controls, while brain tissue sections, which exhibited minimal or absent SLC22A3
expression, were used as negative controls.

Microscopic analysis was conducted to evaluate SLC22A3 expression in the fibrovascu-
lar membranes. The presence or absence of specific staining in the fibrovascular membranes
was compared to the positive and negative control tissues. A quantitative assessment of
SLC22A3 expression was performed by manually identifying and marking SLC22A3-
positive cells. The area containing SLC22A3-positive cells was delineated, and the nu-
merical areal density of SLC22A3-positive cells was calculated as the number of positive
cells per square millimeter (mm?) of the marked area. Data obtained from the stained
tissue sections were analyzed qualitatively, and the expression and distribution of SLC22A3
in fibrovascular membranes were assessed. A statistical analysis was conducted using
appropriate methods to determine the significance of any observed differences.

2.5. Statistical Analysis

The SPSS program for Windows version 24 (SPSS Inc., Chicago, IL, USA) was used
for the statistical analyses. An unpaired Student’s ¢-test was used to compare continuous
clinical data, and the chi-square test was used to compare discrete variables. For continuous
variables, data were presented as mean SD, while, for categorical variables, the number
and percentage of patients were used. In the study, the normality of data distribution
was ascertained using the Shapiro-Wilk test. Continuous variables were compared using
an unpaired Student’s t-test when normally distributed, and the Mann—Whitney U test
when asymmetrically distributed. Continuous variables were reported as mean + standard
deviation when normally distributed, and as median values (interquartile range (IQR))
when asymmetrically distributed.

Additionally, a multiple logistic regression was used to incorporate all variables that
by univariate analysis demonstrated significant differences. Statistical significance was set
atp <0.05.

3. Results

The clinical characteristics of the two groups are summarized in Table 1. The following
parameters showed a statistically significant difference between the groups: waist circum-
ference (p < 0.006), duration of T2D (p < 0.001), BMI (p < 0.041), insulin therapy (p < 0.001),
CVD (p < 0.001), diabetic neuropathy (p < 0.001), diabetic foot (p < 0.001), and S-HbAlc
(p < 0.001). However, there were no significant differences between the groups with respect
to age, sex, systolic blood pressure, diastolic blood pressure, active smokers, fasting glucose,
total cholesterol, HDL-cholesterol, LDL-cholesterol, and triglycerides. Patients in the case
group had a larger waist circumference, a longer duration of T2D, a higher use of insulin, a
higher percentage of diabetic complications such as diabetic neuropathy and diabetic foot,
and higher HbAlc values compared to the control group.
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Table 1. Clinical and laboratory characteristics of patients with DR (cases) and without DR (controls).

Case (N =577) Control (N = 978) p Value
Sex [M] 300 (52.0%) 541 (55.3%) 0.2
Age [years] 65.11 4+ 8.91 64.77 4+ 9.66 0.53
Waist circumference [cm] 108.39 + 13.03 105.17 +12.32 0.006
Duration of T2D [years] 18.00 (13.00-25.00) 12.00 (8.00-16.00) <0.001
Duration of DR [years] 11 (10.00-25.00)
SBP [mmHg] 148.68 £+ 21.26 148.24 +20.17 0.69
DBP [mmHg] 84.05 + 10.22 83.49 + 10.69 0.32
BMI 29.49 + 4.88 29.99 +4.47 0.041
Active smokers 54 (9.4%) 119 (12.2%) 0.089
Insulin therapy 432 (74.9%) 387 (39.6%) <0.001
CVD 118 (20.5%) 352 (36.0%) <0.001
Diabetic neuropathy 112 (19.4%) 96 (9.8%) <0.001
Diabetic foot 41 (11.9%) 0 (0.0%) <0.001
S-HbAlc [%] 7.90 (7.00-8.83) 7.50 (6.80-8.30) <0.001
[Sr'rf:gil“/ﬁlucose 8.50 (6.70-10.50) 8.20 (6.80-9.80) 0.065
[S;zilljﬁ’le“eml 4.80 (4.00-5.60) 4.70 (4.00-5.70) 0.65
S-HDL [mmol /L] 1.10 (1.00-1.35) 1.10 (1.00-1.40) 0.27
S-LDL [mmol/L] 2.70 (2.10-3.50) 2.70 (2.10-3.40) 0.53
S-TG [mmol/L] 1.80 (1.20-2.50) 1.70 (1.20-2.60) 0.72

Abbreviations: SBP—systolic blood pressure; DBP—diastolic blood pressure; BMI—body mass index;
CVD—cardiovascular diseases; HbAlc—glycated hemoglobin; S-HDL—serum-high-density lipoprotein;
S-LDL—serum-low-density lipoprotein; S-TG—serum-triglycerides.

Data on the genotype distribution and allele frequency of the rs2048327 polymorphism
of the SLC22A3 gene are shown in Table 2. The univariate analysis showed a statistically
significant difference in genotype distribution (p < 0.008), as well as in allele frequency
(p < 0.003) between the case group and controls. The SCL22A3 genotype distribution in
cases and controls did not deviate significantly from Hardy-Weinberg equilibrium.

We used logistic regression analysis to assess whether the rs2048327 polymorphism
was independently associated with DR after adjusting for waist circumference, duration
of T2D, BMI, diabetic neuropathy, and HbAlc. The results in the two genetic models,
co-dominant (p < 0.013) and recessive (p < 0.016), indicate the existence of a statistically
significant association (Table 3). The statistical strength of the study was 0.80.

In the FVMs of diabetic patients with PDR, a significantly higher numerical areal
density of OCT-3-positive cells (Figure 1) was found in patients with the C allele of
rs2048327 (CC + TC genotypes) compared to the homozygotes for the wild type T al-
lele (10.5 + 4.5/mm? vs. 6.1 4 2.7/mm?, respectively; p < 0.001).
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Table 2. Genotype and allele frequencies of the rs2048327.

Case Control
SLC22A3_rs2048327 (N = 577) (N = 978) p Value
Genotypes
CC 85 (14.7%) 100 (10.2%)
CT 284 (49.2%) 466 (47.6%) 0.008
TT 208 (36.0%) 412 (42.1%)
Alleles
C (MAF) 454 (39.3%) 666 (34.0%) 0.003
T 700 (60.7%) 1290 (66.0%) :
HWE (p value) 0.45 0.06
dominant
CC+CT 369 (64.0%) 566 (57.9%) 0.018
TT 208 (36.0%) 412 (42.1%) :
recessive
CC 85 (14.7%) 100 (10.2%) 0.008
CT+TT 492 (85.3%) 878 (89.8%) :
Abbreviations: HWE—Hardy—Weinberg equilibrium; MAF—minor allele frequency.
Table 3. Association between rs2048327 and DR.
SLC22A3_rs2048327 CASES/CTRLs Ad]ustegI?R oo pValue
co-dominant
CCvs. TT 85/100 vs. 208/412 1.609 (1.104-2.345) 0.013
CTvs. TT 284/466 vs. 208/412 1.099 (0.860-1.403) 0.45
dominant
[CC+CT]vs. TT 369/566 vs. 208/412 1.185 (0.938-1.499) 0.15
recessive
CCuvs. [CT + TT] 85/100 vs. 492/878 1.531 (1.083-2.161) 0.016

Adjusted for waist circumference, duration of T2D, BMI, diabetic neuropathy, S-HbA1c [%].

cc cT

Positive control

Figure 1. SLC22A3-positive cells in fibrovascular membranes from patients with PDR.

4. Discussion

TT (wild)

v

The purpose of our study was to investigate the association between the rs2048327
of the SLC22A3 gene and DR in the Slovene Caucasians with T2DM. Logistic regression
analysis showed that there is an increased risk in carriers of the rs2048327 polymorphism
for DR in two genetic models (co-dominant and recessive). The findings of our study
should be compared to those of similar or related studies, and the potential for their use in

clinical practice should be investigated.

This is the first report of any SLC22A3 polymorphism on DR, a diabetic microvascular
complication in T2DM. Many epidemiological studies have been conducted worldwide
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in the last few decades regarding the relationship between the rs2048327 SLC22A3 gene
polymorphism and other microvascular and vascular complications, such as diabetic
nephropathy, cardiovascular disease (CVD), an coronary heart disease (CHD) [36].

In a study of unrelated Finnish patients with TIDM, an association was found between
SLC22A3 rs2048327 and diabetic nephropathy (DN) in men (p < 0.03) [36]. In their study,
patients were divided into two samples: sample 1 (1086 patients) for the primary association
analysis, and sample 2 (1252 patients) for replication. Patients were selected from all over
Finland as part of the FinnDiane study. They also genotyped 165 non-diabetic Finns across
the country. In the study, the age of onset of type 1 diabetes, the time of initiation of insulin
therapy, and the fasting C peptide level were measured. According to the renal status,
the patients were further divided into three groups, patients with normo-, micro-, and
macroalbuminuria. In comparison with our study, the patients were younger and had a
longer duration of diabetes, which is expected considering that type 1 diabetes mellitus
appears earlier compared to in our subjects who have type 2 diabetes. It is also noticeable
that out of the patients from the abovementioned study, 79.3% had hypertension in the
microalbuminuria subgroup, and as many as 97.5% did in the macroalbuminuria subgroup.
Similar to our study, in the aforementioned study, the group of cases includes mostly men.
Regarding the rs2048327 SLC22A3 gene polymorphism, by stratifying patients into those
with HbA1lc < 8.4% and HBA1c > 8.4%, an association with DN in men with HbAlc > 8.4%
was found, as well as allele frequency (p < 0.03), and genotype distribution (p < 0.04).

In a study on the Iranian population, which included 453 CHD patients and
453 non-CHD controls, the SLC22A3 rs2048327 was significantly associated with an in-
creased risk of CHD. A difference was found during the stratification analysis by gender,
in male subjects from the case group compared to the control group, and in two genetic
models: the additive (OR = 2.45; 95% CI: 1.17-5.11; p = 0.017) and recessive model (OR
= 2.47; 95% CI: 1.21-5.06; p = 0.013). They also found that HDL concentration was 3.5
times lower in rs2048327 carriers [37]. In relation to our research, there is a difference in
MATF frequency (minor allele frequency) between Iran and Slovenia (C allele frequency
29% and 35%). Also, in their research, no analysis of glycemic status was performed; but,
despite this, the effect of rs2048327 on blood vessels was proven in the carriers of the C
allele. Assuming that the effect of the rs2048327 polymorphism both in them and in us
shows a possible association with changes in the blood vessels, it is possible that in our
study there were changes in the blood vessels of the retina in the carriers of the C allele,
with the influence of inadequately controlled glycemic status, which could ultimately favor
the emergence and development of DR. Similar to the previous study, in a study on the
Pakistani population, with 663 subjects of whom 78% were male, SLC22A3/rs2048327
showed an association with coronary stenosis (p < 0.045) in an additive genetic model [38].
In the aforementioned study, as in the previous two, there is a noticeably higher percentage
of male respondents. The influence of gender is not negligible in the development of the
mentioned events in conjunction with the rs2048327 polymorphism. Unfortunately, in the
aforementioned studies, we do not have data on the diabetic status of the subjects. It is
suggestive that in the mentioned studies, the rs2048327 polymorphism has an impact on
changes in the blood vessels, and therefore we believe that it is possible that the mentioned
polymorphism can also cause changes in retinal blood vessels, which could ultimately lead
to DR in people with T2DM.

Contrary to previous studies, in the research on the Chinese Han population, no
association of the rs2048327 polymorphism with the occurrence of CAD was found in any
genetic model (recessive p = 0.09; dominant p = 0.84; additive p = 0.44) [39]. A similar finding
was found in a study of Hispanics on the influence of the rs2048327 polymorphism on the
occurrence of myocardial infarction (p = 0.93) [40]. Also, in another study on the Chinese
Han population, a lower risk of developing CAD was found in carriers of the rs2048327
polymorphism (p = 0.016) [33]. The variance in sample size and population structure, failure
to account for confounding factors, racial and ethnic differences, and the diversity of genetic
and environmental backgrounds are some of the possible explanations for inconsistent
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results between populations. Additionally, the effects of population genotypes may vary
among populations.

Additionally, our results suggest that the expression of SLC22A3 (OCT-3) is affected
by the presence of the OCT-3 polymorphism (rs2048327), since the numerical areal density
of rs2048327-positive cells was significantly higher in FVMs from DR patients carrying the
C allele of rs2048327 compared to DR patients with the T allele, emphasizing the role of
OCT-3 in the development of DR. To our knowledge, this is the first paper that investigated
the expression of the OCT3 protein in the human retina. A similar paper was published
analyzing the mouse retina [41]. A possible reason for the lack of works on this topic in
humans is the difficulty in collecting samples for immunohistochemical analysis.

Our cross-sectional case—control study does, however, have some limitations. First
of all, a relatively small but ethnically homogeneous cohort of cases and controls from
Slovenia served as the research population. Secondly, in our study, there were differences
in several parameters (for example, waist circumference, duration of T2D, BMI, diabetic
neuropathy, HbAlc). By including each of these parameters in the logistic regression model,
we attempted to reduce the impact of these differences. Thirdly, only one polymorphism of
the SLC22A3 gene was studied. Therefore, more detailed research on larger samples with
ethnically diverse subjects are needed to elucidate its role in the DR.

5. Conclusions

In our cross-sectional case—control study, we showed the association of the rs2048327
SLC22A3 gene polymorphism with diabetic retinopathy in a Slovenian cohort with type
2 diabetes mellitus. In order to confirm the influence of the rs2048327 polymorphism
on the occurrence and development of diabetic retinopathy, studies with a larger sample
are necessary, as well as immunohistochemical analyses of the presence of the rs2048327
polymorphism on the retina in different populations.
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Abstract: Diabetic retinopathy (DR) is the major microvascular complication of diabetes and causes
vitreous traction and intraretinal hemorrhages leading to retinal detachment and total blindness. The
evolution of diabetes is related to exacerbating inflammation caused by hyperglycemia and activa-
tion of inflammatory cells. Neutrophils are cells able to release structures of extracellular DNA and
proteolytic enzymes called extracellular traps (NETs), which are associated with the persistence of
inflammation in chronic pathologies. The purpose of the study was to determine the usefulness
of neutrophil traps as indicators of DR progression in patients with type 2 diabetes (T2DM). We
performed a case—control study of seventy-four cases classified into five groups (non-proliferative
DR, mild, moderate, severe, and proliferative) and fifteen healthy controls. We found correlations
between NETs and a diagnostic time of T2DM (r = 0.42; p < 0.0001), fasting glucose (r = 0.29;
p < 0.01), glycated hemoglobin (HbAlc) (r = 0.31; p < 0.01), estimated glomerular filtration rate (eGFR)
(r=—-0.29; p <0.01), and plasma osmolarity (r = 0.25; p < 0.01). These results suggest that due to NETs
being associated with clinical indicators, such as HbAlc and eGFR, and that NETs are also associated
with DR, clinical indicators might be explained in part through an NET-mediated inflammation process.

Keywords: hyperglycemia; diabetic retinopathy; immunopathology; inflammation markers;
neutrophil; NETs

1. Introduction

Diabetic retinopathy (DR) is the main microvascular complication of diabetes and is
one of the principal causes of blindness worldwide, affecting more than 93 million adults [1].
The changes that occur in the retinal tissue of patients with DR result from the development
of five fundamental processes: (1) the formation of microaneurysmes, (2) increased vascular
permeability, (3) vascular occlusion, (4) the proliferation of neovessels and fibrous tissue in
the retina and optic disc, and (5) the contraction of the vitreous and fibrovascular tissue [2].

The first ophthalmologically visible lesions appear during mild non-proliferative dia-
betic retinopathy (NPDR) involve the formation of capillary microaneurysms and continue
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with the presence or absence of diabetic macular edema (DME). DR progresses to being
proliferative by the occlusion of terminal arterioles adjacent to areas with accumulations
of aneurysms; at this stage, intraretinal hemorrhages and the formation of ischemic zones
may occur. The secretion of proangiogenic factors and inflammatory cytokines in the retina
promotes the growth of neovessels. Finally, due to the inflammatory process, contrac-
tion of the vitreous and adjacent fibrovascular tissue can lead to retinal detachment and
blindness [3,4].

The development of DR is associated with permanent chronic inflammation caused
by hyperglycemia and oxidative stress [5]. Neutrophils are inflammatory cells that are
activated in the presence of microbial compounds, cytokines, and chemokines, among
other inflammatory stimuli [6,7]. Activated neutrophils are defined as cells with a high
expression of CD11b and CD66b and are able to perform inflammatory mechanisms such
as degranulation, chemiotactic migration, and the release of neutrophil extracellular traps
(NETs), among others [8,9]. NETs are structures formed by extracellular DNA decorated
with proteolytic enzymes and modified proteins that are associated with the exacerbation
of tissue damage in many pathologies such as sepsis [10], thrombosis [11], and autoimmune
diseases such as systemic erythematosus lupus, rheumatoid arthritis, and psoriasis [12-14].
Thus, NETs are involved in inflammatory processes such as chronic obstructive pulmonary
disease (COPD), cardiovascular risk, or risk of mortality in cancer [15-17].

In diabetic patients, hyperglycemia promotes NET release and high IL-6 serum levels,
which are associated with nephropathy and cardiovascular complications [18]; similarly,
diabetic patients have increased serum concentrations of NET compounds such as DNA hi-
stone complexes, elastase, and nucleosomes [19], suggesting that NETs and their molecular
compounds could be biomarkers of diabetes [20]. The relationship between NETs and DR
is not clearly understood, although some studies have reported an increased presence of
circulating DNA histone and double DNA elastase complexes in DR patients compared to
non-DR diabetic subjects [21,22].

The objective of this study was to evaluate the expression of neutrophil activation
markers CD11b and CD66b, together with the spontaneous NET release on T2DM patients
in different stages of DR to analyze the association of these inflammatory markers with
hyperglycemia and renal failure and to elucidate whether these inflammatory markers are
associated with DR development.

2. Materials and Methods
2.1. Reagents

Phosphate Buffer Solution (PBS, pH 7.2), Trypan blue, p-formaldehyde, poly-L-lysine,
Triton 100X, Tween 20, Propidium iodide (PI), and Hank’s Balanced Salt Solution (HBSS)
were purchased from Sigma-Aldrich (Saint Louis, MI, USA). Bovine Serum Albumin (BSA)
was obtained from Calbiochem (San Diego, CA, USA). Polymorphoprep was purchased
from Alere Technologies AS (Jena, Germany). Purified antibody: human anti-neutrophil
elastase antibody (NE) was purchased from Abcam (Cambridge, UK). FITC-conjugated
anti-CD15, PE-conjugated anti-CD11b, BV450-conjugated anti-CD66b, and BD FACS Lysing
10X solutions were obtained from e-Bioscience, Beckton Dickinson (BD) (San Diego, CA,
USA). An AlexaFluor-488-conjugated goat anti-rabbit antibody was obtained from LifeTech-
nologies (Eugene, OR, USA). Cell culture 24-well plastic plates were purchased from
Corning Inc. (Corning, NY, USA).

2.2. Participants

This was a case—control study conducted at the Institute of Ophthalmology “Conde de
Valenciana” Foundation; subjects were recruited from October 2020 to July 2022. Healthy
individuals were defined as subjects without a diagnosis of T2DM or other pathologies
such as autoimmune or renal diseases, hypertension, or active infections. The study was
carried out by the tenets of the Helsinki Declaration and was approved by the Institutional
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Review Boards of Research, Ethics, and Biosecurity of the “Conde de Valenciana” Institute
of Ophthalmology (CEI-2020/01/01). All patients signed an informed consent form.

T2DM patients were defined according to the current ADA criteria. Patients from
both sexes > 18 years were included. All patients that presented inflammatory-related
diseases (except diabetes), such as active or chronic infections, were excluded, as well as
immunocompromised subjects. Patients with media opacity or cataracts were also excluded.
Patients in which biological samples were unsuitable to work with were eliminated from
the study. The selection of the patients was performed sequentially. Healthy non-diabetic
patients were included as the control subjects.

All patients underwent mydriatic fundus photography of both eyes; the images
were acquired with the Optos P200DTx. Two retina specialists classified all patients
according to the Diabetic Retinopathy Disease Severity Scale and the International Clinical
Diabetic Retinopathy Disease Severity Scale in a blinded manner. T2DM participants were
categorized into five groups: without DR; with mild non-proliferative diabetic retinopathy
(NPMiDR); with moderate non-proliferative diabetic retinopathy (NPMDR); with severe
non-proliferative diabetic retinopathy (NPSDR); and with proliferative diabetic retinopathy
(DM-2 PDR).

Each participant donated 30 mL of peripheral blood. Urinalysis and hematic biometry
were performed on each participant. Hemoglobin concentration, hematocrit, red blood cells,
mean corpuscular volume, mean corpuscular hemoglobin, platelets and white blood cells
(monocytes, lymphocytes, neutrophils, eosinophils and basophils), and a blood chemistry
test that included glycated hemoglobin Alc (Hbalc), glucose, blood urea nitrogen (BUN),
urea, uric acid, total protein, albumin, globulin, creatinine, cholesterol, triglycerides, alka-
line phosphatase, electrolyte content, alanine aminotransferase (ALT), gamma-glutamyl
transferase (GGT), high-density lipoproteins (HDLs), and low-density lipoproteins (LDLs)
were tested.

The estimated Glomerular Filtration Rate (eGFR) was calculated using the Modifica-
tion of Diet in Renal Disease (MDRD-6) formula. Plasma osmolarity refers to the serum
concentration of osmotically active molecules, such as sodium (Na), potassium (K), glucose,
and BUN. We use the following formula, Osm = 2(Na + K) + (Glucose/18) + (BUN/2.8),
to determine plasma osmolarity.

2.3. Flow Cytometry Assays

Complete peripheral blood was obtained from median cubital venipuncture and col-
lected in sodium citrate anticoagulant tubes. Immediately, 0.1 mL of blood was transferred
to polystyrene flow cytometer tubes, and 15 pL of the mix of antibodies FITC-CD15 (5 uL),
PE-CD11b (5 uL) and BV450-CD66b (5 uL) were added; the tubes were incubated for 30 min
at 4 °Cin darkness. Afterward, 0.9 mL 1X of lysing and fixing solutions (BD FACS Lysing)
were added to samples and incubated for 15 min at room temperature (RT) in darkness.
Finally, 104 cells of the polymorphonuclear region were acquired on a BD FACS lyric flow
cytometer (BD, San Diego, CA, USA); the acquired data were analyzed using FlowJo 10.0 v
software (Flow]Jo LLC, Ashland, OR, USA).

2.4. Peripheral Blood Polymorphonuclear (PMN) Cell Isolation

Human PMNs were isolated using a density gradient method. Briefly, a sample of
20 mL of complete peripheral blood from individuals fasting for 6-8 h was collected in
heparin tubes. The complete blood was placed on an equal volume of a polymorphoprep
solution and centrifuged at 500x g for 35 min at RT. The PMN ring was collected and
washed with 0.8 mL of ice-cold PBS (0.1 M). The remaining erythrocytes were lysed with
a lysis solution (NH4Cl 152.7 mM, Nap;EDTA 0.1 mM, NaHCO3 9.0 mM at pH 7.2-7.4)
and washed with 0.1 M PBS as needed. The PMNs were suspended in Hank “s Balanced
Salt Solution (HBSS) and kept on ice until further use. The trypan blue exclusion method
was used to evaluate PMN viability. Cell purity was assessed by means of flow cytometry,
obtaining >98% of CD11b and CD15+ double-positive cells.
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2.5. Microscopy Staining of In Vitro NETs

The isolated PMNs from each subject were placed on poly-L-lysine pre-coated cover
glasses in a 24-well plate with a density of 45 cells per well, incubated at 37 °C with
an atmosphere of 5% of CO, for 20 min, and let to adhere. Subsequently, cells and the
spontaneous release of NETs were fixed with a 4% p-formaldehyde solution for 10 min at
RT and washed twice with 0.1 M PBS. The samples were incubated with constant shaking
with a blocking solution (5%-BSA, 0.1% Triton 100X, and 0.1 M PBS) for 2 h at RT °C.

For the visualization of in vitro NET release, the samples were incubated overnight
at 4 °C with constant shaking with a rabbit anti-human anti-neutrophil elastase antibody
(NE) (1:100). Negative controls were performed, leaving out the primary antibody. After
washing three times with 0.5 mL of PBS 0.05% tween 20 (PBS-T), the samples were incubated
for 2 h with an Alexa 488 goat anti-rabbit IgG antibody (1:800) at RT °C. The samples
were rinsed twice with PBS-T, and DNA visualization was performed with 25 pug/mL of
propidium iodide (PI). Finally, the specimens were sealed, and the images were acquired
with an ApoTome II microscope using ZEN 3.4 (blue edition) software from Carl Zeiss
(Jena, Germany).

2.6. Image NET Analysis

To quantify NET area release, three random images from three independent assays
were analyzed from each sample with an ApoTome II microscope using Carl Zeiss ZEN
3.4 (blue edition) software. A machine learning tool was designed for the detection and
quantification of NETs, as previously described, with slight modifications [23]. Briefly, to
perform a homogeneous analysis, we chose only fields with 80 nuclei-stained samples with
IP. A deep learning module Intellesis Trainable Segmentation from Carl Zeiss ZEN 3.4
(blue edition) for the NET area quantification was used, excluding nuclei and background.
The result was considered as the total area occupied by the NET release; data were expressed
as mean + SE.

2.7. Sample Size Calculation

The sample size was calculated using the mean difference of two independent groups,
according to the results previously obtained by Lee, et al. [24]. A power analysis was
conducted using G*power software (V 3.1.9.7, UCLA, Los Angeles, CA, USA) that was
one-tailed, (1 — ) = 0.80, and o = 0.05; determining that data from 15 patients in each
group were required.

2.8. Statistical Analysis

Beforehand, the non-parametric distribution of the data was determined by Shapiro—
Wilk and Kolmogorov-Smirnov tests. Data were analyzed with non-parametric Kruskal—-
Wallis tests, considering p < 0.05 as statistically significant. Linear regressions of variables
were performed with a 95% confidence interval, and one-tail non-parametric Spearman’s
correlation tests were also performed. Graphics and statistical analysis were achieved using
the Prism 8 GraphPad software (La Jolla, CA, USA). Finally, the association between the
clinical scores with the area of NET release depending on each RD group was performed.

3. Results
3.1. Increased Activated Neutrophil Markers and Spontaneous NET Release Relationship with the
Progression Time of Diabetes in Severe Stages of DR

Demographic data and clinical evaluation of the recruited subjects are shown in
Table S1. Activated neutrophils CD15+ CD11b+ CD66b+ were found in DR groups. The
population of CD15+ neutrophils of subjects with PDR had a significative higher expression
of CD11b with respect to the groups with NPMiDR (** p < 0.01), NPSDR (* p < 0.05), and
without T2DM (* p < 0.05) (Figure 1A, left panel). Similarly, in the analysis of CD66b ex-
pression on the CD15+ neutrophils population, we found that subjects with PDR had
a significantly higher expression of CD66b markers with respect to subjects without
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T2DM and patients without DR (* p < 0.05). The NPMDR group showed a significantly
high expression (* p < 0.05) of CD66b with respect to the without DR group (Figure 1A,
right panel). Our results indicate that CD15+ neutrophils of patients from the NPMDR and
PDR groups present a state of activation and possible inflammation by the overexpression
of CD11b and CDé66b.

Additionally, we analyzed the capacity of spontaneous in vitro NET release of neu-
trophils in each recruited group. We found an increase in NET release in groups with any
grade of DR compared with T2DM without DR and without T2DM groups (Figure 1B,
left panel). The quantitative analysis showed higher NET release on NPMiDR (* p < 0.05),
NPMDR (** p < 0.01), NPSDR (**** p < 0.0001), and PDR (** p < 0.01) with respect to the
group without T2DM; we found significant differences on the increase in NET release in
DR groups NPMDR (* p < 0.05), NPSDR (*** p < 0.001), and PDR (* p < 0.05) compared with
the T2DM subjects without DR (Figure 1B, right panel). According to our results, the neu-
trophils of subjects with DR had an activated phenotype by the overexpression of CD11b
and CD66b; similarly, the spontaneous in vitro NET release was higher in DR patients,
suggesting a relationship between the activated /inflammatory profile of neutrophils and
NETs in different stages of DR.

We were interested in analyzing the relationship between the diagnosis time of diabetes
mellitus and the activation phenotype of neutrophils. As expected, NPDR in moderate and
severe stages and PDR presented a higher time (*** p < 0.001) of the disease diagnosis in
comparison with T2DM without DR (Figure 1C). In this way, we performed correlation
analyses between the time of diabetes mellitus diagnosis and the expression values (MFI)
of CD11b and CD66b, as well as NET release. Although we did not find a significant
correlation between the CD11b value expression and T2DM diagnosis time, we found a
positive correlation between the time of diagnosis of T2DM (** p < 0.01, r = 0.1157) and the
expression of CD66b; similarly, the time of diagnosis of T2DM correlated with NET release
(*** p <0.0001, r = 0.42) (Figure 1D). The release of CD66b and NETs could be associated as
biomarkers of the chronic inflammation of DR until its severe stages.

3.2. NETs Correlated with the Hyperglycemic and Renal Status on Severe Stages of DR

The hyperglycemia and renal status indicators correlated with the inflammatory
environment caused by the spontaneous in vitro NET release. Glucose is an external
stimulus able to induce NET release; in this context, we found significant (p < 0.05) high
levels of fasting glucose in all diabetic groups in comparison with non-diabetic subjects
(Figure 2A). Likewise, as expected, significantly increased values of HbAlc were found in
all diabetic groups in comparison with non-diabetic subjects (p < 0.05) (Figure 2B).

We evaluated the correlation between two indicators of glycemic control, such as
fasting glucose and HbA1lc, with the in vitro NET release. We found a significant (** p < 0.01,
r = 0.2860) positive correlation between fasting glucose (Figure 2A, right panel) and Hb1Ac
(** p <0.01, r = 0.3139) (Figure 2B, right panel) with NET release, suggesting that a scarce
glycemic control is associated with the inflammatory environment promoting NET release,
which might exacerbate the evolution of DR.

It is well-known diabetic subjects are more prone to present vascular complications
than healthy individuals. In this sense, NETs have been associated with systemic vascular
and thrombotic complications that could affect organs, including kidneys. To evaluate
the renal function, we calculated the eGFR and plasma osmolarity. Interestingly, subjects
with the most advanced stages of retinopathy such as NPMDR, NPSDR, and PDR had
significantly (p < 0.05) lower eGFR values compared with non-diabetic subjects (Figure 2C).
Contrariwise, osmolarity values were significantly (p < 0.05) upregulated among all diabetic
patients, including those with and without different DR in different stages (Figure 2D).
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Figure 1. Increasingly activated neutrophil and spontaneous NET release relationship with the pro-
gression time of diabetes in severe stages of DR. Cytometry analysis of activation markers expression
CD11b and CD66b on peripherical blood neutrophils (PBNs) of diabetic patients without retinopathy
(DM-2), diabetic patients with a grade of non-proliferative retinopathy (mild (DM-2 NPMiDR); mod-
erate (DM-2 NPMDR), or severe (DM-2 NPSDR), and diabetic patients with proliferative retinopathy
(DM-2 PDR). A group of non-diabetic subjects (without DM-2) was recruited as a healthy healthy.
Mean Fluorescence Intensity (MIF) was quantified for the expression of CD11b (left panel) and
CD66b (right panel) in the PBN of diabetic patients with or without retinopathy (A). Micrographs
of spontaneous NETs released (left panel) on diabetic patients with or without a grade of diabetic
retinopathy. Neutrophil elastase (NE) staining in green was used to identify NET structures and
iodide propidium in red (PI) was used to visualize extracellular DNA. The NETs are surrounded
by a dashed white line. These images are representative of three random fields by the patient; scale
bar = 20 um (left panel) ((B), left panel). Graphical representation of the spontaneous NET area
released in the groups of patients with or without retinopathy ((B), right panel). The spontaneous
NET area was released in the groups of patients with a grade of retinopathy (DM-2 NPMiDR), (DM-2
NPMDR), (DM-2 NPSDR), and (DM-2 PDR). Data are representative from three random fields taken
by the patient (n = 270). Graph of the progression of diabetic retinopathy dependent from the time
of diagnosis of DM-2. The data are expressed as mean =+ SE, * p < 0.05; ** p < 0.001; *** p < 0.0001;
**** p <0.00001, (n = 75) (C). Correlation graphs between the time of the diagnosis of DM-2 and
expression of inflammatory markers CD11b and CD66b of the PBN and NETs-released area on the
recruited groups. The time of the DM-2 diagnosis has a correlation with the expression of CD66b
and the area of NETs released on recruited patients. The data are expressed as mean + SE, * p < 0.05;
** p< 0.001; *** p < 0.0001; **** p < 0.00001, (1 = 90) (D).
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Figure 2. NETs are inflammatory markers correlated with hyperglycemia and renal failure in severe
stages of DR. Graph of fast glucose on diabetic and retinopathy subjects; Spearman’s correlation
graph between the area of NETs released and fast glucose of diabetic and retinopathy subjects (A).
Graph of glycated hemoglobin (HbAlc) of diabetic and retinopathy subjects; Spearman’s correlation
graph between the area of NETs released and HbA1c on diabetic and retinopathy subjects (B). Graph
of estimated glomerular filtration rate (eGFR) of diabetic and retinopathy subjects; Spearman’s corre-
lation graph between the area of NETs released and eGFR on diabetic and retinopathy subjects (C).
Graph of plasmatic osmolarity of diabetic and retinopathy subjects; Spearman’s correlation graph
between the area of NETs released and plasmatic osmolarity of diabetic and retinopathy subjects (D)
The data are expressed as mean =+ SE, * p < 0.05; ** p< 0.001; *** p < 0.0001; **** p < 0.00001 (1 = 90).
Dashed lines represent healthy normal values.

To analyze whether the clinical indicators, such as renal functions, such as eGFR
and plasma osmolarity, had a relationship with the inflammatory environment caused by
NETs, we performed correlation analyses between these indicators. The results showed a
significantly negative correlation (** p < 0.01, r = —0.2893) between NET area and eGFR,
indicating that the higher level of NET, the lesser eGFR values (Figure 2C, right panel);
in contrast, plasma osmolarity showed a significantly (** p < 0.001, r = 0.2489) positive
correlation with NET release (Figure 2D, right panel). Although proteinuria values were
analyzed as another clinical indicator of renal status, no significant changes were found
between the analyzed groups, and no correlation was observed respect with to NET release.
These results suggest that increased inflammatory conditions caused by NET release can
be related to an increased renal dysfunction in subjects with DR.

3.3. Risk Prognosis of DR Development by Association of the Spontaneous NET Release

As we have shown, NETs are associated with eGFR, HbAlc, and the diagnostic time
of T2DM, and are differentially released in DR subjects. The associated risk of development
of DR was calculated considering these clinical variables and the grade of NETs. A risk
matrix was designed to categorize the three clinical risk variables: the diagnostic time
of T2DM, the percentage of HbAlc, and the calculated eGFR, and were assigned a score
at these categories (Figure 3). According to the risk matrix, a total score was obtained
from these three variables, and four levels of risk were established as follows: low (0-1),
mild-moderate (2-3), moderate—-increased (4), and high (5-6) (Figure 3). These data indicate
that the higher risk of development of DR is related to poor glycemic control, levels of
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HbAlc > 9%, and eGFR values < 30 mL/min, in addition to a long time of T2DM > 9 years
of diagnosis. On the other hand, the lower risk of DR development was associated with
acceptable glycemic control, levels of HbAlc < 7%, eGFR values > 60 mL/min, and a DM-2
evolution of less than five years (Figure 3).

score score score
0 1 2 Total score
Diagnostic time <5 years 6-9 years > 9 years low risk (0-1)

DM-2
mild-moderated risk (2-3)
<7.0% 7.1-9.0% >9.1%

eGFR > 60 ml/min 59-30 ml/min <30 mi/min

high risk (5-6)

DIABETIC RETINOPATHY RISK

NETs release

Low
NETs 400-600 mild-moderated

Moderated NETs
601-1500 mild-moderated

High NETs
>1500

Figure 3. Prognostic risk of DR development by the association of the spontaneous NET release

and clinical score. Matrix risk of variables associated with the development of DR. Analysis of the
categorized risk factors: diagnostic time of DM-2 (<5 years, 6-9 years, and >9 years); percentage of
glycated hemoglobin (HbA1lc) (<7.0%, 7.1-9.0%, and >9.1%); and the calculated eGFR (>60 mL/min,
59-30 mL/min, and <30 mL/min). The total score of the diagnostic time of DM-2, the percentage of
glycated hemoglobin (HbA1c), and eGFR were ranked by four risk scores (low (0-1), mild-moderate
(2-3), moderate-increased (4), and high (5-6)), which were associated with the level of NET release in
each group with DR.

Data in the four risk categories of clinical variables were associated with in vitro NET
release to know the impact on DR development. Interestingly, the low risk of developing DR
remains related to a low score together with an NET release in a range between 400 and 600.
In this category, we found subjects from the groups without T2DM and T2DM without DR.
On the other hand, the high risk of developing DR is present when an increased risk score
is maintained along with any degree of NET release. The risk of DR development toward
a moderate state of NPDR is influenced by a grade of NET release ranging between 601
and 1500; mainly, the groups associated with these risks were the subjects with DRNPMi,
DRNPM, and DRNPS (Figure 3). The results altogether allow us to suggest that in vitro
NET release could be considered an indicator of the risk to development DR together with
other clinical variables, such as diagnostic time DM-2, HbAlc, and eGFR values.

4. Discussion

Neutrophils are granulocytic cells that are activated by a myriad of stimuli such as
cytokines and chemokines and damage-associated molecular patrons (DAMPs), among oth-
ers. The activation of neutrophils in diabetic subjects is associated with hyperglycemia and
high serum lipid concentrations [25,26]. Although the precise mechanisms of neutrophils
in DR development are not well understood, their activity and proteolytic granule com-
pounds are associated with DR development and other clinical complications of diabetes
mellitus [27], mainly by their role in vascular leakage and endothelium damage [28,29].
The expression of CD11b and CD66b activation markers on monocytes and neutrophils is
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increased in T2DM patients, promoting and increasing the adhesive capacity of neutrophils
and monocytes to the endothelium and enhancing vascular and systemic damage [30].
In the present study, we found that diabetic patients with MNPDR-moderated and PDR
display an increased expression of CD11b and CD66b in the CD15+ neutrophil population,
suggesting that prolongated inflammation on severe grades of DR can be related to en-
hanced neutrophil activation. The overexpression of CD11b and CD66b has been associated
with the diagnosis of inflammatory processes, such as sepsis [31], as well as the increase
in migration of tumor-associated neutrophils in gastric and esophageal adenocarcinoma.
They have been recognized in both conditions as prognostic factors in the diagnosis of
gastric cancer [32,33] and testicular germ cell tumor [34]. Thus, the increase in the expres-
sion of both CD11b and CD66b activation markers in neutrophils could be associated as a
prognostic factor of severe stages of DR.

Neutrophil extracellular traps (NETs) are structures mainly formed by extracellular
DNA decorated with nuclear-modified proteins and many proteins from granules of
neutrophils. One of the diverse functions of NETs is to generate a degradant and oxidative
microenvironment by their antimicrobial compounds; nevertheless, NETs also contribute
to tissue damage in inflammatory and autoimmune disorders [16]. Interestingly, the
peripheral neutrophils isolated from recruited subjects with NPDR and PRD showed a
spontaneous capacity of NET release in vitro compared with diabetic subjects without DR
and non-diabetic subjects. It is worth noting that although NET release is elevated in certain
DR stages, NETs are not specific markers for diabetic retinopathy. Previously, age has been
reported as a factor that influences NET release; neutrophils from young subjects are more
prone to release NETs compared to neutrophils obtained from older subjects [35]. However,
these findings are reported in stimulated neutrophils, and changes seen are due to failure
in neutrophil activation mechanisms related to cell aging [36,37]. In the present study,
although there are age differences between subjects, these differences do not impact the
found data because we did not use an NET stimulator. We found changes in spontaneous
NET release among subjects with DM-2 compared with diabetics with DR; all of them with
similar ages.

According to our results, fasting glucose and the HbAlc of DR subjects correlated with
the in vitro NET release. It has been reported that hyperglycemia is one external stimulus
that is able to induce NET release in diabetic DR subjects [22,38]. In this sense, higher levels
of fast glucose and HbAlc were found in all diabetic subjects, suggesting that NET release
in diabetic subjects could be used as an indicator of disease deterioration.

It has been reported that chronic inflammation and progression of degenerative age-
related eye diseases such as dry eye, glaucoma, age-related macular degeneration, and
DR have an association with the participation of neutrophils in the progression and per-
sistence of inflammatory conditions. In this way, reports have shown the overexpression
of proinflammatory cytokines such as IL-6, IL-8, and IL1 and an increase in infiltrated
neutrophils in diabetic rat retinas, as well as high concentrations of NET-related molecules,
such as DNA protein complexes with myeloperoxidase (MPO) or neutrophil elastase (NE),
on vitreous and the plasma of DR patients [21,22,39]. In this context, we found that spon-
taneous NETs released in the recruited groups of patients, as well as the increase in the
activation markers CD11b and CD66b of neutrophils, were associated with the time to
diagnose T2DM. This suggests that NETs and neutrophils would have a direct involvement
in DR progression, maintaining an inflammatory environment.

The clinical values of eGFR involved in plasmatic osmolarity and renal function are
indicators of clinical conditions and the state of diabetic patients. Multiple studies suggest
that NETs have a strong association with the development of vascular complications and
renal diseases [40,41]. In the present study, we found that decreased eGFR levels were
present in subjects with moderate and severe NPDR and PDR; likewise, eGFR values had
a negative linear correlation with NET area release. Comparably, the plasma osmolarity
of subjects with moderate and severe DR was increased and similarly presented a linear
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correlation with NET release, indicating that NET inflammation could also be associated
with renal complications in DR subjects.

Interestingly, we found that the clinical variables, HbAlc, eGFR, and time of T2DM
diagnosis, together with the degree of NET release, are factors associated with the develop-
ment of DR. According to our results, other works have reported some markers from NETs
as factors associated with adverse clinical outcomes in atherosclerosis [42]. Similarly, other
reports have associated some NET markers, such as citrullinated histone (H3Citr) and DNA
extracellular with glucose, IL-6, and HbAlc, in the prediction of a prothrombotic state and
hypofibrinolysis during T2DM [20]. Data obtained in this study are from Mexicans; thus,
extrapolations to other populations have to be made prudently.

5. Conclusions

Neutrophil extracellular traps have an inflammatory mechanism of neutrophils that
have a correlation with clinical variables such as HbAlc, eGFR, and time of diabetes
diagnosis and are factors associated with the development of retinopathy.
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Abstract: This study aimed to examine the relationship between diabetic retinopathy (DR) and
systemic factors. We evaluated 261 patients (143 men, 118 women, aged 70.1 & 10.1 years) with
type 2 diabetes. All participants underwent a fundus examination, fundus photography using
spectral domain optical coherence tomography (SD-OCT), and blood tests. For glycated hemoglobin
(HbAlc) levels, the average and highest values in the past were used. We observed DR in 127
(70 men and 57 women) of 261 patients. Logistic regression analyses revealed a significant correlation
between DR development and the duration of diabetes (OR = 2.40; 95% CI: 1.50), average HbAlc
level (OR = 5.57; 95% CI: 1.27, 24.4), highest HbAlc level (OR = 2.46; 95% CI: 1.12, 5.38), and
grade of diabetic nephropathy (DN) (OR = 6.23; 95% CI: 2.70, 14.4). Regression analyses revealed a
significant correlation between the severity of DR and duration of diabetes (t = —6.66; 95% CI: 0.21,
0.39), average HbAlc level (t = 2.59; 95% CI: 0.14, 1.02), and severity of DN (¢ = 6.10; 95% CI: 0.49,
0.97). Logistic regression analyses revealed a significant correlation between diabetic macular edema
(DME) development and DN grade (OR = 2.22; 95% CI: 1.33, 3.69). DN grade correlates with the
development of DR and DME, and decreased renal function predicts the onset of DR.

Keywords: diabetic macular edema; diabetic nephropathy; diabetic retinopathy; risk factors

1. Introduction

Diabetes is a disease that causes chronic hyperglycemia due to insufficient insulin
secretion or insulin action. The number of people with diabetes worldwide was estimated at
420 million in 2015. This number is currently on the rise and is expected to reach 640 million
by 2040 [1]. There are two main types of diabetes: insulin-dependent type 1 diabetes and
non-insulin-dependent type 2 diabetes. In type 1 diabetes, almost no endogenous insulin
is secreted due to the dysfunction of the insulin-producing beta cells. Type 2 diabetes
is a disease in which endogenous insulin is secreted to some extent, but hyperglycemia
occurs due to impaired insulin secretion or insulin resistance [2]. Complications of diabetes
include retinopathy, nephropathy, and neuropathy, which can occur in both type 1 and
type 2 diabetes.

Diabetic retinopathy (DR) is a microvascular complication caused by persistent hyper-
glycemia that is common in diabetic patients and is a major cause of blindness along with
glaucoma and age-related macular degeneration [3]. DR is classified into non-proliferative
DR and proliferative DR, according to the degree of disease progression, and may be com-
plicated by macular edema. Patients with nonproliferative DR are typically asymptomatic.
If proliferative DR develops, the patient may present with a sudden loss of vision due
to a vitreous hemorrhage. In type 2 diabetes, the incidence with 5 years of evolution is
20%, while with 15 years of evolution, it reaches 80% [4]. The risk of developing DR is
thought to be associated with the duration of diabetes, hypertension, hyperlipidemia, and
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glycated hemoglobin (HbAlc) levels [5]. HbAlc levels have been reported to be signifi-
cantly associated with the progression of DR [6], and glycemic variability has been found
to be associated with DR in type 2 diabetes [7]. In many patients with diabetes, HbAlc
levels fluctuate from month to month and are thought to affect the retina over the next
several decades. We thought it necessary to investigate the effects of the average HbAlc
level and highest HbAlc level over the past years on the development and severity of
retinopathy, respectively.

Macular edema (ME) can develop in various diseases such as uveitis [8], retinal vein
occlusion [9], and diabetic macular edema [10] and is a major cause of vision loss. In
macular edema, fluid leaking from capillaries accumulates in the subretinal or intraretinal
region of the macula [11]. Diabetic macular edema (DME) also occurs with some frequency
in non-proliferative DR and is a major cause of vision loss in such patients [12]. DME
is defined as “retinal thickening within one disk diameter of the center of the macula or
definite hard exudates in this region” [13]. The risk factors for developing DME include
long-term diabetes, hypertension, and high HbAlc levels [14].

Diabetic nephropathy (DN) is also a major and important microvascular complication
in diabetes [15]. DN is the leading cause of chronic kidney disease and accounts for 40% of
new cases of end-stage renal disease each year. DN is characterized by persistent albumin-
uria and decreased glomerular filtration rate (GFR) and also causes elevated blood pressure.
In patients with DN, persistent albuminuria reflects glomerular injury but may also re-
flect generalized endothelial dysfunction and widespread vascular injury [16,17]. Several
studies have reported that DN is associated with the development and progression of
DR [6,18]. DN generally causes body edema along with hypertension and proteinuria [19].
In patients with DN, hyperpermeability of the retinal blood vessels is expected to occur
due to microvascular abnormalities, which are presumed to cause an increased leakage of
serum into the extracellular space [20].

We hypothesized that DR development and severity are related not only to past
average HbAlc levels but also to the highest HbAlc level. We also hypothesized that DME
development is associated with DN. We investigated risk factors for developing DR and
DME in patients with type 2 diabetes using logistic regression analyses.

2. Materials and Methods
2.1. Standard Protocol Approvals, Registrations, and Patient Consents

The study protocol was approved by the institutional ethics committee of the Japan
Community Health Care Organization, Mishima General Hospital (protocol code: H30-005
and date of approval: 5 October 2018). All the procedures conformed to the tenets of the
Declaration of Helsinki. All measurements in this study were performed at the Japan
Community Health Care Organization Mishima General Hospital. Informed consent was
obtained from all participants prior to participation in the study.

2.2. Subjects and Examination

This study is retrospective consecutive case series. Our study included 261 patients
(143 men, 118 women, aged 70.1 £ 10.1 years) with type 2 diabetes who visited the
Department of Ophthalmology, Mishima General Hospital. Type 1 diabetes and type
2 diabetes are inherently different pathologies [1,2]. It has been also reported that the
incidence of DR differs between type 1 diabetes and type 2 diabetes [21,22], and in this
study, only type 2 diabetes was focused on. Individuals with diabetes were classified as
those with fasting plasma glucose >126 mg/dL or casual blood glucose >200 mg/dL and a
previous diagnosis of diabetes by an internist. Inclusion criteria included patients who had
regular medical examinations and required blood tests (HbAlc, creatinine) and urinalysis
(urinary protein, urinary albumin). Patients with HbAlc data at least once every 6 months
and at least the past 7 years were included (Figure 1). Exclusion criteria were lack of HbAlc
data for the past 7 years and being unable to perform urinalysis due to chronic renal failure.
We performed fundus examination and fundus photography using spectral-domain optical
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coherence tomography (SD-OCT) after mydriasis in all cases. OCT scans were acquired
using an RS-3000 device (NIDEK, Gamagori, Japan), capturing an area of 9 x 9 mm?
centered on the fovea. We performed fluorescein angiography to determine the grade of
DR in patients with DR. In addition, the presence or absence of DME was determined
from SD-OCT images. Blood tests (HbAlc, creatinine, LDL, triglyceride) and urinalysis
(urinary protein, urinary albumin) were taken from ophthalmological examinations within
2 months, if available, or newly performed. The estimated glomerular filtration rate (eGFR)
in each case was calculated from the blood creatinine level and age. Based on these data, we
examined the stages of DR and DN in each case. The new Fukuda classification was used to
diabetic retinopathy [23]. DR is divided into benign (type A) and malignant (type B), each
of which is divided into five stages. Benign retinopathies include background retinopathy
(A1 and A2) before proliferative changes and interrupted proliferative retinopathy (A3, A4,
and Ab5) after photocoagulation or vitrectomy. Benign retinopathy includes background
retinopathy (Al and A2) and interrupted proliferative retinopathy (A3, A4, and A5) after
photocoagulation or vitrectomy. DME is defined as a retinal thickening within 500 pm
of the fovea or hard exudates at or within 500 pm of the fovea associated with adjacent
retinal thickening or an area of retinal thickening that is one disc area or larger in size
located one disc diameter (1500 um) or less from the fovea [24]. We defined DME severity
as none, mild (identified by retinal thickening or hard exudates in the posterior pole but
distant from the center of the macula), moderate (characterized by retinal thickening or
hard exudates approaching the center of the macula but not affected by the center), and
severe (characterized by retinal thickening or hard exudates affecting the center of the
macular) [25]. The diabetic nephropathy staging [26] was used for DN staging. The diabetic
nephropathy staging classifies nephropathy into five stages from the 1st stage (early stage
of nephropathy) to the 5th stage (dialysis therapy stage) using urinary albumin level or
urinary protein level and eGFR. Urinary albumin levels were classified into Al (less than
30 mg/day), A2 (30-299 mg/day), and A3 (300 mg/day or more) according to the KINGO
CKD guideline 2012. We examined each patient for a history of ischemic heart disease
and use of rennin-angiotensin-aldosterone system (RAS) inhibitors and sodium/glucose
cotransporter (SGLT)-2 inhibitors.

Patients with type 2 diabetes who visited our mstitute

Inclusion criteria

* Patients who had regular medical examination

Datacollection

* Bloodtests (HbAlc, creatimne, LDL, triglyceride) and urinalysis (urinary
protein, urinary albumin)

* HbAlcdataat least once every 6 months and at least the past 7 years

*  Fundus examination and funcus photography using spectral-domain optical
coherence tomography

* Blood pressure

Figure 1. Flow chart of patient enrollment.

After resting for 2 min, the blood pressure of each patient was measured in a sitting
position at our hospital. Systemic hypertension was defined as systolic blood pressure of
140 mmHg or higher or diastolic blood pressure of 90 mmHg or higher.
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We collected data on blood tests (HbAlc, creatinine, LDL, triglyceride) and urinalysis
(urinary protein, urinary albumin), fundus examination, and fundus photography using
spectral-domain optical coherence tomography, and blood pressure. HbAlc data were
collected at least once every 6 months and for at least the past 7 years.

2.3. Data Processing and Analysis of Risk Factors for Development and Severity of DR

The DR and DN stages in each case were converted into numerical values (retinopathy,
0-7, nephropathy, 1-5). We performed multivariable logistic regression analyses on all
patients with type 2 diabetes to investigate the risk factors for developing DR. We selected
the eye with more severe DR as the target eye for each patient. Cases with DR developing
in only one eye were included in patients with DR. We used the Kolmogorov-Smirnov test
to examine whether DR stage, average HbAlc level, high HbA1lc level, and eGFR were
normally distributed.

Multivariable logistic regression analyses were performed to determine the association
between the parameters (gender, duration of diabetes, body mass index, systemic hyper-
tension, average HbAlc level, highest HbAlc level, serum LDL, and serum triglyceride,
DN stage, ischemic heart disease, and use of RAS inhibitors and SGLI-2 inhibitors) and
a diagnosis of type 2 diabetes. Odds ratios (OR) and 95% confidence intervals (CI) were
calculated for each factor. Statistical significance for all analyses was defined as p < 0.05.

We also performed a regression analysis between DR stage and the parameters (gender,
duration of diabetes, body mass index, systemic hypertension, average HbAlc level, highest
HbA1lc level, serum LDL, and serum triglyceride, DN stage, ischemic heart disease, and
use of RAS inhibitors and SGLT-2 inhibitors) in patients with DR. If the DR stages of the
left and right eyes were different, the more severe stage was considered as the DR stage of
the patient. The t-statistic and 95% CI were estimated for each factor. Statistical significance
for all analyses was defined as p < 0.05.

These regression models were constructed by identifying potential confounding vari-
ables. All analyses were conducted using EZR [27] (Saitama Medical Center, Jichi Medical
University, Saitama, Japan), a graphical user interface for R (The R Foundation for Statistical
Computing, Vienna, Austria).

2.4. Analysis of Risk Factors for Developing DME

We performed multivariable logistic regression analyses on all patients with type 2
diabetes to investigate the risk factors for DME. Multivariable logistic regression analyses
were performed to determine the association between the parameters (gender, duration of
diabetes, body mass index, systemic hypertension, average HbAlc level, highest HbAlc
level, serum LDL, serum triglyceride, DN stage, ischemic heart disease, and use of RAS
inhibitors and SGLT-2 inhibitors) and the presence of DME. Cases with DME developing in
only one eye were included in patients with DME. The f-statistic and 95% CI were estimated
for each factor. Statistical significance for all analyses was defined as p < 0.05.

We also performed a regression analysis between DME stage and the parameters
(gender, duration of diabetes, body mass index, systemic hypertension, average HbAlc
level, highest HbAlc level, serum LDL, and serum triglyceride, DN stage, ischemic heart
disease, and use of RAS inhibitors and SGLT-2 inhibitors) in patients. If the DME stages
of the left and right eyes were different, the more severe stage was considered the DME
stage of the patient. The t-statistic and 95% CI were estimated for each factor. Statistical
significance for all analyses was defined as p < 0.05.

2.5. Data Availability

All data used for analysis are presented in the tables in this article. Data will be
provided in anonymized form after ethics approval if requested by other investigators for
purposes of replicating the results.
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3. Results
3.1. Our Patients with Type 2 Diabetes

We observed 127 (70 men and 57 women) patients with DR and 134 (73 men and
61 women) without DR (Table 1). The diabetes duration was significantly longer in patients
with DR than in patients without DR. The average and highest HbAlc levels were signifi-
cantly higher in patients with DR than in patients without DR. In addition, eGFR was low
in patients with DR, and the DN grade was also high in patients with DR. On the other
hand, DME was observed in 64 (50.4%) patients with DR but not in patients without DR.
There were no differences in body mass index, prevalence of systemic hypertension, serum
LDL, and serum triglyceride.

Table 1. Demographic data of patients with type 2 diabetes.

With DR Without DR p Value
Male:Female 70:57 73:61 0.9
Average year 68.9 £ 10.8 712 +94 0.8
Diabetes duration 12.0 2.7 9.8 +2.0 <0.0000001
DME 64 (50.4%) 0 (0%) <0.0000001
Body mass index 242 +4.8 240 £4.5 0.9
Hypertension 61 (48.0%) 51 (38.1%) 0.1
Average HbAlc 79+13 6.9 +£0.7 <0.0000001
Highest HbAlc 9.5+20 77+13 <0.0000001
Serum LDL 117.3 4+ 34.8 115.9 £+ 31.7 0.4
Serum triglyceride 151.6 +137.3 139.8 £+ 69.3 0.4
eGFR 56.2 + 26.4 67.1 +£17.0 0.00008
DN stage 24+12 1.4 4+ 0.6 <0.0000001
Ischemic heart o o
disease 9 (7.1%) 5 (3.7%) 0.2
RAS inhibitors 22 (17.3%) 38 (28.4%) 0.04
SGLT-2 inhibitors 20 (15.7%) 23 (17.2%) 0.8

DR: diabetic retinopathy, DME: diabetic macular edema, DN: diabetic nephropathy, HbAlc: glycated hemoglobin,
LDL: low-density lipoprotein, eGFR: estimated glomerular filtration rate, RAS: rennin-angiotensin-aldosterone
system, SGLT: sodium/glucose cotransporter.

3.2. Kolmogorov-Smirnov Test

The DR grade (p < 0.001), average HBA1c level (p = 0.001), and high HBA1c level
(p = 0.002) were not normally distributed, while eGFR was normally distributed.

3.3. Risk Factors for the Development of DR

Multivariate logistic regression analyses revealed a significant correlation between DR
development and the diabetes duration (OR = 2.77; 95% CI: 1.14, 2.39; p = 0.009), average
HbAlc level (OR = 5.60; 95% CI: 1.36, 23.1; p = 0.02), highest HbAlc level (OR = 2.46; 95%
CI: 1.12-5.38; p = 0.02), and DN stage (OR = 7.62; 95% CI: 2.63, 22.1; p = 0.0002) (Table 2).
Univariate analysis revealed a significant correlation between DR development and the
eGFR (OR = 0.98; 95% CI: 0.97, 0.99; p = 0.0001), albuminuria (OR = 5.23; 95% CI: 3.14, 8.71;
p <0.00001) (Table 3). No significant correlation was observed between DR development
and the other parameters.
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Table 2. Multivariate logistic regression analyses related to diabetic retinopathy development.

Factor Odds Ratio 95% CI p Value
Gender (male = 1, female = 0) 2.77 0.43,17.9 0.3
Diabetes duration 1.65 1.14,2.39 0.009
Body mass index 1.08 0.87,1.32 0.5
Hypertension 0.42 0.09,2.03 0.3
Average HbAlc 5.60 1.36,23.1 0.02
Highest HbAlc 2.46 1.12,5.38 0.02
Serum LDL 1.02 0.99, 1.04 0.2
Serum triglyceride 0.99 0.98,1.00 0.07
DN stage 7.62 2.63,22.1 0.0002

History of ischemic

heart disease 0.55 0.03, 8.82 0.7
RAS inhibitors prescription 1.27 0.26,6.18 0.8
SGLT-2 inhibitors prescription 1.57 0.30, 8.15 0.6

DN: diabetic nephropathy, HbAlc: glycated hemoglobin, LDL: low-density lipoprotein, RAS: rennin-angiotensin-
aldosterone system, SGLT: sodium/glucose cotransporter.

Table 3. Univariate analysis with diabetic retinopathy development.

Factor Odds Ratio 95% CI p Value
eGFR 0.98 0.97,0.99 0.0001
Albuminuria 523 3.14,8.71 <0.00001
History of ischemic heart disease 0.55 0.03, 8.82 0.7
RAS inhibitors prescription 0.77 0.42,1.40 0.4
SGLT-2 inhibitors prescription 1.55 0.79,3.03 0.2

eGFR: estimated glomerular filtration rate RAS: rennin-angiotensin-aldosterone system, SGLT: sodium/
glucose cotransporter.

3.4. Risk Factors for Severity of DR

Multivariate regression analyses revealed a significant correlation between DR severity
and diabetes duration (f = 4.97; 95% CI: 0.15, 0.36; p < 0.00001), average HbAlclevel (t = 3.25;
95% CI: 0.14, 1.02; p = 0.002), and DN stage (t = 4.32; 95% CI: 0.33, 0.89; p = 0.00004) (Table 4).
Univariate analysis revealed a significant correlation between DR severity and the eGFR
(OR =-4.96; 95% CI: -0.04, -0.020; p < 0.00001), albuminuria (OR = 0.19; 95% CI: 1.24, 1.99;
p <0.00001) (Table 5). No significant correlation was observed between the DR stage and
the other parameters.

Table 4. Multivariate regression analyses related to severity of diabetic retinopathy.

Factor t-Statistic 95% CI p Value
Gender (male = 1, female = 0) -1.35 -0.85,0.16 0.4
Diabetes duration 497 0.15, 0.36 <0.00001
Body mass index -0.32 -0.08, 0.05 0.8
Hypertension -1.99 -1.01, 0.005 0.06
Average HbAlc 3.25 0.14, 1.02 0.002
Highest HbAlc —0.87 -0.43,0.17 0.4
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Table 4. Cont.

Factor t-Statistic 95% CI p Value
Serum LDL 1.60 -0.002, 0.02 0.1
Serum triglyceride -0.26 -0.002, 0.002 0.8
DN stage 4.32 0.33,0.89 0.00004
gz:g;;s:hemic 1.30 035, 1.68 0.2
RAS inhibitors prescription 0.71 -0.39, 0.82 0.5
SGLT-2 inhibitors prescription 0.66 -0.45,0.89 0.5

DN: diabetic nephropathy, HbAlc: glycated hemoglobin, LDL: low-density lipoprotein. RAS: rennin-angiotensin-

aldosterone system, SGLT: sodium/glucose cotransporter.

Table 5. Univariate analysis with severity of diabetic retinopathy.

Factor t-Statistic 95% CI p Value
eGFR —4.96 -0.04,-0.02 <0.00001
Albuminuria 0.19 1.24,1.99 <0.00001
phstory of schemic 167 ~0.16,191 01
RAS inhibitors prescription 0.27 -0.68, 0.39 0.6
SGLT-2 inhibitors prescription 1.55 0.79,3.03 0.5

eGFR: estimated glomerular filtration rate, RAS: rennin-angiotensin-aldosterone system, SGLT: sodium/

glucose cotransporter.

3.5. Risk Factors for the Development of DME

Multivariate logistic regression analyses revealed a significant correlation between
DME development and the diabetes duration (OR = 1.33; 95% CI: 1.01, 1.75; p = 0.04), DN
stage (OR = 2.80; 95% CI: 1.37, 5.72; p = 0.005) (Table 6). Univariate analysis revealed a
significant correlation between DME development and the eGFR (OR = 0.98; 95% CI: 0.97,
0.99; p = 0.009), albuminuria (OR = 4.05; 95% CI: 2.30, 7.11; p < 0.00001) (Table 7). No
significant correlation was observed between DME development and the other parameters.

Table 6. Multivariate logistic regression analyses related to diabetic macular edema development.

Factor Odds Ratio 95% CI p Value
Gender (male = 1, female = 0) 0.63 0.15, 2.61 0.5
Duration of diabetes 1.33 1.01,1.75 0.04
Body mass index 0.95 0.79,1.15 0.6
Hypertension 0.52 0.13,2.04 0.3
Average HbAlc 5.52 1.27,24.1 0.02
Highest HbAlc 0.75 0.35, 1.64 0.5
Serum LDL 1.01 0.93,1.03 0.6
Serum triglyceride 1.00 0.99, 1.00 0.1
DN stage 2.80 1.37,5.72 0.005
}Iii‘t’rdyis(;f:hemic 2.63 0.27,25.6 0.4
RAS inhibitors prescription 1.70 -0.27,0.35 0.2
SGLT-2 inhibitors prescription -0.12 -0.47,0.22 0.2

DN: diabetic nephropathy, HbAlc: glycated hemoglobin, LDL: low-density lipoprotein. RAS: rennin-angiotensin-

aldosterone system, SGLT: sodium/glucose cotransporter.
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Table 7. Univariate analysis with diabetic macular edema development.

Factor Odds Ratio 95% CI p Value
eGFR 0.98 0.97,0.99 0.009
Albuminuria 4.05 2.30,7.11 <0.00001
RAS inhibitors prescription 0.76 0.36,1.59 0.1
SGLT-2 inhibitors prescription 1.54 0.70,3.37 0.3

eGFR: estimated glomerular filtration rate, RAS: rennin-angiotensin-aldosterone system, SGLT: sodium/
glucose cotransporter.

3.6. Risk Factors for Severity of DME

Multivariate regression analyses revealed a significant correlation between DME
severity and diabetes duration (f = 2.57; 95% CI: 0.02, 0.13; p = 0.001), average HbAlc level
(t =2.54;95% CI: 0.08, 0.68; p = 0.01), and DN stage (t = 2.48; 95% CI: 0.04, 0.36; p = 0.002)
(Table 8). Univariate analysis revealed a significant correlation between DR severity and
the eGFR (OR = -2.44; 95% CI: -0.009, -0.001; p = 0.02), albuminuria (OR = 5.36; 95% CI:
0.26, 0.55; p < 0.00001) (Table 9). No significant correlation was observed between the DRE
stage and the other parameters.

Table 8. Multivariate regression analyses related to severity of diabetic macular edema.

Factor t-Statistic 95% CI p Value
Gender (male = 1, female = 0) -0.53 -0.37,0.21 0.6
Diabetes duration 2.57 0.02,0.13 0.001
Body mass index -0.21 -0.04, 0.03 0.8
Hypertension -1.07 -0.44,0.13 0.3
Average HbAlc 2.54 0.08, 0.68 0.01
Highest HbAlc -0.64 -0.22,0.11 0.5
Serum LDL 0.95 -0.005, 0.005 0.07
Serum triglyceride -1.92 -0.002, 0.0004 0.06
DN stage 2.48 0.04, 0.36 0.002

History of ischemic

heart disease -0.08 -0.56, 0.52 0.9
RAS inhibitors prescription 0.25 -0.27,0.35 0.8
SGLT-2 inhibitors prescription -0.70 -0.47,0.22 0.5

DN: diabetic nephropathy, HbAlc: glycated hemoglobin, LDL: low-density lipoprotein. RAS: rennin-angiotensin-
aldosterone system, SGLT: sodium/glucose cotransporter.

Table 9. Univariate analysis with severity of diabetic macular edema.

Factor t-Statistic 95% CI p Value
eGFR —2.44 -0.009, -0.001 0.02
Albuminuria 5.36 0.26, 0.55 <0.00001
RAS inhibitors prescription -0.86 -0.30,0.12 0.4
SGLT-2 inhibitors prescription 0.30 -0.19,0.26 0.8

eGFR: estimated glomerular filtration rate, RAS: rennin-angiotensin-aldosterone system, SGLT: sodium/
glucose cotransporter.

3.7. DME Prevalence by DR Grade

Our patients included 134 patients with Fukuda classification A0, 3 patients with
Al, 49 patients with A2, 34 patients with B1, 7 patients with B2, 23 patients with B4, and
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3 patients with B5, respectively (Table 10). DME prevalence was 32.7% in A2, 58.8% in
B1, 71.4% in B2, 87.0% in B4, and 100% in B5, respectively. Additionally, DME was not
observed in A0 and Al.

Table 10. Patients with diabetic macular edema development by diabetic retinopathy grade.

Fukuda Classification Patients (Male/Female) DME (Male/Female) Prevalence

A0 134 (73/61) 0(0/0) 0%
Al 3(3/0) 0(0/0) 0%
A2 49 (26/23) 16 (8/8) 32.7%
Bl 34 (21/13) 20 (10/10) 58.8%
B2 7 (4/3) 5(2/3) 71.4%
B3 0(0/0) 0(0/0) -
B4 23 (11/12) 20 (9/11) 87.0%
B5 3(2/1) 3(2/1) 100%

DME: diabetic macular edema.

4. Discussion

We observed 127 (70 men and 57 women) patients with DR and 134 (73 men and
61 women) without DR. The diabetes duration was longer in patients with DR than in
patients without DR. The average and highest HbAlc levels were higher in patients with DR
than in patients without DR. Multivariate logistic regression analyses revealed a significant
correlation between DR development and the duration of diabetes (OR = 1.65), average
HbAIlc level (OR = 5.60), highest HbAlc level (OR = 1.17), and DN grade (OR = 7.62).
Multivariate logistic regression analyses revealed a significant correlation between DR
stage and diabetes duration, average HbAlc level, and DN stage. We observed a significant
correlation between DME development and diabetes duration (OR = 1.33), average HbAlc
level (OR = 5.52), and DN grade (OR = 2.80). Multivariate regression analyses revealed a
significant correlation between DME stage and diabetes duration, average HbAlc level,
and DN stage.

4.1. Pathophysiology of DR

The primary retinal vascular response to exposure to hyperglycemia is vasodilation
and changes in blood flow. These responses are thought to be metabolic autoregulation
to increase retinal metabolism in diabetic patients [28]. On the other hand, high glucose
triggers apoptosis of capillary pericytes, resulting in the localized outpouching of the
capillary walls. This process results in the formation of a microaneurysm, which is the
earliest clinical manifestation of DR [29]. In parallel with this, endothelial cell apoptosis
and basement membrane thickening in diabetic microvessels, which are associated with
blood-retinal barrier (BRB) impairment, have been reported [30]. Furthermore, the loss
of vascular pericytes and endothelial cells induces capillary occlusion and causes retinal
ischemia. Retinal ischemia and hypoxia activate hypoxia-inducible factor 1 (HIF-1), lead-
ing to increased VEGF expression in the eye [31]. VEGF is a growth factor that induces
angiogenesis and angiogenesis by stimulating the division, migration, and differentiation
of vascular endothelial cells, and it is associated with the progression of PDR and DME.
In addition, VEGF has a vascular hyperpermeability effect [32,33]. Adamis et al. [34]
observed that VEGF was increased in the vitreous of patients with PDR. In the present
study, the development of DR was associated with both the average and highest HbAlc
levels, and the severity of DR was associated with the average HbAlc level. Song et al. [6]
conducted a 3-year retrospective cohort study of 604 patients with type 2 diabetes. They
observed that the mean HbAlc level was a significant predictor of DR progression, inde-
pendent of the duration of diabetes and HbAlc-variability levels. In patients with type
2 diabetes mellitus, HbAlc variability such as microalbuminuria and decreased GFR is
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associated with DN initiation [35]. In recent studies, glycemic variability has been found to
be strongly associated with DR in patients with type 2 diabetes [7]. It is unclear why HbAlc
variations adversely affect the development of DR or DN, but one possible mechanism
is associated with “metabolic memory” due to repeated exposure to glycemic instabil-
ity [36], which can lead to increased oxidative stress [37]. If hyperglycemia continues for
a certain period in the early stages of diabetes, it may be difficult to suppress the sub-
sequent progression of complications even if hyperglycemia is corrected by subsequent
treatment [38]. Concepts of “metabolic memory” include many factors such as mitochon-
drial DNA damage, activation of protein kinase C, polyol pathway, increased production
of advanced glycation end products (AGEs), overexpression of AGE receptors, increased
anion superoxide formation, glycation of mitochondrial proteins, and hexosamine influx
alterations [39]. Kowluru et al. compared metabolites in the blood and urine of rats in
which glycemic control was started immediately after the onset of diabetes and in a group
in which control was delayed for 6 months. They observed that oxidative stressors such
as lipid peroxides (LPO), 8-hydroxy-2-deoxyguanosine (8-OhdG), glutathione (GSH), and
urinary nitric oxide (NO) increased in the control delay group, but these substances in
the rapid control group were no different from those in healthy rats [40]. Ceriello et al.
observed increased vascular endothelial dysfunction, inflammation, and oxidative stress
in patients with high HbAlc levels, but these nearly normalized in patients with low
HbA1c levels who normalized blood glucose [41]. These reports suggest that the early
initiation of good glycemic control may reduce oxidative stress and associated damage
in the body, but the damage may progress if treatment is delayed. Quagliaro et al. found
that intermittent hyperglycemia increased nitrotyrosine and 8-hydroxydeoxyguanosine, a
marker of oxidative stress, and observed increased apoptosis in human venous endothelial
cells, compared to stable high glucose condition [42]. Horvath et al. [43] observed that
excessive glycemic changes stimulated nitrotyrosine production and caused endothelial
dysfunction in streptozotocin-induced diabetic rats. Alterations in the retinal nerve fiber
layer (RNFL) have also been reported in DR. Wang et al. [44] examined peripapillary vessel
density and RNFL thickness using swept-source optical coherence tomography angiog-
raphy (SS-OCTA) imaging in patients with nonproliferative DR, and they observed that
peripapillary capillary vessel density and RNFL thickness were significantly lower in the
superior temporal quadrants compared with healthy. Moreover, Cao et al. [45] observed
that peripapillary capillary vessel density and RNFL thickness were significantly lower
also in diabetic patients without DR compared to normal controls using OCTA.

Higher HbAlc levels, longer duration of diabetes, and use of insulin therapy for
treatment have been reported to be risk factors for DR, and these may reflect poor glycemic
control. Wat et al. reported that hypertension was positively correlated with the prevalence
and progression of DR [46]. However, obesity, hyperlipidemia, sex, and smoking have
not been established with clear associations with DR, as different studies have reported
different results [46].

4.2. Pathophysiology of DN

The pathophysiologic mechanisms that lead to DN are multifactorial [19]. In the early
stages of DN, hyperglycemia causes the release of vasoactive mediators such as VEGE, NO,
glucagon, insulin-like growth factor 1 (IGF-1), and prostaglandins [47-50]. This causes
dilation of the arterioles, leading to a temporary increase in the glomerular filtration rate.
On the other hand, hyperglycemia causes the increased production of reactive oxygen
species (ROS), activation of protein kinase C (PKC), and increased advanced glycation end
products (AGEs), leading to vascular endothelial cell damage [50]. Damage to glomerular
blood vessels results in increased glomerular permeability to macromolecules, leading to
proteinuria. The transformation of IGF-1 also causes the hypertrophy of renal cells and
the accumulation of extracellular matrix [51]. Sustained hyperglycemia also activates the
renin-angiotensin system to form angiotensin II, which is involved in the development of
DN and concomitant hypertension [52].
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In patients with type 1 diabetes and type 2 diabetes, high HbAlc levels, longer
duration of diabetes, and systemic hypertension are associated with an increased risk of
development and progression of DN [53,54], similar to DR. In addition, dyslipidemia,
obesity, age, smoking, and genetic factors are also risk factors for the development and
progression of DN [53-55]. In a previous study, lower low-density lipoprotein cholesterol
(LDL-C) and triglyceride (TG) levels were associated with a reduced risk of progression
from moderate to severe albuminuria or end-stage renal disease [56]. The onset and severity
of DN take some time. Microalbuminuria occurs 5 to 10 years after the onset of diabetes,
followed by macroalbuminuria in 20 years and end-stage renal disease in 30 years [57].

Many studies have reported a significant association between DR and DN [58-60], and
Kotlarsky et al. [60] observed that DN precedes DR. High HbAlc levels, longer diabetes
duration, and systemic hypertension are considered common risk factors for DR and DN.
Therefore, it is predicted that DR and DN are likely to develop and progress in parallel in
patients with these factors.

4.3. Pathophysiology of DME

In the present study, we observed DME in half of the patients with DR but not in
patients without DR. On the other hand, patients who develop DR often already have DN,
because DN tends to precede DR [60].

Several reports have investigated the relationship between DME and DN. Acan
et al. [61] reported that DN is a risk factor for developing DME. Koo et al. [62] reported that
the serous type of DME was associated with albuminuria. However, there have been several
reports that DN did not significantly affect DME development or progression [18,63]. On
the other hand, there have been reports that dialysis improves DME. Takamura et al. [64]
observed that the central retinal thickness (CRT) values were decreased after hemodial-
ysis initiation without ocular treatments for DME in most eyes. Theodossiadis et al. [65]
reported that average macular thickness and total macular volume were also reduced after
hemodialysis in patients with DME. The mechanism by which hemodialysis promotes sub-
retinal fluid absorption is currently unknown, but it is believed that the mutual flow of the
excess fluid between the retina and the choroidal tissue or the retinal pigment epithelium
may have improved after hemodialysis [64]. On the other hand, it has been proposed that
SGLT-2 inhibitors may be effective in treating DME. Tatsumi et al. [66] observed that the
administration of SGLT-2 inhibitors significantly reduced CRT in patients with untreated
DME. SGLT2 is thought to be present in retinal pericytes and mesangial cells, and it has
been reported that SGLT2 inhibitors may protect the retina by acting directly on retinal
pericytes [67]. Therefore, rather than a diuretic effect, this direct action on retinal pericytes
may contribute to the reduction of macular edema.

Several theories have been proposed regarding the mechanisms through which DME
develops. They include retinal pigment epithelial (RPE) pump impairment, oxygen tension,
Starling’s law, and BRB impairment. In areas with DME, microaneurysms and abnormal
deep capillary networks are observed in the outer layer of the superficial nucleus, which is
usually an avascular region [68]. The retinal pigment epithelium (RPE) has ion and fluid
pumps for the reabsorption of subretinal fluid. This RPE pump is the sole extracellular fluid
uptake mechanism in the fovea, and the dysfunction of this pump may be involved in the
development of DME [69]. Decreased choroidal circulation may be the cause of RPE pump
dysfunction [70]. An oxygen theory has also been proposed to explain the pathogenesis
of DME [71]. Long-term hyperglycemia reduces retinal perfusion, resulting in a lower
partial pressure of oxygen in the inner retina. Retinal arterioles dilate in an autoregulatory
response, thus increasing the hydrostatic pressure within the capillaries and venules within
the retina [72]. The resulting increase in intravascular pressure can damage capillaries [72].
In parallel, decreased retinal oxygen tension upregulates the synthesis of VEGF and other
permeability factors and increases microvascular leakage.

VEGEF is expressed not only by retinal cells but also by retinal pigment epithelium,
glial cells, vascular endothelial cells, and pericytes under hypoxic conditions [73]. VEGF
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also causes endothelial hyperpermeability and endothelial cell proliferation [32]. VEGF
is thought to play an important role in macular edema [74]. Funatsu et al. assessed flu-
orescence leakage in patients with DME and observed that VEGF levels in the vitreous
humor were also elevated in patients with hyperfluorescence [75]. Therefore, the intrav-
itreal injection of anti-VEGF agents (aflibercept and ranibizumab) has become the main
treatment for DME, replacing conventional laser photocoagulation, vitrectomy, and steroid
triamcinolone acetonide [76].

Starling’s law, which relates hydrostatic and oncotic pressures opposing each other, has
long been advocated. It is speculated that this law causes elevated intravascular pressure
and increased vascular permeability, resulting in the flow of water, ions, and macromolecules
from the intravascular space into the extravascular space [20]. BRB is composed of retinal
vasculature and retinal pigment epithelium (RPE). Endothelial cells are responsible for
maintaining the BRB, and damage to these cells increases vascular permeability [77].

We observed that the prevalence of DME increased as the DR grade progressed in
this study (A2: 32.7%, B1: 58.8%, B2: 71.4%, B4: 87.0%, B5: 100%). DME is a frequent
manifestation of DR and can occur during any stage of the disease [77]. However, de
Faria et al. [24] reported that it occurs more frequently as the duration of diabetes and
severity of DR increase (early DR: 0%, nonproliferative DR: 64%, preproliferative DR: 79%,
proliferative DR: 84%). As DR progresses, damage to capillaries and BRB impairment
increase in the macula, and it is thought that the prevalence of DME also increases.

We consulted previous systemic reviews to examine DR prevalence in patients with
type 2 diabetes in a general cohort [78-83] (Table 11). The global DR prevalence was
22.2-34.6% [78-80], but those of China and India were lower [81,82]. The DR prevalence in
this study was high, presumably because it included patients who were referred for the
purpose of assessment and treatment of DR.

Table 11. Report on DR prevalence in patients with type 2 diabetes.

Report DR Prevalence Region Year

Teo et al., 59 studies 22.3% Global 2020

Yau et al., 35 studies 34.6% Global 1980-2008
Cheloni et al., 10 studies 34.6% Global 2008-2018
Song et al., 31 studies 18.5% China 1990-2017
Brar et al., 10 studies 16.1% India 1990-2021
Heiran et al., 109 studies 31% Eastern Mediterranean 2019-2020
Present study 48.7% Japan 2019-2022

DR: diabetic retinopathy.

4.4. Limitations

The blood pressure of each participant was measured at our institution but may not
accurately reflect the usual blood pressure of each patient due to effects such as white-coat
hypertension. Fundus findings in grades Al and A2 and DME are reversible. Even if these
findings had been temporarily present before, they may have disappeared at the time of
examination. Diabetes onset time was estimated based on patient interviews and past
medical records, but the duration of disease in each patient may have been longer because
diabetes in its early stages is often asymptomatic.

Many patients with early-stage DR do not experience vision loss. Patients with
diabetes require ophthalmology consultations to manage DR in parallel with medical
treatment. However, many patients with diabetes only visit internal medicine, and the
onset and progression of DR may be overlooked in such patients. The present study and
previous studies [54] suggest a parallel progression of DR and DN. DN deterioration may
be a predictor of DR onset and progression.

87



Biomedicines 2023, 11, 1502

5. Conclusions

We observed that DR development involves the average HbAlc level, highest HbAlc
level, and DN severity in addition to the duration of diabetes. DR severity correlated
with the duration of diabetes, average HbAlc level, and DN severity. DN severity may
be associated with DME development. Furthermore, DN progress may be a predictive
indicator of DR development. Both DR and DN are microvascular complications of diabetes,
and good long-term glycemic control may suppress the progression of both.
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Abstract: Purpose: to gain insight into the baseline parameters of a population with diabetes mellitus
(DM) included in a pilot diabetic retinopathy (DR) screening program at Oslo University Hospital
(OUH), Norway. Methods: This was a cross-sectional study of a cohort of adult patients (>18 years)
with type 1 or 2 DM (T1D and T2D). We measured the best-corrected visual acuity (BCVA), blood
pressure (BP), heart rate (HR), intraocular pressure (IOP), height and weight. We also collected HbAlc,
total serum cholesterol and urine-albumin, -creatinine and -albumin-to-creatinine ratio (ACR), as
well as socio-demographic parameters, medications and previous screening history. We obtained
color fundus photographs, which were graded by two experienced ophthalmologists according
to the International Clinical Disease Severity Scale for DR. Results: The study included 180 eyes
of 90 patients: 12 patients (13.3%) had T1D and 78 (86.7%) had T2D. In the T1D group, 5 patients
(41.7%) had no DR, and 7 (58.3%) had some degree of DR. In the T2D group, 60 patients (76.9%)
had no DR, and 18 (23.1%) had some degree of DR. None of the patients had proliferative DR. Of
the 43 patients not newly diagnosed (time of diagnosis > 5 years for T1D and >1 years for T2D),
37.5% of the T1D patients and 5.7% of the T2D patients had previously undergone regular screening.
Univariate analyses found for the whole cohort significant associations between DR and age, HbAlc,
urine albumin-to-creatinine ratio, body mass index (BMI) and duration of DM. For the T2D group
alone, there were significant associations between DR and HbAlc, BMI, urine creatinine, urine
albumin-to-creatinine ratio and duration of DM. The analysis also showed three times higher odds
for DR in the T1D group than the T2D group. Conclusions: This study underscores the need for
implementing a systematic DR screening program in the Oslo region, Norway, to better reach out to
patients with DM and improve their screening adherence. Timely and proper treatment can prevent
or mitigate vision loss and improve the prognosis. A considerable number of patients were referred
from general practitioners for not being followed by an ophthalmologist. Among patients not newly
diagnosed with DM, 62.8% had never had an eye exam, and the duration of DM for these patients
was up to 18 years (median: 8 years).

Keywords: diabetic retinopathy; diabetes mellitus; screening; Norway

1. Introduction

Diabetic retinopathy (DR) is a frequent complication of diabetes mellitus (DM) [1].
Still, it often remains asymptomatic until advanced disease has developed, which is one
of the reasons for systematic DR screening programs. The retinal microvasculopathy of
DM causes ischemia and hypoxia, the latter leading to the release of vascular endothelial
growth factor (VEGF), which is able to induce both new vessel (NV) formation and edema.
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These NVs may act as a source of low-grade bleeding and leakage of lipoproteins and fluid,
infiltrating and changing the functional architecture of the retina. As the natural history
of DR is well known, further sight-threatening lesions may ensue, such as hemorrhages,
macular edema and more severely increased intraocular pressure (IOP) due to the fact of
neovascular glaucoma and tractional retinal detachment.

DR is one of the leading causes of global blindness in those aged 50 years and older,
and DR-related complications represent a main cause of impaired vision in patients aged
25-74 years [2,3]. DR is responsible for a severe economic burden and reduced quality of
life [2,4]. In a pooled analysis comparing data from 35 populations [5], sight-threatening
DR (STDR) (i.e., presence of preproliferative or proliferative DR, maculopathy or evidence
of photocoagulation treatment) was estimated to affect 10.2% of DM patients. Data from
England and Wales show a vision-saving effect of implementing a comprehensive program
for regular retinal examinations. During a 10-year observation period, the proportion of
newly blind people due to the fact of DM was reduced by approximately 20% [6]. Hence,
there are reasons to assume that such an impact could be transferable to Norway and
that a more personalized program for regular retinal examinations may further reduce the
proportion of newly blind people. Still, the screening rate in Norway is only approximately
62% [7]. Regular retinal examinations to detect DR at an early stage is also known to be
cost effective [8].

For people with a known DM for more than 20 years, 76% develop some degree of
DR [5]. Other studies have shown that approximately 20% and 37% of patients with newly
diagnosed T2D have already developed DR [9,10]. Accordingly, guidelines recommend the
initiation of DR screening to begin at the time of T2D diagnosis.

The global prevalence of DM (age: 20-79 years) in 2021 was approximately 537 mil-
lion (61 million in Europe alone), and the number is estimated to rise to 643 million
(67 million in Europe) by 2030 and 783 million (69 million in Europe) by 2045 [11]. The
National Diabetes registry for adults in Norway is incomplete (25% of GPs reporting),
but it is estimated primarily by the Norwegian Prescription Database that approximately
316,000-345,000 persons (5.9-6.4% of the population) have DM, of whom 60,000 are un-
diagnosed [12]. Moreover, approximately 90% of DM patients in Norway are estimated
to have T2D [13]. Data from The Norwegian Prescription Database show that 4.1% used
blood-glucose-lowering drugs in 2020, representing a 70.3% increase from 2004 and a 32.1%
increase from 2010 [14]. Because of the increasing prevalence of DM [11], it can be assumed
that the prevalence of DR will further increase.

The living conditions in Norway have been ranked as high by a United Nations
Human Development Report [15], albeit a systematic national DR screening program as
of yet has not been implemented. There is a lack of knowledge concerning the DM and
DR prevalence, as well as risk factors in people with DM, in Oslo, Norway. This was
incentive for a pilot study for baseline insight as a step towards establishing an optimal DR
screening program.

7

2. Materials and Methods

This was a cross-sectional study of a cohort of adult patients (>18 years of age) with
T1D or T2D belonging to the region of OUH, Oslo, Norway. The patients were mainly
referred from general practitioners after they received information concerning the project
(12 patients were referred from another healthcare institution). The general practitioners
were invited to refer patients without a known treatment-dependent DR and who were not
already followed by an ophthalmologist. A total of 90 patients (180 eyes) were enrolled, and
written informed consent was obtained from all participants. The patients were included in
the period from December 2019 to January 2021. The Regional Committee for Medical and
Health Research Ethics concluded that the project was outside the remit of the Norwegian
Health Research Act (reference: 28857). The Institutional Data Protection Officer at OUH
approved the study (reference: 20/00571).
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The study took place at the Department of Ophthalmology, OUH. Best-corrected visual
acuity (BCVA) was assessed using the Clear Chart 2 (Reichert Technologies, Depew, NY, USA)
digital acuity test, which displays 5 letter optotypes per line and a logarithm of the minimal
angle of resolution (logMAR) line size progression (i.e., each letter has a score of 0.02 log-
MAR). After one minute of rest, blood pressure (BP) and heart rate were measured in the
left overarm using a calibrated automatic BP monitor (Riester, ri-champion N Automated
Blood Pressure Monitor, Jungingen, Germany). Hypertension (HT) was defined as hy-
pertension grade 2 according to the American Heart Association: systolic at least 140 or
diastolic at least 90 mm Hg (>140/90 mmHg). We measured the intraocular pressure
(IOP) using an iCare ic 100 tonometer (Icare Finland Oy, Vantaa, Finland). Mean ocular
perfusion pressure (MOPP) was calculated as two-thirds of the systemic mean arterial
pressure (MAP) minus the IOP [16]. The MAP = diastolic blood pressure (DBP) + one-third
(systolic blood pressure (SBP)—DBP). Prior to the imaging and fundus examination, the
pupils were dilated with topical tropicamide 0.5%.

If not available from the referral, the following laboratory tests were performed at the
department: HbAlc, total serum cholesterol and urine-albumin, -creatinine and -albumin-
to-creatinine ratio (ACR).

Color fundus photography was performed using the CLARUS™ 700, Zeiss (Carl
Zeiss Meditec AG, Jena, Germany). Fovea- and optic disc-centered images were obtained,
both with a 133° field of view.

The fundus images were graded according to the International Clinical Disease Sever-
ity Scale for DR [17]: no DR, mild non-proliferative DR (NPDR), moderate NPDR, severe
NPDR or proliferative DR. Both eyes were graded through consensus between two experi-
enced ophthalmologists (E.S.S. and D.F.); the eye with the more severe retinopathy defined
the individual grade.

Diabetic maculopathy based on fundus photography was classified as follows: no
diabetic maculopathy (0), presence of microaneurysm(s) within 1 disc diameter from the
foveola (1) and hard exudate(s) within 1 disc diameter from the foveola (2).

Socio-demographic parameters, such as gender, age, type of DM, duration of DM, use
of tobacco and alcohol, body weight and body height (to determine BMI), were registered.
We also documented medication history (type of DM medication, duration of insulin
treatment and use of cholesterol lowering- and antihypertensive drugs) and previous
history regarding DR screening.

We used the Mann-Whitney U test to investigate the differences between two groups
for continuous variables and the Chi-square or Fisher’s exact test (for small cell counts)
to detect associations among categorical variables. All tests were two-sided, and a 5%
significance level was defined. To investigate the factors associated with retinopathy, a
generalized estimating equation (GEE) analysis was applied to adjust for intra-individual
correlation (since both eyes of each individual were included). We used IBM SPSS Statistics
28.0 (IBM Corp., Armonk, NY, USA) for the data analyses.

3. Results

Altogether 180 eyes of 90 patients (61 males (67.8%) and 29 females (32.2%)) were
included in the study.

The sizes of the T1D and T2D populations amounted to 12 (13.3%, 95% CI: 7.8, 21.9)
and 78 (86.7%, 95% CI: 78.1, 92.2), respectively (Figure 1). There were 5 (41.7%, 95% CI:
19.3, 68.1) and 60 (76.9%, 95% CI: 83.2, 96.7) patients with no DR in the T1D versus the T2D
group, while 7 (58.3%, 95% CI: 14.3, 47.6) and 18 (23.1%, 95% CI: 52.4, 85.7) patients had
DR in the T1D and T2D groups, respectively. The distribution of the different grades of
retinopathy were 5 (41.7%, 95% CI: 19.3, 68.1) and 12 (15.4%, 95% CI: 9.0, 25.0) with mild
DR, 1 (8.3%,95% CI: 1.5, 35.4) and 4 (5.1%, 95% CI: 2.0, 12.5) with moderate DR, 1 (8.3%,
95% CI: 1.5, 35.4) and 2 (2.6%, 95% CI: 0.7, 8.9) with severe retinopathy in the T1D and T2D
group, respectively; 0 had proliferative DR in either group.
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= Mild DR
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Figure 1. Pie chart (percentage frequency distribution) of the grades of diabetic retinopathy in the
studied population having type 1 and type 2 diabetes mellitus (T1D and T2D).

Table 1 shows the demographic characteristics of the studied cohort where 12 (13.3%)
had T1D and 78 (86.7%) had T2D. Among the T1D patients, 5 (41.7%) had no DR and
7 (58.3%) had DR, whereas 60 (76.9%) of the T2D patients had no DR and 18 (23.1%)
had DR.

Table 1. Demographics of the studied population.

T1D T2D
NoDR,n=5 DR,n=7 No DR, n =60 DR,n=18
Gender
Male, 7 (%) 3 (60.0) 5 (71.4) 39 (65.0) 14 (77.8)
Female, 1 (%) 2 (40.0) 2 (28.6) 21 (35.0) 4(22.2)
Age, (yrs, median (IQR)) 38.0 (30.5, 54.0) 31.0 (22.0, 43.0) 54.0 (44.8, 62.0) 51.5 (37.3, 58.0)
Years since diagnosis, (median (IQR)) 4.0 (0, 8.0) 17.0 (15.0, 23.0) 1.0 (0, 3.8) 11 (5.8, 14.3)

BMI > 25, 1 (%) 2 (40.0) 2 (28.6) 49 (81.7) 13 (72.2)

For the T1D group, the median age was 38 (IQR 30.5, 54.0) for patients without DR
and 31 (IQR 22.0, 43.0) for patients with DR. For the T2D group, the median age was 54
(IQR 44.8, 62.0) for patients without DR and 51.5 (IQR 37.3, 58.0) for patients with DR.

The median number of years since diagnosis of DM for the T1D patients having no DR
was 4.0 IQR: 0, 8.0) and having DR was 17.0 (IQR: 15.0, 23.0), while for the T2D patients it
was 1.0 IQR: 0, 3.8) and 11.0 (IQR: 5.8, 14.3), respectively.

Two T1D patients had obesity and DR (28.6%) (body mass index (BMI) >25), and two
had obesity and no DR (40.0%); in the T2D group, obesity and DR was present in thirteen
(72.2%) patients and obesity and no DR in forty-nine (81.7%) patients.

Table 2 shows the screening history of our study cohort. A total of 47 (52.2%) patients
were newly diagnosed with DM (e.g., time since diagnosis was <5 years for patients with
T1D and <1 year for patients with T2D): 4 (8.5%) T1D and 43 (91.5%) T2D. In the T1D
group, 3 (75.0%) had non-DR and 1 (25.0%) had DR, while in the T2D group, 40 (93.0%)
had non-DR and 3 (7.0%) had DR. Overall, 8.5% of the patients who were newly diagnosed
with DM had DR.
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Table 2. Screening history of the studied population.

T1D T2D
Total, n =90
NoDR,n=5 DR,n=7 No DR, n =60 DR,n=18
. . . .
Patients newly d;aﬁ,;‘)"sed with DM ™, 3% (60.0) 1(14.3) 40 (66.7) 3(16.7) 47 (52.2)
3 H H KKK
Patients not newly :‘(2/‘5)“0“‘1 with DM™, ) 40.0) 6 (85.7) 20 (33.3) 15 (83.3) 13 (47.8)
Previous eye exam, 1 (%) of patients not
newly diagnosed with DM 2 (100) 6 (100) 2 (10.0) 6 (40.0) 16 (37.2)
>2 years since last eye exam, n (%) of
patients not newly diagnosed with DM 1(50.0) 4(66.7) 1(500) 5(833) 11 (68.8)
Patients followed-up as recommended, 7 (%) 1(50.0) 2 (33.3) 12.3) 1(6.7) 5(11.6)

of patients not newly diagnosed with DM

* Two patients with T1D who were newly diagnosed had LADA. ** First visit within 1 year from diagnosis for
patients with T2D and within 5 years for patients with T1D. *** First visit >5 years for patients with T1D and
>1 year from diagnosis of patients with T2D.

A total of 43 (47.8%) patients were not newly diagnosed with DM (e.g., time since
diagnosis > 5 years for patients with T1D and >1 year for patients with T2D); 8 (18.6%)
of these patients had T1D and 35 (81.4%) had T2D. In the T1D group, 2 patients (25.0%)
had no DR and 6 (75.0%) had DR, while in the T2D group, 20 patients (57%) had no DR
and 15 (43%) had DR. Overall, 48.8% of the patients who were not newly diagnosed with
DM had DR.

Of the 43 patients not newly diagnosed with DM, 16 (37.2%) had previously under-
taken an eye exam. For 11 (68.8%) of the patients who had an eye exam, it was more than
2 years, with a maximum of 10 years since the last eye exam.

Twenty-seven (62.8%) patients not newly diagnosed with DM had not undertaken an
eye exam (only T2D patients), and the duration of DM for these patients varied from 2 to
18 years (median 8 years); twelve (44.4%) of these patients had had DM for > 10 years.

With regard to antidiabetic drugs (Table 3), 9 out of 12 patients (75.0%) with TD1 used
insulin, and the duration of insulin treatment ranged from 0 to 34 years; 8 out of 78 patients
(10.3%) with T2D used insulin, and the duration of treatment ranged from 0 to 18 years;
3 out of 12 patients (25.0%) in the T1D group and 58 out of 78 patients (74.4%) in the T2D
group used other antidiabetic medications (OAMs). Both insulin and OAMs were used
by 4 out of 78 patients (5.1%) in the T2D group but none in the T1D group. None of the
patients with T1D used glucagon-like peptide 1 analogues (GLP-1 analogues). In the T2D
group, three patients (17.6%) with DR and four patients (7.8%) without DR used GLP
agonists. None of the T1D patients used cholesterol-lowering medications, while 31 of the
T2D patients (22 without DR (36.7%) and 9 with DR (50%)) used cholesterol medications.
One patient in the T1D group having DR (14.1%) was on antihypertensive medication
and in the T2D group forty patients (thirty-three without DR (55.0%) and seven with DR
(38.9%)), respectively.

Table 4 shows the odds ratio for DR in the studied population (T1D and T2D) and in
the T2D population alone.

The univariate analysis found for the whole cohort a significant association between
DR and the following parameters: age increase of 1 year showed a 2% decrease (p = 0.002)
in the odds ratio for DR; an increase of 11 mmol/mol HbA1lc showed a 19% increase
(p = 0.003) a 1-unit increase in the urine albumin-to-creatinine ratio showed a 1% increase
(p = 0.008); a 1-unit increase in BMI showed a 6% decrease (p < 0.001); and a 1-year increase
in DM duration showed a 13% increase (p < 0.001) in the odds ratio for DR.
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Table 3. Diabetes, cholesterol-lowering and antihypertensive medications used in the studied population.

T1D T2D
NoDR,n=5 DR, n=7 No DR, n =60 DR, n=18
Diabetes medication
Insulin, 1 (%) 3 (60.0) 6 (85.7) 4(6.7) 4(22.2)
Years of insulin, median (range) 8.0 (0.0-8.0) 16.5 (1.0-34.0) 0 (0.0-11.0) 7.0 (3.0-18.0)
OAM * n (%) 2 **(40.0) 1**(14.3) 43 (71.7) 15 (83.3)
OAM + insulin, n (%) 0(0) 0 (0) 2(3.3) 2 (11.1)
GLP analogues ***, n (%) 0(0) 0(0) 4(7.8) 3(17.6)
Cholesterol-lowering medications, 1 (%) 0 (0) 0 (0) 22 (36.7) 9 (50.0)
Antihypertensive medications, 1 (%) 0(0) 1(14.3) 33 (55.0) 7 (38.9)
* OAM: other antidiabetic medication. ** Of the 3 patients in the T1D group not using insulin, 2 were newly
diagnosed with LADA (2) and 1 not newly diagnosed had MODY3 (1). *** Glucagon-like peptide-1 analogues.
Table 4. Univariate analyses of the different parameters of the studied population.
Total (T1D and T2D) Only T2D
OR (95% CI) p-Value OR (95% CI) p-Value
Age per 1 year 0.98 (0.96, 0.99) 0.002 0.99 (0.97,1.01) 0.283
Male gender 1.40 (0.89, 2.19) 0.144 1.49 (0.88,2.53) 0.137
HbA1lc per 11 mmol/mol 1.19 (1.06, 1.34) 0.003 1.31 (1.15, 1.50) <0.001
Total cholesterol 0.91 (0.74, 1.10) 0.322 0.99 (0.80, 1.22) 0.900
Urine creatinine 0.98 (0.95, 1.01) 0.268 0.95 (0.91, 0.997) 0.036
Urine albumin 1.001 (0.9999, 1.001) 0.101 1.001 (0.9999, 1.002) 0.524
Urine album-to-creatinine ratio 1.01 (1.003, 1.02) 0.008 1.01 (1.002, 1.02) 0.016
Microalbuminuria 0.95 (0.58, 1.56) 0.835 0.99 (0.58, 1.71) 0.989
BMI 0.94 (0.90, 0.97) <0.001 0.92 (0.88,0.97) 0.001
Duration of diabetes per 1 year 1.13 (1.09, 1.17) <0.001 1.11 (1.07, 1.16) <0.001
HT * 1.01 (0.66, 1.55) 0.948 0.86 (0.53, 1.39) 0.533
SBP 0.99 (0.98, 1.002) 0.104 0.99 (0.98, 1.001) 0.355
DBP 0.99 (0.97,1.01) 0.351 1.00 (0.98, 1.02) 0.962
MAP 0.99 (0.97,1.01) 0.162 0.995 (0.98, 1.02) 0.645
Type DM (1 vs. 2) 3.05 (1.75, 5.32) <0.001
Smoke (yes/no) 1.12 (0.64, 1.96) 0.695 0.45 (0.17, 1.22) 0.118
Smokeless tobacco (yes/no) 0.62 (0.34, 1.14) 0.124 0.80 (0.43, 1.51) 0.496
Alcohol 0.99 (0.92, 1.07) 0.853 0.92 (0.83, 1.02) 0.093
BCVA 1.29 (0.32, 5.26) 0.721 3.24 (0.71, 14.76) 0.129
IOP 0.97 (0.91, 1.04) 0.363 0.98 (0.91, 1.06) 0.657
MOPP 0.98 (0.96, 1.01) 0.210 0.99 (0.96, 1.03) 0.717

Note: Four patients had urine parameters missing, while 1 patient had HbAlc missing. * SBP > 140 mmHg
and/or DBP > 90 mmHg.

The same analyses for the T2D population alone found a significant association be-
tween DR and the following parameters: an HbAlc increase of 11 mmol/mol showed a
31% increase (p < 0.001); an increase of 1 unit of BMI showed an 8% decrease (p = 0.001);
and an increase of 1 year in DM duration showed an 11% increase (p < 0.001) in the odds
ratio for DR.

There was a significant difference (p < 0.001) in the odds ratio for DR in the T1D versus
the T2D group, with three times higher odds (OR 3.05) for DR in the T1D group.

Table 5 shows the presence of diabetic maculopathy based on fundus photos in the
study cohort. None of the patients without DR had diabetic maculopathy; 43 eyes (23.9%)
had DR, and in 27 (62.8%) of these eyes, diabetic maculopathy was also present.

In the T1D group, DR was found in 14 (58.3%) eyes, and 9 (64.3%) of these eyes had
diabetic maculopathy based on fundus photos. All eyes with diabetic maculopathy had
MA within 1 DD from the foveola, and one of these eyes (11.1%) also had hard exudates.
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Table 5. Presence of diabetic maculopathy on fundus photo in the studied population.

T1D T2D Total Number of
Number of Eyes = 24 Number of Eyes = 156 Eyes = 180
. . Total Number of
Number of Eyes with DR =14 Number of Eyes with DR = 29 Eyes with DR = 43
oD oS OD (O]
Diabetic maculopathy, 1 (%) of total eyes
with DR in the same group 4(28.6) 5(35.7) 11 (37.9) 7 (24.1) 27 (62.8)
(1) Microaneurysm, 1 (%) of total eyes with DR
and diabetic maculopathy in the same group 4(100) 5 (100) 11(100) 7(100) 27 (100)
(2) Hard exudates, 1 (%) of total eyes with DR 0 1(0.2) 2(182) 1(143) 4(148)

and diabetic maculopathy in the same group

In the T2D group, DR was found in 29 (18.6%) eyes, and 18 (62.1%) of these eyes had
diabetic maculopathy based on fundus photos. All eyes with diabetic maculopathy had
MA within 1 DD from the foveola, and three of these eyes (16.7%) also had hard exudates.

4. Discussion

The present pilot study provides us baseline screening information concerning the
population with DM in the Oslo region, Norway. This is valuable for planning and
establishing an optimal systematic screening system in this area of the country, and further,
to establish a national screening system in Norway. The results from our pilot study
demonstrate a lack of ophthalmological examinations and follow-ups for DM patients and
the need for implementing a proper and systematic DR screening.

The majority of the 90 patients (180 eyes) recruited in our study came from general
practitioners in the Oslo region, Norway. Approximately half of the patients were newly
diagnosed with DM (time since diagnosis <5 years for patients with T1D and <1 year for
patients with T2D). Two patients with T1D in this category had late autoimmune diabetes
in the adults (LADA). Considering the group of patients without a newly diagnosed DM,
nearly two-thirds of them had never had an eye exam performed. The duration time of
DM for these patients varied from 2 to 18 years (median: 8 years), and 12 patients had
DM > 10 years. Only 37% of the patients not newly diagnosed had a previous eye exam,
and little over two-thirds of these patients had more than 2 years since their last eye exam.
Implementing a proper and systematic DR screening in our region is needed for better
reaching out to patients with DM, to improve timely follow-up and thereby reduce DR
progression and vision loss.

The prevalence of any DR in patients with T1D and T2D were 58.3% (95% CI: 14.3,
47.6) and 23.1% (95% CI: 52.4, 85.7), respectively, which is similar to other population-
based studies [10,18,19]. It is challenging, however, to compare the prevalence of DR
among studies, since there are differences between grading protocols and populations.
A Norwegian study, from 2012, by Kilstad et al. [7] found the prevalence of any DR in
T1D to be 66%, which is higher than in our study, whereas the prevalence for any DR in
T2D was 24%, which is in line with our study. Established treatment-dependent DR was
an exclusion criterion in this study, and approximately half of the patients were newly
diagnosed with DM, which could have affected the results obtained compared to other
studies. In particular, the high proportion of newly diagnosed patients can be part of the
explanation for why there were no cases of proliferative DR and few cases of severe DR.
Still, another Norwegian study, from 2008, by Sundling et al. [20] reported an even lower
prevalence of DR. However, this was a questionnaire-based survey study.

In other parts of Europe, Looker et al. [10] found the prevalence of DR in a population
with newly diagnosed T2D in Scotland to be 19.3%. According to the Liverpool Diabetic
Eye Study [18], the prevalence of DR was 45.7% and 25.3% for T1D and T2D, respectively,
and the United Kingdom Prospective study (UKPDS) [21] found a prevalence of 37% for
DR at diagnosis in a cohort of patients with T2D. In a cross-sectional study from Wales [19],
the prevalence of any DR for T1D and T2D was 56.3% and 30.9%, respectively.
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By comparison, a recent systematic review and meta-analysis showed that the preva-
lence of DR in patients with DM during 2020 was highest in the Middle East and North
Africa (32.90%), North America and the Caribbean (33.30%), moderate in Southeast Asia
(16.99%) and Western Pacific (19.20%) and lowest in South and Central America (13.37%) [22].
In China, the reported prevalence of DR in patients with DM in a relatively small cohort
carried out between 2018 and 2019 was also high (40%) [23].

It is well known that the duration of DM is a major risk factor for DR [18,19,24-28], as
also demonstrated by our study. Notably, each one-year increase in the duration of DM
showed a 13% increase in the OR for DR (OR 1.13; 95% CI 1.09, 1.17; p < 0.001), and in
the T2D group alone an increase of 1 year in duration of diabetes showed an 11% increase
in the OR for DR (OR 1.11; 95% CI 1.07, 1.16; p < 0.001). In our cohort of patients, an age
increase of 1 year showed a 2% decrease in the OR for DR (OR 0.98; 95% CI 0.96, 0.99;
p = 0.002). This could be related to the younger age of the studied population in the T1D
group and the higher number of patients with DR in this group itself. Other studies have
also shown an association of DR with younger age [29,30]. No significant association was
found between DR and age in the T2D population alone in our cohort.

For both groups T1D and T2D (OR 0.94; 95% CI 0.90, 0.97; p < 0.001) and for T2D
alone (OR 0.92; 95% CI 0.88, 0.97; p = 0.001), there was an inverse association for DR with
increased BMI, in accordance with other studies [31,32].

An increase of 11 mmol/mol HbA1lc showed a 19% increase in the OR for DR for
the whole cohort (OR 1.19; 95% CI 1.06, 1.34; p = 0.003) and a 31% increase for the T2D
population alone (OR 1.31; 95% CI 1.15, 1.50; p < 0.001). This higher risk for DR with
the increase in HbAlc is in line with multiple studies from several countries, both for
T2D [21,27] and T1D [27,33-35].

For the urine creatinine level, a significant inverse association with DR was found
in the T2D group (OR 0.95; 95% CI 0.91, 0.997; p = 0.036), which is in accordance with a
population-based study of patients with T2D [36]. In both this study and others [37,38],
the urine albumin-to-creatinine ratio showed a positive association with DR, similar to our
cohort of both T1D and T2D grouped together (OR 1.01; 95% CI1.003, 1.02; p = 0.008) but
also in the T2D group alone (OR 1.01; 95% CI 1.002, 1.02; p = 0.016).

T1D is a known risk factor for DR [39,40], and we also found three times higher OR
(OR 3.05; 95% C11.75, 5.32; p < 0.001) for DR in the T1D group compared to the T2D group.
It needs to be taken into consideration the small number of T1D patients in our study
cohort, which is a limitation of our study.

No significant association between DR and HT was found in our population; mean-
while, several other studies have found a positive association with HT [21,34,35,41]. Gender,
total plasma cholesterol, urine albumin, microalbuminuria, HT, SBT, DBT, MAP, smoking,
use of smokeless tobacco, alcohol, VA, IOP, BCVA and MOPP also did not show a significant
association with DR.

Three-quarters of the patients with T1D and one-tenth of the patients with T2D were
on insulin treatment. The three patients in the T1D group not on insulin treatment were two
newly diagnosed patients with LADA and one not newly diagnosed patient with MODY?3.
In other population-based studies [7,42], 17-18% of the patients with T2D were on insulin
treatment. The duration of the insulin treatment was the highest in the T1D group with
DR, and the median duration of the insulin treatment in this group was more than double
the time found in the T2D group with DR. In our pilot study, 67.8% used OAM, 4.4% were
on insulin and OAM treatment and 7.8% were on GLP analogues. Regarding the percent of
patients on GLP analogues, this is in accordance with a cohort study from the US, which
included over a million patients with DM [43].

Diabetic maculopathy was found in more than one-third of the eyes examined in the
T1D group and little over one-tenth of the eyes in the T2D group, with a total prevalence of
15%. The duration time of DM was 17 years in the T1D group with DR versus 11 years in the
T2D group with DR. This and the limited number of patients in the T1D group can, to some
extent, explain the impact on the divergent results obtained in the two groups. Compared
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to another cross-sectional study [44] of patients with T1D and T2D, the prevalence of
diabetic maculopathy was lower in our study. The population included in the other study
presented a longer duration of DM, patients and not eyes were observed, and the grading
protocol was different from ours, which surely can affect the results.

5. Conclusions

This pilot study provides valuable baseline screening information concerning a DM
population in the Oslo region, Norway. The results demonstrate a lack of ophthalmological
examinations and follow-up for a considerable number of patients. Among the patients
not newly diagnosed with DM, 62.8% had never had an eye exam; it was > 2 years since
the last eye exam for 68.8% of the patients who had a previous eye exam. Implementing a
systematic DR screening program is needed to better reach out to patients with DM and
improve their screening adherence, thereby provide timely and proper treatment.
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Abstract: Diabetic retinopathy (DR), a vision-threatening microvascular complication of diabetes
mellitus (DM), is a leading cause of blindness worldwide that requires early detection and inter-
vention. However, diagnosing DR early remains challenging due to the subtle nature of initial
pathological changes. This review explores developments in multimodal imaging and functional tests
for early DR detection. Where conventional color fundus photography is limited in the field of view
and resolution, advanced quantitative analysis of retinal vessel traits such as retinal microvascular
caliber, tortuosity, and fractal dimension (FD) can provide additional prognostic value. Optical
coherence tomography (OCT) has also emerged as a reliable structural imaging tool for assessing
retinal and choroidal neurodegenerative changes, which show potential as early DR biomarkers.
Optical coherence tomography angiography (OCTA) enables the evaluation of vascular perfusion
and the contours of the foveal avascular zone (FAZ), providing valuable insights into early retinal
and choroidal vascular changes. Functional tests, including multifocal electroretinography (mfERG),
visual evoked potential (VEP), multifocal pupillographic objective perimetry (mfPOP), microperime-
try, and contrast sensitivity (CS), offer complementary data on early functional deficits in DR. More
importantly, combining structural and functional imaging data may facilitate earlier detection of
DR and targeted management strategies based on disease progression. Artificial intelligence (AI)
techniques show promise for automated lesion detection, risk stratification, and biomarker discovery
from various imaging data. Additionally, hematological parameters, such as neutrophil-lymphocyte
ratio (NLR) and neutrophil extracellular traps (NETs), may be useful in predicting DR risk and
progression. Although current methods can detect early DR, there is still a need for further research
and development of reliable, cost-effective methods for large-scale screening and monitoring of
individuals with DM.

Keywords: diabetes mellitus; early diabetic retinopathy; diagnostic tests; optical coherence tomography;
optical coherence tomography angiography; combined measures; deep learning

1. Introduction

Diabetic retinopathy (DR) is a leading cause of preventable blindness globally, affect-
ing approximately one-third of patients with diabetes [1,2], with vision-related quality of
life (VRQoL) declining with the severity of DR [3]. A microvascular complication of both
type 1 and type 2 diabetes, DR is characterized by progressive retinal vascular abnormalities
and neurodegeneration [4] and disproportionately affects individuals in socioeconomi-
cally disadvantaged areas [5]. Multiple factors contribute to the onset of DR, including
chronic hyperglycemia, oxidative stress, inflammation, the complement system, and gut
microbiome. These processes lead to the development of various retinal lesions, such as
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microaneurysms, hemorrhages, hard exudates, cotton wool spots, and neovascularization.
However, the precise mechanistic pathway remains an area of active investigation [6-9].

DR can progress through distinct stages, ranging from mild non-proliferative DR
(NPDR) to more advanced proliferative DR (PDR), characterized by the abnormal growth
of new blood vessels on the retinal surface or into the vitreous cavity. Diabetic macular
edema (DME), a consequence of increased vascular permeability and fluid accumulation in
the macula, can occur at any stage and is a leading cause of vision loss among individuals
with DR [10]. The impact of DR extends beyond vision impairment, affecting individuals’
quality of life, productivity, and overall well-being. Studies have shown that DR is associ-
ated with an increased risk of cardiovascular diseases, cognitive decline, and premature
mortality [11,12].

Early detection and timely intervention are crucial in preventing the progression of DR
and reducing the risk of vision loss and systemic cascading complications [13]. However,
the initial stages of DR can be asymptomatic, making regular screening and comprehensive
eye examinations essential for individuals not only diagnosed with diabetes mellitus (DM)
but also those with euglycemic hyperinsulinemia or prediabetes/hyperglycemia [14-16].
A recent study, utilizing histological analysis and high-resolution in vivo imaging, demon-
strated that subclinical DR is characterized by numerous alterations. These include changes
in blood flow, vascular architecture, expression of contractile proteins, the function of
pericytes and endothelial cells, glial activity and density (including astrocytes, Miiller cells,
and microglia), neuronal function, retinal cell counts, layer thickness, and choroidal thick-
ness [17]. These collective subclinical changes likely contribute to the ultimate manifestation
of clinically evident DR. The first sign of clinical DR—formation of microaneurysms—may
represent a relatively late stage in the disease process. It is reasonable to deduce that the
onset of clinically detectable DR lesions is preceded by a cascade of subclinical pathological
events, underscoring the importance of identifying and monitoring these early alterations
for timely intervention.

The significance of early detection of DR is twofold. From the ophthalmologist’s
perspective, advanced imaging modalities allow for the identification of subtle retinal and
choroidal alterations at the earliest stages of the disease process. This knowledge guides
the development of therapeutic interventions targeting these initial pathological events,
enabling clinicians to promptly intervene and advise patients on stricter management of
controllable risk factors. From the patient’s perspective, convenient screening enables
regular examination and early detection of DR, empowering patients to take a proactive
role in managing their disease and preserving vision [18].

Advanced imaging and functional testing, combined with accurate risk stratification
and personalized treatment planning, can improve visual outcomes for individuals with
diabetes. This review synthesizes the latest advancements in multimodal imaging and
functional testing for DR detection while highlighting the value of monitoring subclinical
retinal alterations for early intervention.

The search strategy is as follows: Medline, Embase, and Google Scholar were searched
until 1 April 2024. The keywords used in the search were “diabetic retinopathy”, “predia-
betes/hyperglycemia”, and “early detection”. The reference lists of relevant reviews and
eligible articles identified from the electronic searches were manually examined to locate
any pertinent studies that were not included in the electronic databases. Furthermore,
the related articles cited in Google Scholar were also manually reviewed to identify any
potentially relevant studies that had not been retrieved by the initial search.

2. Fundus Photography and Image Analysis

The retinal vasculature presents a uniquely accessible “window” for studying human
microcirculation in vivo. Advancements in digital retinal photography and other imaging
techniques have facilitated the precise characterization of retinal vascular changes in large
populations. This non-invasive imaging approach has enabled researchers to investigate
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early retinal microvascular alterations as potential biomarkers for systemic microvascular
diseases [19-21].

2.1. Conventional Color Fundus Photography

Conventional color fundus photography, capturing a field of view between 20° and
50°, has long been the standard method for screening and evaluating DR. This technique
involves capturing images of the posterior retina using a tabletop fundus camera. In recent
years, the emergence of portable and user-friendly imaging devices has made it easier
to perform retinal screenings, particularly in remote or resource-limited settings [22,23].
The widespread availability of smartphones with advanced camera capabilities has led
to the development of mobile phone-based fundus imaging systems (Figure 1) [24-28].
These systems typically involve attaching a lens or adaptor to a smartphone camera and
transforming it into a portable fundus camera. This approach leverages the computational
power and connectivity of smartphones, enabling telemedicine applications where retinal
images can be captured and transmitted for remote evaluation by ophthalmologists or
artificial intelligence (AI) systems [29,30].
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focusing through the pupil. In propagating through the eye, the light becomes defocused, providing
even illumination at the retina. Polarization filters minimize unwanted reflections from anterior ocular
surfaces, enabling the smartphone to capture a clear image of the retina. (B) The compact optical
system and custom-control electronics fit inside a handheld enclosure. (C) Red LED illumination
of 655 nm peak emission is used for focusing on the retina, which is within the spectral range of
the iPhone camera but outside the peak photopic response of the eye. (D) A white LED with a
broad emission spectrum is flashed for recording images of the retina. LED spectra in (C,D) are
from respective datasheets; photopic response is from the CIE 1931 standard [31]; phone response is
approximate for a CMOS phone sensor. (E) Smartphone user interface enables (1) patient data capture,
(2) preview during focus/alignment with swipe gestures adjusting camera settings, and (3) exam
data review with pinch and swipe gestures for browsing stitched image montages. (F) Photos can be
uploaded directly from the smartphone to a cloud database allowing remote diagnosis with a web
interface. Reproduced with permission from Reference [24].

Up until now, color fundus photography remains a simple, accessible, and cost-
effective technique for examining the retinal fundus. However, it is important to note
that while the appearance of microaneurysms on color fundus photographs represents
an early clinical manifestation, advanced multimodal imaging techniques and functional
tests have revealed subclinical retinal alterations that occur long before the manifestation
of these minimal fundus lesions [13,32,33]. A comparison of retinal imaging modalities,
including their advantages, disadvantages, and key findings associated with early DR, are
summarized (Table 1) and explored in further detail below. It is crucial for ophthalmolo-
gists to acknowledge that even in the absence of visible lesions in fundus photography,
special attention is needed for high-risk diabetic patients with a disease duration exceeding
10 years. Alongside advising patients to undergo regular screening for potential complica-
tions, it is advisable to suggest auxiliary examinations for comprehensive evaluation and
monitoring [34].

Table 1. A summary table comparing the advantages, disadvantages, and key findings in early DR
for a variety of retinal imaging modalities.

Imaging Modality

Advantages

Disadvantages

Key Findings in Early DR

Conventional color
fundus photography

The standard for evaluating and
screening DR.

Widely available, cost-effective,
and easy to perform.
Recent smartphone-based fundus
imaging systems are low-cost
and portable.

Unable to detect subclinical
retinal alterations that occur
prior to the appearance of
microaneurysms.
Limited field of view
(between 20° and 50°), may
miss peripheral lesions and
requires pupil dilation.

Microaneurysms
Retinal hemorrhages
Macular edema
Retinal venular widening
Arteriolar tortuosity
Venular tortuosity
Decreased fractal dimension

Ultra-wide-field
fundus photography

Extensive view of periphery (up
to 200° in a single image),
allowing for assessment of
approximately 80% of retinal
surface area.

Enables detection of milder and
earlier forms of DR affecting
the periphery.

Some systems offer true-color
retinal images and artifact
mitigation, enabling higher
accuracy in detecting
microaneurysms and
retinal hemorrhages.

Higher cost and less readily
available in clinical settings.
May require specialized
training to operate and
interpret findings, particularly
in peripheral regions which
can appear distorted.

Peripheral retinal lesions and
ischemia, in addition to the above
findings seen in conventional
fundus photography.
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Table 1.

Cont.

Imaging Modality

Advantages

Disadvantages

Key Findings in Early DR

Fundus fluorescein
angiography (FFA)

Detailed visualization of blood
vessel abnormalities and leakage.

Invasive, potential allergic
reactions to dye, and requires
skilled interpretation.

Microaneurysms
Neovascularization (NV)
Areas of non-perfusion (NP)
Increased foveal avascular zone
(FAZ) area

Optical coherence
tomography (OCT)

High-resolution images of retinal
layers, non-invasive, and quick.
Provides quantitative
measurements of retinal thickness
and volume.

Detects subtle retinal changes at
early stages of the disease.

Higher cost and less
ubiquitous than color
fundus cameras.
Limited field of view and may
miss peripheral pathology.
May require specialized
training to interpret findings.

Faster rate of GC-IPL thinning
Decreased pRNFL thickness
Increased inner retinal reflectivity
Decreased choroidal vascular
index (CVI)
Decreased choroidal thickness
(ChT)

Macular edema
Intraretinal fluid or retinal
thickening due to fluid
accumulation

Optical coherence
tomography
angiography (OCTA)

Non-invasive, dye-free, and quick.

High-resolution, depth-resolved
angiographic images, including
better visualization of capillary
microvasculature compared
to FFA.

Provides a broader perspective of
the fundus and quantitative
features for assessing
disease severity.

Higher cost and
less ubiquitous.
Artifacts may affect
image quality.
Barriers to widespread
adoption include scan quality
and lack of standardization of
quantitative metrics between
different commercial
OCTA machines.

Decreased perfusion density of
the deep capillary complex (DCC)
Decreased mid-large choroidal
vessel thickness and
vessel density
Foveal avascular zone (increased
area, shape irregularity)
Areas of non-perfusion (NP)
Microaneurysms

Ultra-wide-field
swept-source OCTA
(SS-OCTA)

Extensive field of view, in
addition to traditional
OCTA advantages.

High cost, complex
technology, and
limited availability.

Early changes in vascular density
of the superficial and deep
vascular complexes in the

peripheral retina, in addition to
the above findings for OCTA.

2.2. Ultra-Wide-Field Fundus Photography

Recent advancements in fundus imaging enable physicians to capture a comprehen-

sive view of the retina, covering up to 200° in a single image [35]. Clarus™ (CLARUS
500™, Carl Zeiss Meditec AG, Jena, Germany) and Optos® (Optos California®, Optos PLC,
Dunfermline, UK) are currently the two most used ultra-wide-field (UWF) fundus imaging
systems. Although the reliability in detecting signs of early DR is high for both devices [36],
the Clarus™ system has demonstrated higher accuracy in detecting microaneurysms and
retinal hemorrhages due to its capability of providing true-color retinal images and mitigat-
ing artifacts caused by eyelids and eyelashes [37]. Diabetic eyes exhibiting visible lesions
exclusively in the periphery tend to present with a milder and earlier form of retinopathy
in comparison to those with visible lesions present in either the central retina or span-
ning both the central and peripheral retina [38]. Therefore, comprehensive visualization
and assessment of the peripheral retina are crucial for early detection, accurate severity
staging, and prediction of DR progression [39—41]. In clinical practice, pupillary dilation
and manual eyelid lifting have been reported to substantially increase the visible retinal
area during UWF fundus imaging, enhancing the detection of retinal hemorrhages and
microaneurysms [42]. To accurately detect early, subtle lesions, operators must pay close
attention to the technique used when capturing UWF fundus images.
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2.3. Advanced Fundus Image Analysis Techniques
2.3.1. Retinal Vascular Caliber

Pathophysiologic processes central to diabetes such as oxidative stress, endothelial
dysfunction, inflammation, and hypertension can cause subclinical alterations in microvas-
cular structure and perfusion. Abnormalities in retinal vessel caliber such as venular
widening and microaneurysms can, therefore, serve as promising biomarkers for diabetic
microvascular complications [43].

Wider retinal venular caliber has been correlated with an elevated risk of type 2 dia-
betes. In an extensive individual-level meta-analysis comprising 18,771 participants, retinal
venular caliber was positively associated with an increased risk of developing diabetes
over a median follow-up period of 10 years [21]. This correlation remained significant even
after adjusting for potential confounders, including age, race/ethnicity, smoking status,
body mass index (BMI), and hypertension, and was notably more pronounced in male
participants. There was no significant correlation between retinal arteriolar caliber and
incident type 2 diabetes [21]. In addition to predicting the risk of developing diabetes,
studies suggest that venular caliber is significantly wider among type 2 diabetics with DR
compared to non-DR [44]. However, the underlying mechanisms driving changes in retinal
venular caliber in diabetes are not fully understood. Experimental data suggest that insulin
resistance-induced microvascular dysfunction may prompt retinal venule dilation due to
inflammation [44,45]. Monitoring changes in retinal vascular caliber could aid in the early
detection of DR.

2.3.2. Tortuosity of Branch Retinal Artery

High glucose levels similarly precipitate changes in retinal vessel tortuosity. Increased
vessel tortuosity, prevalent in various diseases and aging, serves as a critical indicator of
retinal ischemia and DR progression [46]. Tortuosity reflects diabetes-induced hemody-
namic alterations, including disrupted blood flow and endothelial dysfunction, alongside
elevated vascular endothelial growth factor (VEGF) production.

Studies on the associations between retinal arteriolar tortuosity, venular tortuosity, and
DR are mixed. In a study of 224 type 1 and 2 diabetic patients, Sasongko et al. reported that
increased arteriolar tortuosity, not venular tortuosity, is associated with mild and moderate
stages of DR [46]. Conversely, Forster et al. reported that greater venular tortuosity alone is
associated with incident DR in adults with type 2 diabetes [47]. A recent study developed
a prediction model for DR among type 2 diabetics and found that while arteriolar and
venular tortuosity are both associated with DR, arteriolar tortuosity is significantly more
predictive of DR [48].

Fundus photography-based studies investigating vessel tortuosity have primarily
concentrated on the main retinal vessels, partly due to challenges in visualizing and
analyzing branch retinal vessels in fundus images. A recent study involving high-resolution
fundus images from diabetic patients across varying DR stages proposed that branch
retinal vessels may be more closely related to the onset and progression of DR than main
vessels [49]. Findings revealed a significant increase in branch artery tortuosity from no
DR to evident DR and with increasing DR severity. Thus, branch retinal artery tortuosity
appears to be a promising biomarker for early DR detection and precise evaluation, aiding
in effective DR management strategies.

2.3.3. Fractal Dimension

Fractal dimension (FD) quantifies the complexity or density of vascular patterns in
a two-dimensional space. It is more closely linked to microvascular than macrovascular
diseases [48]. In DR, disease progression is marked by the formation of non-perfusion
areas due to occluded microvasculature. This often leads to a simplified retinal vascular
pattern and a decreased FD. However, some studies have reported an increase in FD in DR,
highlighting the complexity of vascular changes throughout the disease’s progression [50].
From moderate non-proliferative to proliferative stages characterized by neovasculariza-
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tion, FD may vary significantly. Observational studies in younger individuals with type
1 diabetes have shown an association between lower FD and proliferative DR [51,52]. In
a prospective study of adults with type 2 diabetes, decreased FD at baseline was inde-
pendently associated with the development of DR over a 10-year follow-up, even when
accounting for other risk factors [47]. This was corroborated by a recent retrospective study,
which identified decreased FD as one of five predictive variables for DR among type 2
diabetic patients, suggesting a potential role in early detection and assessment of DR [48].

3. Structural Imaging: OCT and OCTA
3.1. Structural Changes in Early DR
3.1.1. Retinal Neurodegeneration

The ganglion cell-inner plexiform layer (GC-IPL) is a vital neural layer in the retina.
Changes detected in this layer can be indicative of neurodegeneration and can potentially
occur in patients with DM even before the development of DR. This may be due to damage
from chronically elevated blood sugar levels [53-55]. A 3-year longitudinal study confirmed
significantly faster rates of GC-IPL thinning in eyes that developed incident DR compared
to those that remained non-DR, although both groups showed decreased thickness [56].

Apart from the GC-IPL, the peripapillary retinal nerve fiber layer (pRNFL) and mac-
ular retinal nerve fiber layer (mRNFL) are other important retinal structural parameters
that need to be considered for early detection of DR [57-60]. More recently, Hafner et al.
reported a significant association between pRNFL but not mRNFL with parafoveal vessel
density detected by OCTA [55]. This finding corroborated the result reported by the EU-
ROCONDOR study, which demonstrated a strong correlation between narrower retinal
arteriolar caliber and thinning of the pRNFL, reflecting the close relationship between
microvascular abnormalities and neurodegeneration in the pathophysiology of diabetic
retinopathy [61]. Therefore, monitoring GC-IPL and pRNFL thickness changes may offer a
valuable window for early detection of DR.

3.1.2. Retinal Reflectivity

Structural OCT allows for quantitative assessment of retinal reflectivity, which holds
potential in early diagnosis and prognostication of various retinal diseases, including
DR [62,63]. Retinal reflectivity is a measure of the intensity of backscattered light from
retinal tissues that can provide insights into structural and compositional changes asso-
ciated with neurodegenerative processes and vascular impairment in early DR. Zhang
et al. reported that outer retinal reflectivity was significantly reduced in non-DR diabetic
patients when compared with normal controls, especially for the ellipsoid zone (EZ) [64].
Concurrently, other researchers investigated the role of inner retinal reflectivity. In a study
conducted by Cetin et al. [65], diabetic patients without clinically evident DR exhibited a
significant correlation between ganglion cell layer reflectivity and the extent of pericentral
retinal thinning over time. Notably, this retinal thinning was more pronounced in the inner
retinal layers, which comprise the ganglion cell and inner plexiform layers. However, a
notable limitation of retinal reflectivity is the requirement for post-acquisition processing
and analysis using third-party software (i.e., Image], https://imagej.net/ij/). OCT images
must be exported and imported into specialized software for quantitative analysis of reflec-
tivity patterns, which can be time-consuming and impractical in clinical settings. If this
functionality is integrated into commercial OCT devices in the future, it could streamline
clinical applications.

3.1.3. Choroidal Vessel Index and Choroidal Thickness

Studies indicate that choroidal vascular index (CVI) and choroidal thickness (ChT)
can be used to quantitatively assess changes in the structure and blood flow of the choroid,
potentially serving as early biomarkers and severity indicators of DR [66-68]. Three
studies with ultra-wide-field swept-source OCT (S5-OCT) revealed that diabetic patients
exhibited significantly lower values of CVI and ChT compared to healthy individuals,
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with the difference being more pronounced in patients with early-stage DR than in those
without clinical DR. Of note, the peripheral choroidal capillaries are more susceptible to
the early microvascular insults induced by DM than the central choroidal region [69-71].
The observed reduction in choroidal vascularity and thinning of the choroid may precede
clinically detectable retinal vascular changes.

Eyes that develop incident DR show significantly faster rates of ChT thinning com-
pared to those that remain non-DR [56]. Remarkably, the peripheral choroidal alterations
appear more pronounced than changes in the posterior pole during the early stages of DR.
This discrepancy may represent a compensatory mechanism, wherein the choroid attempts
to maintain adequate blood supply to the metabolically demanding posterior pole retina
by redistributing flow from the periphery. These findings underscore the importance of
closely monitoring peripheral choroidal changes, as they may serve as early indicators of
the deleterious effects of diabetes on the choroidal-retinal complex.

3.2. Vascular Changes in Early DR

In contrast to fundus fluorescein angiography (FFA), which necessitates intravenous
injection of a contrast agent, OCTA is a non-invasive, dye-free, three-dimensional imaging
technique [72]. It not only allows visualization of capillaries across all retinal layers but
also provides a broader perspective of the fundus, facilitating comprehensive examination
and quantitative analysis [73]. Researchers have conducted numerous studies validating
OCTA's ability to detect early signs of microvascular alterations. Additionally, it provides a
quantitative assessment of disease severity, including conditions like DR and its associated
complications [74-76]. Recently, a meta-analysis suggests retinal microvascular damage
may precede clinical DR and can be detected early using OCTA [33].

3.2.1. Retinal and Choroidal Vascular Density and Perfusion

A study focused on retinal perfusion reported that the perfusion density of the deep
capillary complex (DCC) was notably reduced in patients with diabetes, even in the
absence of clinically detectable DR. Remarkably, the retinal capillary network outside the
parafoveal region exhibited greater susceptibility to capillary perfusion deficits compared
to the capillaries close to the fovea [77]. Investigating images of 12 mm X 12 mm scanning
area obtained by swept-source OCTA (55-OCTA), Qi and colleagues’ study unveiled
that structural and blood flow alterations in the choroid manifested before the onset of
DR and preceded changes in the retinal microcirculation [78]. Of note, their findings
highlighted that mid-large choroidal vessel thickness and density were more sensitive
imaging biomarkers for the early clinical detection of DR compared to retinal vascular
changes. Interestingly, the choriocapillaris remained unaffected in the pre-clinical and
early stages of DR [78], possibly due to the necessity for compensatory blood supply. This
finding was corroborated by results from another study [79]. These results suggest that
parameters of choroidal blood vessels could serve as earlier indicators of diabetic fundus
changes, potentially enabling more timely detection and intervention before retinal vascular
complications arise.

While the aforementioned studies highlight that the choriocapillaris remains unaf-
fected in the pre-clinical and early stages of DR, choriocapillaris perfusion metrics (quantita-
tive flow deficit density, number, and size) in the macula from another study were reported
to independently correspond to the severity of DR [80]. This suggests that although the
choriocapillaris may not exhibit observable changes in the initial stages, its perfusion char-
acteristics could serve as valuable biomarkers for evaluating the progression and severity
of DR. Moreover, two studies reported a significant decrease in choriocapillaris perfusion of
the central macular region (3 mm x 3 mm or 6 mm x 6 mm) in diabetic patients without DR
when compared to age-matched non-diabetic controls. This reduction in choriocapillaris
perfusion was observed despite an absence of detectable changes in macular retinal vessel
parameters [81,82]. These findings suggest that decreased choriocapillaris perfusion in
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the macular region may serve as an early indicator of diabetic vasculopathy, potentially
preceding clinically apparent retinal vascular alterations.

3.2.2. Ultra-Wide-Field SS-OCTA for Vascular Analysis

The TowardPi SS-OCT/OCTA commercial system (Medical Technology, Beijing, China)
is a cutting-edge, high-resolution, and wide-field tomographic and angiography imaging
platform [83]. Boasting an impressive A-scan rate of 400 KHz and an axial scan depth of
6 mm, this advanced system offers unprecedented capabilities. Remarkably, it can acquire
wide-field tomography spanning 24 mm and comprehensive angiography information
covering an extensive 24 x 20 mm area in a single rapid capture, taking only about
15 s (Figure 2). This innovative system combines high-speed imaging with an extensive
field of view, enabling comprehensive and efficient examination of retinal and choroidal
structures [84,85].

Figure 2. Ultra-wide-field swept-source optical coherence tomography angiography (SS-OCTA)
imaging systems in a normal eye (A) and in a case of proliferative diabetic retinopathy (B). The
triangles highlight areas of non-perfusion, while the arrows indicate the presence of retinal neovascu-
larization. (Images courtesy of Dr. Jialiang Duan, The Second Hospital of Hebei Medical University,
Shijiazhuang, Hebei, China).

An observational study demonstrated that the average vascular density (VD) of the
superficial vascular complex (SVC) across all observed areas was significantly lower in DR
eyes compared to normal controls [86]. However, only the most peripheral area (16-21 mm)
exhibited a significant decrease in VD for the DM group relative to healthy individuals,
with a good receiver operating characteristic (ROC) curve value (0.8353) to predict DR.
The average VD of the deep vascular complex (DVC) in the outermost peripheral area
(16-21 mm) was significantly reduced in the DM group compared to the normal controls.
Surprisingly, no significant changes were observed in the thicknesses of the SVC or DVC
nourishing segments in the peripheral retina. These findings suggest that alterations in
peripheral choroidal blood flow, as reflected by vascular density changes, may serve as
a more sensitive indicator for early detection of diabetic fundus changes than thickness
measurements alone.

3.2.3. Foveal Avascular Zone

The foveal avascular zone (FAZ) is a specialized, capillary-free region at the center of
the macula, which is essential for preserving high visual acuity. It appears as a circular
or slightly oval-shaped area devoid of retinal vasculature. OCTA enables detailed, non-
invasive visualization and quantitative analysis of the FAZ’s size, perimeter, shape, and
vascular density, facilitating early detection and monitoring of macular disorders affecting
this critical area [74,87]. Although FAZ size can exhibit great inter-person variability among
normal individuals (Figure 3) [88,89], longitudinal follow-up and monitoring of FAZ
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dimensions through OCTA may prove valuable in detecting and tracking the progression
of DR [90,91]. By contrast, the FAZ circularity index serves as a relatively stable parameter
that reflects the regularity of the FAZ shape [92,93], with a mean value of 1.12 to 1.32 in
normal subjects [93,94]. With the progression of DR severity, the FAZ is recognized to
exhibit increased tortuosity or irregularity in its shape [94]. This alteration in FAZ contour
is attributed to localized capillary dropout at various points along its perimeter, resulting in
an expanded and less circular outline. The change in the FAZ circularity index may serve
as a valuable biomarker for monitoring the progression and severity of DR, especially in
instances where longitudinal data are unavailable.

Figure 3. High inter-person variability among normal individuals in the foveal avascular zone (FAZ).

(A) A woman with a spherical equivalent of +0.75 diopters and an axial length of 24.01 mm exhibited
a FAZ area of 0.070 mm?. (B) A man with a spherical equivalent of —3.50 diopters and an axial length

of 23.97 mm showcased a notably larger FAZ area, measuring 0.671 mm?.

4. Functional Tests
4.1. Multifocal Electroretinogram (mERG)

Multifocal electroretinography (mfERG) has been widely used to evaluate the retinal
function of the macula. DR is largely caused by defects of the retinal deep capillary plexus
in the inner nuclear layer, where the cell bodies of bipolar cells are located. It has been
documented that the primary generators of mfERG are on and off bipolar cells [95]. Thus,
mfERG is well suited for the study of DR. By precisely mapping localized retinal responses,
mfERG can detect early neurodegenerative alterations associated with DR, even before
clinically evident vascular lesions appear. By utilizing electroretinography (ERG), some
studies have demonstrated that retinal dysfunction can be detected in children with DM
without visual impairment or clinically evident DR [96,97]. Their findings suggest that
hyperglycemia can induce neurodegenerative changes in the retina during the early stages
of type 1 DM, even before the onset of overt vascular lesions or visual symptoms. These
results highlight the potential of ERG or mfERG as sensitive functional tests for detecting
subclinical retinal neurodegeneration, which may precede the microvascular complications
of DR.

Recent mfERG studies have found that both reduced amplitudes and response delays
are present in DM patients with or without clinical DR. Additionally, the degree of mfERG
implicit time delays appears to be directly related to the severity of DR, and the locations
of abnormal implicit times spatially align with anatomical abnormalities in the macula [98].
The areas of the retina that appeared visually normal in clinical examinations but exhibited
functional abnormalities showed overall stability. However, after a one-year follow-up,
these areas were found to be more susceptible to the development of microaneurysms
compared to zones with a normal baseline implicit time [99]. In short, mfERG can be a
valuable monitoring tool and effectively identify early abnormalities of the retina in DM
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patients without or with early stages of DR [100-102]. Notably, a mfERG study suggested
that males may be more vulnerable to the neurodegenerative changes that preceded the
development of background diabetic retinopathy in type 2 diabetes, compared to their
female counterparts [103].

4.2. Microperimetry

Microperimetry (MP) is a visual function test that maps light sensitivity across the
retina. Participants actively report their perception of light stimuli presented at various
locations, generating a detailed decibel (dB) map of retinal function. Unlike other functional
tests like electroretinography and standard perimetry, MP’s ability to register the fundus
allows for correlations between functional changes (light sensitivity) and the underlying
retinal structure [104]. MP-3, the state-of-the-art model of fundus microperimetry, boasts a
wider range of measurable parameters and eye tracking system. Early detection of DR can
benefit from measuring retinal sensitivity, as documented in many studies [105]. It can re-
veal subtle declines in retinal sensitivity, even before structural changes are visible through
ophthalmoscopy or OCT/OCTA. While the full implications of this finding are still being
debated, microperimetry appears valuable for identifying early functional impairment
in the diabetic retina. This technique excels at mapping the point-to-point relationship
between retinal structure and function.

4.3. Multifocal Pupillographic Objective Perimetry

Multifocal pupillographic objective perimetry (mfPOP) is a rapid and objective visual
field test that measures how pupils react to multiple light stimuli flashed simultaneously.
This response can help track retinal dysfunction in diabetic patients, potentially reflecting
the severity of underlying blood vessel damage in the retina [32,106,107]. Compared
with subjective automated perimetry (SAP), Sabeti et al. found significant differences
between the non-proliferative diabetic retinopathy for ObjectiveFIELD Analyzer (OFA;
Konan Medical USA, Irvine, CA) mean defects (MDs) and pattern standard deviations
(PSDs), but not for SAP MDs or PSDs [108].

4.4. Contrast Sensitivity

Contrast sensitivity (CS) goes beyond just detecting light intensity differences, pro-
viding a more comprehensive assessment of spatial vision. Research has shown it to be
associated with overall health function [109]. Recently, Silva-Viguera et al. conducted a sys-
tematic review including a total of 21 studies published between 2010 and 2021 to evaluate
whether CS assessment in patients with type 1 or type 2 diabetes could be a reliable test in
early detection of DR [110]. The study concluded that individuals with DR exhibited a sub-
stantial reduction in CS across a wide range of spatial frequencies. The findings have been
supported by recent research publications, which echo similar conclusions [111-113]. While
some diabetic patients without clinically evident DR may also demonstrate decreased CS,
this effect was less consistent, and the affected frequencies varied. These changes in visual
function suggest that retinal neuronal damage may precede overt vascular lesions in DR,
potentially enabling early detection through CS testing. However, longitudinal studies are
warranted to establish CS as a reliable biomarker for predicting DR onset and progression,
strengthening evidence for its application in early screening and monitoring [112].

4.5. Visual Evoked Potential Test

The visual evoked potential (VEP) test offers a functional assessment of the integrity
of the optic nerve. Using the pattern-reversal VEP (PRVEP) test, the technique showing
less variability in timing and waveform, El-Tawab et al. found a significant delay in P100
latencies of the patients with pre-clinical DR when compared with normal controls [114].
The findings indicated retinal ganglion cell dysfunction and demyelinating changes in
the optic nerve pathway, which are consequences of microvascular insults caused by the
hyperglycemic state in diabetes [115]. Although the VEP test is not routinely used for DR,
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it can be considered for early detection of DR in patients who are negative in other tests
but need to rule out whether there is retinal dysfunction.

4.6. Retinal Vessel Reactivity

In current clinical practice, two stimuli prompt responses from retinal blood vessels,
facilitating the assessment of vascular function: flicker light and gas perturbation. The
Dynamic Vessel Analyzer (DVA, Imedos, Jena, Germany) is a commercially available
system comprising a fundus camera and a video unit connected to a computer. This
setup facilitates uninterrupted recording of the retina throughout the examination, with
specialized software monitoring changes in retinal vessel diameter in real-time in response
to diffuse luminance flicker [116]. It has been reported that prediabetic and diabetic
individuals without DR exhibit significantly attenuated peak vasodilator responses and
relative amplitude changes in retinal vein and artery diameters in response to the flickering
light stimulus compared to healthy controls [117]. Further studies have demonstrated that
the responses of retinal arterioles and venules to flickering light are diminished in subjects
with DR, and this reduction progresses with more severe stages of DR [118]. Another
prospective study unveiled that decreased dilatory responses of retinal arterioles and
venules to flickering light are linked to a greater probability of DR progression within
one year among adult patients with DM [119]. These findings may indicate endothelial
dysfunction or disrupted neuro-regulation of retinal vascular tone in eyes affected by DM
or DR, despite limited reports of negative results [120].

The other approach for evaluating retinal vascular responses is gas perturbation
experiments that involve modifying the partial pressures of CO; and O, (PCO, and PO;)
within the bloodstream. The alterations in retinal microvascular blood flow signals can be
captured by OCTA. Safi et al. assessed the retinal vascular response to hyperoxia in patients
with diabetes at the pre-clinical stage of DR and compared it with normal controls. They
found that impaired retinal vascular reactivity was apparent at this stage, with disturbances
in the autoregulatory mechanism particularly pronounced in the parafoveal DCP [121].
This finding further underscored that the DCP experiences more severe microvascular
damage than the SCP in patients with DM or DR at the early stage [122]. In another study
on patients with mild to severe DR, findings revealed impaired retinal capillary reactivity
across the full retinal layer to both hyperoxia and hypercapnia among individuals with DM
in comparison to healthy controls [123]. However, the clinical practicality of this method is
limited, and it may serve as a supplementary approach.

5. Combining Structural and Functional Data

Vascular and neurodegenerative changes occur early in the DR disease process, causing
loss of function and cell death among retinal ganglion cells, with consequent GC-IPL and
RNFL thinning. Numerous studies have looked at the integration of multimodal imaging
data to elucidate the pathophysiologic relationship between retinal neurodegenerative
and vascular changes prior to the appearance of DR. Emerging evidence points to early
neuronal damage as a precursor to clinically visible retinopathy changes. Combining
structural and functional imaging data may facilitate earlier detection of DR and targeted
management strategies based on disease progression.

In a recent study, Boned-Murillo et al. examined patient eyes with type 2 diabetes using
SS-OCT and microperimetry, correlating macular Early Treatment Diabetic Retinopathy
Study (ETDRS) grid areas with corresponding microperimetry points [124]. Total retinal
thinning was found at the parafoveal ring, with a reduction in both ganglion cell layer
(GCL) and inner plexiform layer (IPL) thickness, suggesting ganglion cells have increased
susceptibility to neurodegenerative and vascular effects in DM patients. Additionally, both
mRNFL thickness and retinal sensitivity were decreased in patients with moderate DR with
no DME. In particular, the RNFL thickness was significantly lower in the outer nasal area
in ganglion cells and IPL among T2DM patients. While retinal sensitivity was correlated
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with RNFL thickness, there was no correlation between retinal sensitivity and thickness of
the GCL combined with the IPL.

Topographic quantification of macular function using microperimetry has also shown
utility in assessing mild DR, with studies successfully detecting functional impairment [125].
In mild DR eyes, studies suggest that mesopic macular dysfunction may be present with a
preserved outer retinal thickness and a strong relationship between macular perfusion and
photoreceptor function.

Several studies have also examined the relationship between OCTA-measured blood
flow channels and functional parameters [126-128]. In a prospective observational study,
Tsai et al. applied OCTA and microperimetry to examine the relationship between peri-
foveal vessel densities, FAZ areas, and retinal sensitivity in diabetic patients [126]. They
found deep perifoveal vessel density was inversely correlated with the severity of DR
and directly correlated with retinal sensitivity. Meanwhile, the superficial FAZ area was
inversely correlated with retinal sensitivity. Further building on this, Levine et al. registered
OCTA images with microperimetry of eyes stratified by severity of DR to quantitatively
demonstrate a point-wise structure—function relationship between vessel density obtained
from OCTA and retinal sensitivity in global and zonal spatial scales in the parafovea [128].
Notably, the study identified local regions of retinal flow impairments that were only
evident in advanced DR and were most often accompanied by regions of functional loss,
but not vice versa.

This suggests that local ischemia may not be the initial cause of retinal dysfunction
in DR, but rather supports the neurodegenerative theory of DR. The neurodegenerative
theory posits that DR primarily affects retinal neurons and the reaction of these retinal
neurons to microenvironment stressors is responsible for vascular complications. This
operates in contrast with the classic hypothesis of DR as primarily a retinal vascular
disorder with pathogenesis rooted in glycosylation-induced microvascular damage that
leads to ischemic neuronal injury. Significant research has been published suggesting both
neurodegeneration and glial dysfunction precede microvascular changes in DR. Studies
using mfERG to assess neuroglial dysfunction have shown an increase in implicit time is
predictive for the development of visible vascular abnormalities over 1-year and 3-year
periods [129,130].

Alterations in neuronal function measured by mfERG similarly precede clinical mani-
festation of structural changes in the ganglion cell complex and retinal vascular changes in
prediabetics. Studies show a significant decrease in mfERG amplitude but no significant
increase in implicit time among prediabetics [131,132]. This is partially corroborated by
the EUROCONDOR study where mfERG P1 amplitude was seen to be more sensitive than
the P1 implicit time [133]. Combining OCTA with mfERG data, Zagst et al. showed a
significant positive correlation between FAZ area and mfERG amplitude [132].

Another study by Srinivasan et al. aimed to determine structural and functional
differences between eyes with and without NPDR using OCTA and mfERG [100]. The group
with mild or moderate NPDR had no statistically significant structural differences from
those without DR. However, participants with mild to moderate NDPR had significantly
lower mfERG implicit times and response densities in rings five and six, suggestive of
abnormal neuronal function. In eyes without DR, lower macular vessel density and
perfusion almost always corresponded to delayed implicit times and lower response
densities. However, these correlations were not significant in the NDPR group, suggesting
that other structural and functional correlates could exist in retinas with NPDR. These
findings were expanded upon in a study by Santos et al. that more granularly stratified the
NDR group and compared them to healthy controls [133]. DR was correlated with higher
implicit times of mfERG rings 3—-6 and lower response density. Structurally, diabetic patients
with ETDRS <20 had significantly thinner GC-IPLs compared to non-diabetics. However, in
retinas with ETDRS levels between 20 and 35, there was no significant relationship between
GC-IPL thickness and ETDRS level.
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6. Applications of Artificial Intelligence in DR Detection

Artificial intelligence (Al) such as deep learning (DL) algorithms can be trained on
large datasets of retinal images labeled by ophthalmologists to provide automated DR
diagnosis or risk assessment. Current applications of Al demonstrate remarkable sensi-
tivity and specificity in detecting referable DR from retinal fundus photographs [134,135]
and show the potential to help efficiently triage patients, optimize resource allocation,
and reduce the burden on healthcare systems. A recent meta-analysis of 21 prospective
studies investigating diagnostic performance of Al algorithms for DR showed a pooled
sensitivity of 88% (87.5-88.4%), pooled specificity of 91.2% (99-91.3%), AUC of 0.98, and
pooled diagnostic odds ratio of 206.80 (124.82-342.63) [136]. Higher quality studies in
the analysis demonstrated less heterogeneity in performance. Studies with higher image
quality, greater number of included eyes, patient sourcing from healthcare facilities, and
high population representativeness yielded higher diagnostic efficacy. The integration of
Al-based automated tools offers substantial benefits including reduced screening costs,
improved accessibility to healthcare services, and facilitation of earlier interventions and
treatments [137].

6.1. Milestones and Market Approvals for Al Algorithms

Historical milestones for applications of Al in DR include the 2016 Google deep learn-
ing DR validation study by Gulshan et al., which presented a deep convolutional neural
network (CNN) trained on a vast dataset of 128,175 fundus photos to detect referable
DR, defined as moderate or worse DR or referable DME [138]. In this retrospective study,
photos were acquired in the US and three eye hospitals in India using a variety of cameras.
Compared to the reference standard grading determined by a panel of US board-certified
ophthalmologists, the DL model demonstrated sensitivities greater than 96% and speci-
ficities greater than 93% for detection of referable diabetic retinopathy. Concomitantly,
Gargeya et al. developed a customized CNN for detecting DR and validated it against a
larger dataset of color fundus photos from multiple independent sources, emphasizing
the generalizability of their model. In addition to showing comparable sensitivity and
specificity for the detection of referable DR, Gargeya et al. demonstrated the utility of a
DL algorithm to detect mild DR, with sensitivities ranging from 74-90% and specificities
ranging from 80-94% [139].

In 2018, the US Food and Drug Administration (FDA) approved IDx-DR (now re-
branded as LumineticsCore), the first Al-powered medical device for analyzing retinal
images in primary care settings for DR screening. In a multi-center pivotal trial for IDx-DR,
Abramoff et al. prospectively enrolled 900 diabetic adult participants without a prior
diagnosis of DR and acquired two-field retinal fundus photos centered on the disc and
macula, using a Topcon TRC-NW400 camera (Topcon, Tokyo, Japan) [140]. Compared to
the reference standard of experienced human graders using the ETDRS severity scale, the
IDx-DR algorithm demonstrated a sensitivity of 87% and specificity of 91% for detecting
more than mild DR (mtmDR), defined as ETDRS > 35.

To date, three Al algorithms for DR screening have been approved by the FDA:
LumineticsCore (formerly known as IDx-DR), EyeArt, and AEYE-DS. Since its approval
in 2018, the LumineticsCore algorithm has been improved to read previously ungradable
images with higher processing speeds. EyeArt, a deep learning algorithm developed
by Eyenuk and first FDA-cleared in 2020, was similarly designed to screen patients for
referable DR based on the ETDRS standard (>35) using two-field color fundus photos. In a
US multi-center pivotal trial, EyeArt applied the same protocol implemented by authors
of IDx-DR to show 96% sensitivity and 88% specificity for detecting mtmDR [141]. Most
recently, AEYE-DS, an algorithm created by AEYE Health, received FDA clearance in
April 2024 as the first fully autonomous Al algorithm that diagnoses referable diabetic
retinopathy from retinal images taken by a handheld camera. While the details of the
pivotal studies have yet to be published as scientific manuscripts, in a recent press release
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AEYE-DS was reported to have achieved sensitivities ranging from 92-93% and specificities
between 89-94%, across two large-scale prospective phase 3 studies.

Several Al-based algorithms and devices have received class Ila approval in the
European Union (EU), including LumineticsCore, EyeArt, RetmarkerDR by Retmarker,
SELENA+ by eyRIS, Automated Retinal Disease Assessment (ARDA) by Verily Life Sciences
LLC, Medios Al by Remidio, OphtAl by Evolucare, VUNO Med-Fundus Al by VUNO Inc.,
and RetCAD by Thirona (Table 2) [142,143].

Table 2. Ophthalmology Al devices approved for DR screening in the US and EU (class II, CE mark).

Model Approval Year Target Disease Company Markets Available
RetmarkerDR 2010 DR, AMD Retmarker SA, EU
Taveiro, Portugal
Automated Retinal
Disease Assessment 2016 Referable DR Mountfi?lo\g/ileesz;LCC A USA EU
(ARDA) =
LumineticsCore Digital
( iously IDx-DR) 2018 Referable DR, DME Diagnostics Inc., US, EU
previousty Coralville, 1A, USA
Referable DR, DME, Evolucare/ADCIS,
OphtAl 2019 AMD, glaucoma Villers-Bretonneux, France EU
SELENA+ 2019, 2020 Referable DR, AMD, EyRIS Pte Ltd, EU, Singapore
glaucoma Singapore
Referable DR, AMD, Eyenuk, Inc.,
EyeArt 2015, 2020 glaucoma Woodland Hills, CA, USA US, EU
VUNO Med-Fundus AI 2020 Referable DR, AMD, VUNO Inc,, EU, Korea, Singapore
glaucoma Seoul, Korea
RetCAD 2022 Referable DR, AMD Thirona Retina BY, EU
Nijmegen, Netherlands
Remidio Innovative Solutions
Medios Al 2023 Refgjblfnz& PvtLtd., EU
glauco Karnataka, India
AEYE-DS 2024 Referable DR AEYE Health, Inc, Us

New York, NY, USA

6.2. OCT/OCTA-Trained Al Algorithms

While the majority of DR screening algorithms have been developed for color fun-
dus photos, recent studies have explored training Al algorithms on OCT and/or OCTA
images [144,145], or UWF OCTA images [146]. Compared to fundus photography, OCTA
has only recently been introduced into clinical eye care over the last 10 years and the
availability of large, publicly available datasets remains relatively limited. However, given
DR’s nature as a retinal microvascular disease, OCTA’s detailed microvascular insights
significantly enhance diagnosis, particularly through metrics like the FAZ area and macular
capillary density, which correlate with DR pathophysiology. OCTA’s advantages over
fluorescein angiography, such as its ability to image both deep and superficial vascular
plexuses, non-invasiveness, ease of use, and compatibility with existing OCT platforms,
make it an invaluable complement to standard OCT.

In a single-center, cross-sectional study based in South Korea, Ryu et al. developed
a fully automated CNN-based classification algorithm that detects the onset of DR and
referable status using raw OCTA images. Their model was able to detect early DR with
an accuracy of 90-95%, sensitivity of 91-98%, and specificity of 85-93%, comparable to
previously reported CNN models utilizing fundus photographs with fewer than 250 sam-
ples [147]. The study also explored the algorithm’s performance across various image
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sizes and retinal slabs to pinpoint optimal configurations for DR classification, finding the
end-to-end CNN classifier surpassed traditional machine learning approaches that relied
on extracted local features from OCTA images. Another study achieved robust model
performance by not only including the raw OCTA images but also extracting a binary map
of the segmented retinal vascular network from OCTA images and calculating a distance
map of blood vessels as additional processed inputs for the CNN model [148].

Sandhu et al. developed a novel machine learning algorithm for diagnosing and
grading NPDR by integrating OCT and OCTA imaging data with basic clinical and de-
mographic information from 111 patients [149]. Three pathophysiologic features were
extracted from each layer on OCT: reflectivity, curvature, and thickness; four features were
extracted from each OCTA plexus: blood vessel caliber, vessel density, size of FAZ, and
the number of bifurcation and crossover points. Combined with clinical data, these seven
image features were fed into a two-stage random forest classifier, which first determined
the presence of DR and subsequently classified the severity of NPDR with 96% accuracy,
100% sensitivity, and 94% specificity. The model outperformed machine learning models
trained on OCT or OCTA images alone, demonstrating the utility of combining OCT and
OCTA imaging with patient data to improve the detection and classification of NPDR.
As OCT technology becomes more ubiquitous, there may be significant potential for its
application in DR screening.

6.3. Potential Risks and Limitations

A significant risk of Al models is the potential for bias. This can come in the form of
data sampling and representation bias, where non-random sampling produces datasets that
do not represent the diversity of the population. As a result, a model trained on a biased
dataset may not generalize to data collected from a new population, performing poorly
for certain subgroups [150]. For example, an algorithm trained predominantly on retinal
images of a subgroup with lighter skin pigmentation and lower retinal pigment scores may
not accurately diagnose retinal disease in individuals with darker skin pigmentation and
higher retinal pigment scores [151]. Additionally, there is also potential for algorithmic
bias, where bias is not present in the input data and is added purely by the algorithm.
Bias can exacerbate existing healthcare disparities, particularly affecting under-represented
and marginalized populations. To mitigate this risk, developers must ensure that training
datasets are diverse and representative of the broader population.

The quality and variability of data used to train Al algorithms also pose significant
challenges. Retinal images can vary widely based on the equipment used, the skill of
the operator, and the conditions under which the images are taken. Variations in image
quality can impact the performance of Al systems, potentially leading to false positives or
negatives. Ensuring consistent, high-quality data for training and validation is essential
but challenging in diverse clinical environments. Standardizing imaging protocols and
using high-quality datasets can help improve the robustness of Al systems.

6.4. Practical Implementation Challenges
6.4.1. Integration into Clinical Workflows

Despite the proven accuracy and reliability of DL systems in detecting various ocular
diseases, their integration into clinical practice faces hurdles, primarily due to concerns
over the systems’ interpretability and complexity. Efforts to improve neural network vi-
sualization techniques have progressed, offering insights into decision-making aspects
of Al although inconsistencies among visualization methods exist. Healthcare providers
must ensure that these technologies complement rather than disrupt current practices. This
requires a careful redesign of workflows to incorporate Al screening processes without
overburdening healthcare professionals or causing delays in patient care. Medical profes-
sionals also need to be trained to use new Al systems, interpret the results, and understand
the limitations of Al-based diagnostics. Addressing these concerns through comprehensive
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training programs and demonstrating the efficacy of Al systems through pilot projects and
case studies can help mitigate resistance and build trust among healthcare providers.

6.4.2. Cost-Effectiveness

The initial cost of Al-based DR screening systems is another significant barrier. Al-
though Al technologies can reduce long-term healthcare costs by enabling early detection
and intervention, the upfront investment is substantial. This includes the cost of pur-
chasing high-quality retinal imaging equipment, software licenses, and the necessary IT
infrastructure to support Al applications.

An economic modeling study in Singapore suggested that the incorporation of an
Al algorithm as an assistive tool in a large-scale DR screening program is associated with
significant cost savings [152]. Using a decision tree model, the study compared traditional
human assessment with two deep learning approaches: a semi-automated DL model as a
triage filter before secondary human assessment, and a fully automated DL model without
human assessment. From the health system perspective, the semi-automated screening
model was the least expensive of the three models, costing USD 62 per patient per year,
generating 19.5% in cost savings compared to the human assessment model.

Other economic modeling studies have reported that the implementation of automated
systems for DR screening generates cost savings between 12% and 23.3% in the UK and
US [153,154]. In a study analyzing the cost-effectiveness of Al for DR detection in rural
China, where patients have limited access to skilled ophthalmologists, Al screening was
determined to be cost-effective.

6.4.3. Infrastructure and Access

One of the foremost challenges in implementing Al for DR screening is the lack
of necessary infrastructure, particularly in low-resource settings. High-quality retinal
cameras, which are essential for capturing the detailed images required by Al algorithms,
are often expensive and not readily available in these areas. These costs may be prohibitive,
making it challenging to justify the investment despite the potential long-term benefits.
Additionally, some low-resource settings lack reliable internet access, which is critical for
cloud-based Al systems that require data transmission to central servers for analysis. In
many low-resource settings, healthcare disparities already exist, and the introduction of
advanced technologies risks widening these gaps if not implemented thoughtfully. Efforts
must be made to ensure that Al-based screening programs are accessible to all patients,
regardless of socioeconomic status or geographic location. This may involve subsidizing
costs, providing mobile screening units, and developing user-friendly technologies that do
not require extensive training or infrastructure.

Recent advancements include the integration of Al algorithms with smartphone-based
imaging, facilitating reliable DR screening even in remote areas with high sensitivity and
specificity (Tables 3 and 4) [28,155]. Multiple studies, including that by Tomic et al., have
validated the effectiveness of hand-held cameras and Al grading systems in DR screening,
demonstrating accuracy comparable to traditional clinical examinations [30,156]. However,
significant sources of heterogeneity in diagnostic efficacy include variable experience levels
of the camera operator, rates of ungradable images due to the inclusion of poor-quality
images or media opacity-causing diseases, undilated patients, and overfitting due to
small sample sizes. Smart-phone-based imaging presents transformative potential for DR
screening, especially in resource-limited settings, by enabling efficient and accurate early
detection and facilitating timely referral for treatment.
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Table 3. Patient level sensitivity and specificity of all three graders as derived using a standard
2 x 2 matrix and Wilson confidence intervals. Reproduced with permission from Reference [28].

Grader Diagnosis RWDR No RWDR Sensitivity (95% CI) Specificity (95% CI)
Grader 1
RWDR 52 8
96.3% (86.2, 99.4) 42.9% (18.8, 70.4)
No RWDR 2 6
Grader 2
RWDR 49 7
92.5% (80.9, 97.6) 50.0% (24.0, 76.0)
No RWDR 4 7
EyeArt® Al eye screening system
RWDR 47 3
87.0% (74.5,94.2) 78.6% (44.8,94.3)
No RWDR 7 11

RWDR, referral-warranted diabetic retinopathy; Al, artificial intelligence.

Table 4. Eye level sensitivity and specificity of all three graders as derived using a GEE logistic
regression with an exchangeable working correlation matrix. Reproduced with permission from
Reference [28].

Grader Diagnosis RWDR No RWDR Sensitivity (95% CI) Specificity (95% CI)
Grader 1
RWDR 83 14
94.0% (85.5,97.7) 52.2% (33.4,70.5)
No RWDR 5 17
Grader 2
RWDR 77 10
89.5% (79.3, 95.0) 66.9% (48.8, 81.1)
No RWDR 9 21
EyeArt® Al eye screening system
RWDR 69 8
77.8% (67.3, 85.7) 71.5% (48.7, 86.9)
No RWDR 19 23

RWDR, referral-warranted diabetic retinopathy; Al, artificial intelligence.

7. Hematology

Research suggests that elevated levels of specific blood markers and cytokines may
signal the early stages of DR. Hyperglycemia and the metabolic disruptions it causes trigger
a cascade of harmful effects on the retina’s neurovascular structure. These effects impact
not only blood vessels but also the optic nerve, glial cells, and immune cells.

7.1. Neutrophil-Lymphocyte Ratio

The neutrophil-lymphocyte ratio (NLR), a new inflammatory marker, reflects both
innate and adaptive immune responses. The NLR suggests abnormal immune system
activity, potentially indicating subclinical inflammation. This type of low-grade inflamma-
tion is a common feature of chronic diseases, and individuals with diabetes often exhibit
higher NLR levels [157]. Moreover, it has been reported that NLR could be used as a
biomarker to predict the incidence of DR in the Scottish population [158]. More recently,
El-Tawab et al. reported that NLR showed promise as a reliable marker for detecting
DR even before symptoms appear. Studies have shown good sensitivity (89.29%) and
specificity (84.37%) for NLR with a cut-off point > 1.97 in identifying pre-clinical DR [114].
Therefore, routine NLR measurement in patients with type 2 diabetes could be beneficial.
This simple test could help select individuals suspected of having pre-clinical DR, allowing
for earlier intervention.
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7.2. Neutrophil Extracellular Traps (NETs)

Beyond their role in fighting infection, neutrophil extracellular traps (NETs), webs
of chromatin fibers and antimicrobial peptides released by neutrophils, have recently
been implicated in the development of various non-infectious diseases, including diabetic
retinopathy [159]. Neutrophil elastase (NE), a key component of NETs, has been linked to
the early stages of DR. Research suggests it plays a role in capillary degeneration, retinal
oxidative stress, and inflammation—all factors contributing to the development of diabetic
retinopathy [160]. Like NLR, further research is warranted to identify the cutoff value of
prompts for predicting DR occurrence in the early stage.

7.3. Ethanolamine

Ethanolamine, also known as monoethanolamine, aminoethanol, or glycinol, exists as
free ethanolamine in normal human bodily fluids, such as blood, and its average concentra-
tion is about 1.6 pmol/L in the serum of individuals more than 18 years old as revealed
in the Human Metabolome Database (https://hmdb.ca/metabolites/ HMDB0000149, ac-
cessed on 25 March 2024). More recently, ethanolamine was found to significantly lower the
serum of DR in individuals with glucose-well-controlled diabetes mellitus (GW-DR) com-
pared to matched control patients and was identified and validated as a potential biomarker
for new-onset DR in diabetic patients with well-controlled glycemia. The diagnostic ac-
curacy of ethanolamine for GW-DR ranged from 83.6% to 100% in the discovery cohort
and 83.2% to 96.0% in the validation cohort, demonstrating significant improvement over
hemoglobin Alc (HbAlc) [161]. Similarly, in two large Asian cohorts, including 464 diabetic
patients with various DR stages and 1405 diabetic patients without DR, lower ethanolamine
levels in urinary metabolites were associated with DR outcome [162]. Future studies are
warranted to investigate the combined analysis of serum and urinary ethanolamine levels
to establish reference ranges for the early diagnosis of DR.

8. Conclusions and Future Directions

Currently, there is increasing acceptance of the concept that DR is a neurovascular dis-
order, characterized by dysfunction in the neurovascular unit (NVU) consisting of neurons,
glial cells, and vascular cells [163-166]. The intricate interaction between neurons and glial
cells in neurovascular coupling plays a critical role in preserving the normal homeostatic
function of the NVU. Consequently, neurodegeneration and glial activation are recognized
as primary events in the development of DR, frequently manifesting before the emergence
of evident microangiopathy. This phenomenon has been consistently observed in both
experimental models of DR and in the retinas of diabetic donors [167]. The pathogenesis of
DR lies in the intricate interplay between components of the NVU, resulting in a complex
interdependence of structural and functional changes.

An essential question arises: Which of these changes occur earlier and can be detected
using current diagnostic methods with high diagnostic power for discriminating eyes of
patients with DM who exhibit no to mild DR? This review has delved into this topic in
detail, aiming to elucidate the early structural and functional alterations in DR. A preprint
study proposed that by employing histological phenotyping and quantitative analysis
of postmortem retina from diabetic donors without clinical DR, the observed disparity
between localized capillary dropout and widespread neural loss within the inner nuclear
layer (INL) suggests that microvascular loss might not directly lead to neurodegeneration
during the early stages of DR. This indicated that diabetes could independently impact these
two indicators [168]. Both our review and this article suggest that combining structural and
functional examinations may represent the optimal strategy for enhancing early detection of
DR. Healthcare institutions can implement both structural and functional examinations for
patients at high risk of developing DR, tailoring the approach according to their respective
capabilities and resources.

In the future, there is a pressing need for more effective, accessible, and reliable meth-
ods to facilitate early detection and longitudinal monitoring of DR progression. Of note,
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the ethical considerations and regulatory challenges associated with the clinical translation
of novel approaches for early detection of DR should be kept in mind. Ethically, upholding
patient safety through meticulous pre-clinical and clinical trials to rigorously evaluate the
safety profile, potential risks, and adverse effects of novel approaches is of paramount
importance. Moreover, equitable access to innovative treatments, transcending barriers of
affordability and geographic constraints, must be addressed to prevent disparities in care.
Consideration must also be given to the inclusion and protection of vulnerable populations,
such as children and pregnant women. On the regulatory front, navigating the intricate
approval processes, which demand comprehensive data demonstrating safety, efficacy, and
quality, can be a protracted and complex endeavor.

Recently, a functional OCTA (fOCTA) system was developed and utilized in diabetic
mice [169]. The results revealed that, in normal mice, retinal capillaries displayed a no-
ticeable hyperemic response to flicker light stimulation, whereas diabetic mice exhibited
a significant loss of functional hyperemia at an early stage of DR, despite showing few
overt signs of retinopathy. If this non-invasive technology can be applied to patients in
the future, retinal capillary functional hyperemia may hold strong potential to serve as
more sensitive vascular biomarkers of early DR. New approaches have also been explored
in animal models of DR for in vivo studies. Notably, Zhang et al. [170] developed an
innovative adhesive fluorescent nanoprobe crafted from biodegradable materials. This
nanoprobe was designed to detect alterations in VEGFR-2 expression within the retinal
microcirculation, offering a non-invasive means of diagnosis. Through specific binding to
retinal microvascular endothelial VEGFR-2, the nanoprobe effectively differentiated dia-
betic animals from their healthy counterparts, showcasing its potential for early detection
in DR. Furthermore, novel imaging techniques should be developed and improved for
early detection of DR, such as photoacoustic microscopy [171-178].

Additionally, efforts should be made to increase the accessibility and convenience of
these technologies in real-world settings, particularly in resource-limited settings where the
burden of DR is often highest [179]. This may involve the improvement in cost-effective,
portable, and user-friendly imaging devices, as well as the integration of telemedicine and
Al-assisted analysis for remote screening and monitoring. Longitudinal studies incorporat-
ing multimodal imaging and comprehensive clinical data should be undertaken to deepen
our understanding of the complex pathophysiology of DR and enhance our ability to detect
and monitor DR progression at an early stage. Such research endeavors may pave the
way for personalized risk stratification and tailored therapeutic interventions, ultimately
improving visual outcomes and vision-related quality of life for individuals with diabetes.
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Abstract: Diabetic retinopathy (DR) is one of the most severe complications of diabetes mellitus and
potentially leads to significant visual impairment and blindness. The complex mechanisms involved
in the pathological changes in DR make it challenging to achieve satisfactory outcomes with existing
treatments. Diets conducive to glycemic control have been shown to improve outcomes in diabetic
patients, thus positioning dietary interventions as promising avenues for DR treatment. Investiga-
tions have demonstrated that natural products (NPs) may effectively manage DR. Many types of
natural compounds, including saponins, phenols, terpenoids, flavonoids, saccharides, alkaloids, and
vitamins, have been shown to exert anti-inflammatory, antioxidant, anti-neovascular, and antiapop-
totic effects in vivo and in vitro. Nevertheless, the clinical application of NPs still faces challenges,
such as suboptimal specificity, poor bioavailability, and a risk of toxicity. Prospective clinical studies
are imperative to validate the therapeutic potential of NPs in delaying or preventing DR.

Keywords: diabetic retinopathy; natural products; mechanism; toxicity

1. Introduction

Diabetes mellitus (DM) is a metabolic disorder characterized by chronic hyperglycemia
due to a variety of etiological factors. A survey by the International Diabetes Federation
indicated that in 2021, approximately 537 million individuals aged 20-79 years were diag-
nosed with DM. Diabetic retinopathy (DR) is a severe complication of DM, and persistent
hyperglycemia and hypertension can lead to retinal dysfunction, thus ultimately resulting
in significant visual impairment and even blindness [1]. Factors such as hyperglycemia,
hypertension, dyslipidemia, and duration of DM are associated with increased risks of
DR [2,3]. By 2045, DR is expected to affect an estimated 1.6 million people worldwide [4].

DR can be divided into two stages: non-proliferative diabetic retinopathy (NPDR) and
advanced proliferative diabetic retinopathy (PDR) [5]. As the early stage of DR, NPDR
may present without subjective symptoms, yet the fundus exhibits pathological alterations,
such as microaneurysms, hemorrhages, cotton-wool spots, and hard exudates. PDR, which
is a progressive stage of NPDR, is mainly associated with persistent hyperglycemia and
inadequate glycemic control [6]. This advanced stage is characterized by retinal microvas-
cular damage and pericyte loss, thus manifesting as vitreous or preretinal hemorrhages
and neovascularization (Figure 1).

The pathogenesis of DR is very complex because it involves multiple cross-linking
mechanisms, which lead to retinal dysfunction [7]. Current treatments for DR include
medications to control blood glucose levels, retinal laser photocoagulation, anti-vascular
endothelial growth factor (VEGF) injection, and para plana vitrectomy (PPV). Although
VEGEF inhibitors and other antiangiogenic agents have been widely used in the clinical
settings, many patients still do not achieve satisfactory visual recovery [8]. Consequently,
the identification of novel therapeutic strategies to ameliorate DR is urgently needed.
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Diabetic Retinopathy Severity Levels and Hallmarks
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hemorrhages in each of 4 quadrants |
2 Definite venous bleading in = 2
quadrants

3 Prominent IRMA in = 1 quadrants

Blot Hemorrhage
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7
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*No apparent retinopathy

Preretinalwi
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Figure 1. Diabetic retinopathy severity levels and hallmarks. Initially, diabetic patients may exhibit
no apparent signs of retinopathy. However, as diabetic retinopathy (DR) progresses, it may evolve
into non-proliferative diabetic retinopathy (NPDR) and eventually advance to proliferative diabetic
retinopathy (PDR), or it may transition directly to PDR. According to international classifications,
NPDR is categorized into mild, moderate, and severe stages. Clinical manifestations of NPDR include
blot hemorrhages, hard exudates, “cotton-wool” spots, and microaneurysms. The more advanced
stage, PDR, is characterized by the emergence of neovascularization and/or vitreous or preretinal
hemorrhages. Abbreviations: IRMA, intraretinal microvascular abnormalities.

Currently, the rapidly developing economic model has changed individuals’ lifestyles
and dietary patterns. An increased consumption of sugar and fats, as well as diminished
physical activity, may exacerbate DM. Diet and lifestyle modifications constitute the foun-
dational strategy for DR management. Natural products (NPs) derived from various fauna
and flora have emerged as being dietary drug supplements and have increasingly become a
focus of research interest. One study demonstrated that increasing daily fruit consumption
may mitigate DR risks, with a notable 50% reduction attributed to the abundant vitamins
and nutrients in fruits [9]. The benefits of a wide range of vegetables and fruits reinforce
the shift toward dietary-based therapeutic modalities.

This review summarizes and updates the current evidence on the possible role of
NPs in DR, ranging from experimental findings to the possible challenges that may be
encountered in clinical application; moreover, we expect to introduce a novel therapeutic
method for DR patients.

2. Method

The search strategy was based on the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines [10]. Studies related to diabetic retinopathy and
natural products were collected through searches on the Web of Science and PubMed, from
January 1974 to January 2024. The keywords “Diabetic Retinopathy”, “Biological Products”,
and “Natural Products” were utilized, combined as Mesh terms and text words. Boolean
operators were used to construct the search strategy. Relevant reference lists were also
searched, ensuring that all relevant literature was involved.

Inclusion criteria:

1. Natural extracts from plants, animals, or medical herbs were considered.

2. The effectiveness of natural products in treating diabetic retinopathy was validated
through in vitro, in vivo, or human clinical trials.

3. The results included effects, therapeutic potentials, signaling mechanisms, etc.
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Exclusion criteria:

1. Studies not relevant to natural products were excluded.

Natural products lacking clear chemical structures were omitted.

3. Natural products with multiple components that did not specify the active compo-
nents were excluded.

N

3. Diabetic Retinopathy
3.1. Pathophysiology of Diabetic Retinopathy

The pathophysiologic changes in DR are associated with chronic hyperglycemia. Per-
sistent elevation of blood glucose is implicated in physiological and biochemical retinal
alterations, thus precipitating microvascular injury and retinal dysfunction. Moreover,
chronic hyperglycemia is known to induce microaneurysms, hemorrhages, and thickening
of the retinal basement membrane, which increase the permeability of the blood-retina
barrier (BRB) and cause leakage from retinal vessels. Concurrently, compromised vascu-
lar permeability contributes to capillary occlusion and subsequent retinal hypoxia, thus
potentially leading to increased VEGEF levels [11] and fostering PDR [3]. PDR is patho-
logically characterized by the emergence of retinal neovascularization and fibrovascular
membranes, with potential progression to vitreous hemorrhage and retinal detachment,
thus culminating in visual impairment and blindness. Diabetic macular edema (DME)
represents another prevalent cause of visual loss in DR and is characterized by disruption
of the BRB and subsequent accumulation of fluid in the macula, thus resulting in increased
macular thickness and edema [12]. DME may occur at any stage of DR and may cause
severe image distortion and vision loss. Additionally, indicators such as inflammation,
micro-vasculopathy, oxidative stress, and neurodegeneration have been implicated in
DR-related retinal damage.

3.1.1. Inflammation

Inflammation plays a pivotal role in all stages of DR. Inflammatory factors can be
consistently detected at low doses in diabetic patients and animal models [13,14]. Adhesion-
molecule-mediated leukocyte-endothelial cell adhesion is associated with leukostasis in
DR, and it has been proven that leukostasis is correlated with endothelial cell loss and BRB
damage in diabetic models [15]. In addition, increased expression of leukocyte adhesion
molecules and endothelial cell adhesion molecules has been detected in diabetic patients
and animal models [16,17].

Furthermore, chemokines, such as monocyte chemotactic protein-1 (MCP-1), macrophage
inflammatory protein-loc (MIP-1«), and MIP-1§3, are involved in DR progression [18].
These chemokines can attract and activate leukocytes, thus exacerbating leukostasis. The
expression of inflammatory mediators, including tumor necrosis factor-alpha (TNF-c),
interleukin 6 (IL-6), IL-10, IL-23, and IL-1, is also upregulated in DR patients [19].

Microglial activation is involved in the inflammatory response in DR. Under high-
glucose conditions, microglia are activated, followed by increased levels of TNF-, IL-6,
MCP-1, and VEGF [20]. Miiller cells and astrocytes also contribute to this response, thus
releasing large amounts of pro-inflammatory factors that further exacerbate inflammation
in the retina [21].

3.1.2. Retinal Micro-Vasculopathy

DR has long been recognized as a microvascular disease [22]. Chronic hyperglycemia
is known to induce vasodilatation and hemodynamic changes, which potentially occur
as a retinal adaptation to altered metabolic demands [23]. In DR, systemic and ocular
hypertension, in addition to hyperglycemia, contribute to the disruption of tight junc-
tions between pericytes and endothelial cells. This disruption leads to pericyte apoptosis,
which precipitates the uncontrolled proliferation of vascular endothelial cells and new
vessel formation [24]. Due to the fact that pericytes support capillary integrity, their loss
is implicated in the pathogenesis of capillary dilation and subsequent microaneurysm
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development [25]. Moreover, the newly formed vasculature, which tends to be delicate and
excessively permeable, can lead to leakage, thus resulting in hemorrhage and swelling in
the retina [26].

Retinal ischemia or hypoxia stimulates hypoxia-inducible factor-1 (HIF-1), thus stim-
ulating VEGF upregulation [27]. VEGF has been implicated as a principal factor in the
pathogenesis of PDR and DME. VEGF can increase vascular permeability by phosphorylat-
ing tight-junction proteins [28]. Furthermore, VEGF facilitates endothelial cell proliferation
via mitogen-activated protein (MAP) activation [29]. Elevated VEGEF levels have been
detected in DR patients and animal models [30-32].

3.1.3. Oxidative Stress

Oxidative stress is a key factor contributing to the diminished capacity of intracel-
lular antioxidant defense systems and fostering pro-inflammatory factor production [33].
The excessive accumulation of reactive oxygen species (ROS) precipitates oxidative stress.
Under physiological conditions, organisms resist ROS through the antioxidant defense sys-
tem, thus maintaining a balance between ROS generation and elimination [34]. However,
chronic hyperglycemia leads to decreased antioxidant defenses and increased oxidative
stress [35]. Hyperglycemia activates metabolic pathways, stimulates mitochondrial oxida-
tive phosphorylation, and activates nicotinamide adenine dinucleotide phosphate oxidase,
all of which contribute to increased ROS levels [36]. Elevated ROS levels may alter cellular
homeostasis, thus leading to cellular dysfunction. In addition, the retina is particularly
susceptible to oxidative stress, considering its high unsaturated fatty acid content and
substantial oxygen consumption for glucose metabolism. In diabetic mouse models, a
significant increase in ROS production and concomitant suppression of antioxidant enzyme
activity were observed [37].

3.1.4. Retinal Neurodegeneration

Retinal neurodegeneration may occur early in DR, and upregulated expression of
pro-apoptotic factors (such as cleaved caspase-3, Bax, and Fas) has been detected in DR
patients and animal models [38-40]. Studies have indicated that sustained exposure to
high glucose levels is correlated with increased mitochondrial fragmentation and apoptosis
in vitro [41]. Observations in diabetic mouse models demonstrated ganglion cell loss and
reduced retinal thickness, which precede the onset of retinal micro-vasculopathy [42].

3.2. Current Therapy for Diabetic Retinopathy

Current treatment modalities for DR include medications, anti-VEGF injections, laser
photocoagulation, and PPV [8]. Nevertheless, the available methods for treating DR re-
main unsatisfactory. The optimal management of blood glucose and diabetic progression
remains of utmost importance [43]. In the stages of normal or mild to moderate NPDR
without macular edema, glycemic control is typically achieved through pharmacologi-
cal methods, which include the use of insulin-promoting agents, such as sulfonylureas,
glinides, dipeptidyl peptidase IV inhibitors, and hypoglycemic agents acting through
other mechanisms, such as bisphosphonoids, thiazolidinediones, «-glycosidase inhibitors,
and sodium-glucose cotransporter protein 2 inhibitors. Concurrently, the risk of diabetic
retinopathy onset and progression can be reduced through the use of antihypertensive
drugs (angiotensin-converting enzyme inhibitors, angiotensin II receptor antagonists, and
calcium channel blockers) and hypolipidemic drugs (stains, fibrates, and nicotinic acid).

Clinically, anti-VEGF agents, such as faricimab-svoa, ranibizumab, aflibercept, and
bevacizumab, are also prevalently used to inhibit retinal neovascularization and mitigate
macular edema. Nonetheless, intravitreal anti-VEGF injections have several disadvan-
tages, such as high costs and potential side effects [44]. The short half-life of these drugs
necessitates frequent, monthly, or bimonthly administration to sustain therapeutic ben-
efits, and long-term intravitreal treatments increase the risk of complications, such as
endophthalmitis, uveitis, and subconjunctival hemorrhage [45]. These issues, including
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long-term treatment necessity, high costs, and associated risks, may render sustained
therapy infeasible for a majority of patients.

Laser photocoagulation serves as an efficacious adjunct therapy for DR patients. The
Early Treatment Diabetes Retinopathy Study (ETDRS), which lasted for three years, es-
tablished that focal/grid macular laser photocoagulation was beneficial for individuals
with DME, thus significantly reducing the likelihood of vision loss [46]. Pan-retinal photo-
coagulation (PRP) has been shown to suppress VEGF production by ameliorating retinal
microcirculatory hemodynamics and augmenting the oxygenation of the retina. Despite
its efficacy, PRP may induce adverse effects, such as slight central visual loss, vitreous
hemorrhage, and subsequent neovascularization. The integration of focal laser and anti-
VEGEF injections in DME patients can lessen the need for frequent anti-VEGF injections,
thereby mitigating complication risks, and has become a popular treatment modality for
DR patients [47].

In cases of PDR complicated by vitreous hemorrhage or tractional retinal detachment,
PPV is employed as the principal intervention. PPV facilitates the removal of intraocular
blood and diminishes the vitreous concentrations of VEGF and inflammatory mediators,
thus consequently ameliorating disruptions in the retinal microenvironment. Concurrently,
excision of the fibrovascular membrane (FVM) during surgery alleviates traction, thus
re-establishing the normal structure of the retina. However, PPV possesses a greater risk of
hemorrhage during the operation and presents challenges for achieving successful surgical
outcomes. Current treatment options for DR and their side effects can be seen in Figure 2.

Diabetic Retinopathy Treatment Options

i Oz /
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XRoUe
Blood Glucose Level
Control

Anti-VEGF injection Laser
. Photocoagulation
uveitis
cataract vision loss
hemorrhage hemorrhage

neovascularization

cataract
&i\ vision loss
| X0 hemorrhage
retinal detachment

Para Plana Vitrectomy

IOP elevation

&
endophthalmitis éf/

Figure 2. Diabetic retinopathy treatment options. Controlling the blood glucose level is critical, which
involves healthy lifestyle, medical management, and insulin injections. Additionally, clinical practices
commonly employ anti-vascular endothelial growth factor (VEGF) injections, laser photocoagulation,
and pars plana vitrectomy. While these interventions are prevalent, they can present certain adverse
effects and complications.
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4. Experimental Models for Diabetes Research
4.1. Cell Models

Research utilizing cell models has proven to play an essential role in elucidating
the responses of cells in different retinal layers to diabetes-related stimuli, such as high
glucose, lipids, shear stress, metabolite imbalance, cytokines, and growth factors [43]. These
models facilitate the investigation of the crucial molecular mechanisms that are involved in
the interaction between pharmacological agents and DR. In studies of NPs related to DR,
endothelial cells and retinal pigment epithelium (RPE) cells are the predominant cell models
that are employed, with fewer studies using pericytes, Miiller cells, and ganglion cells.

Pathological neovascularization is the leading cause of DR progression, and re-
searchers usually utilize endothelial cells in vitro to stimulate human retinal angiogene-
sis [48]. NP investigations have employed human retinal endothelial cells (HRECs), rhesus
monkey retinal and choroid endothelial cells (RF/6A), human umbilical vein endothelial
cells (HUVECs), and human microvascular endothelial cells (HMVECsS), the latter two of
which serve as non-specific models for angiogenic replication. In vitro, cells are treated
with high glucose concentrations to stimulate a diabetic condition. Endothelial cells are
commonly utilized to investigate cell proliferation, migration, tube formation, and signal-
ing pathways related to inflammation and apoptosis. Expressions of HIF-1cc and VEGF are
often assessed in these studies [49-51]. However, differences in the secretory functions of
HREC and HUVEC and their modulation by glucose suggest regional specificity of cellular
functions. Considering that DR is a microvascular disease and is specifically restricted
in the retina, the use of HUVECs, a macrovascular cell type, in in vitro studies may be
inadequate for inferring pathophysiologic changes in DR [52].

RPE cells, which are located between the retina and the choroid, are crucial for pre-
serving the integrity of photoreceptors in terms of both structure and function [53]. Never-
theless, studies have indicated that DR can lead to RPE cells” dysfunction and impaired
clearance of fluid leakage from choroidal capillaries, thus culminating in retinal edema [54].
Extensive research has demonstrated that high glucose exposure contributes to retinal
barrier dysfunction, early apoptosis, and aberrant cytokine expression. NPs have been
identified as being protective agents for RPE cells, delivering anti-inflammatory and an-
tioxidant properties [55,56].

Other in vitro studies have utilized specific retinal cells, including glial cells, macro-
phages, and retinal neuronal cells. The human retina is comprised of three types of glial
cells: microglia, astrocytes, and Miiller cells. These glial cells are crucial supporters of
neuronal tissue, closely associating and interacting with retinal vessels and other structures
to maintain the homeostasis of the retinal microenvironment. In vitro studies involving
glial cells typically investigate the relationship between DR vasculopathy and neuropa-
thy [57]. The migration of macrophages is closely linked to inflammation and angiogenesis
in DR; thus, studies employing macrophages are pivotal in elucidating the underlying
mechanisms [58]. Evidence indicates that profound morphological changes and electro-
physiologic defects occur in retinal neurons early over the course of DR [59]. Research
employing retinal neuronal cells, including photoreceptors and retinal ganglion cells, plays
a vital role in understanding the neurodegeneration associated with DR [60].

It must be acknowledged that investigations on the role of NPs in DR through cell
models have inherent limitations. The retina is an intricate tissue composed of multiple
interrelated cell types, and the isolation of specific cells fails to represent the entirety
of retinal microenvironmental alterations [61]. Besides, due to long-term development
of diabetic complications, possibly due to the accumulation of epigenetic changes [62],
in vitro models with a relatively rapid experimental duration are inferior to animal models.
Therefore, animal models are posited to be a more appropriate alternative.

4.2. Animal Models

Diabetic animal models have been instrumental in understanding the molecular
pathology underlying DR and assessing NPs as potential alternative treatments. Commonly
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used models in DR research include mice, rats, cats, dogs, pigs, and non-human primates.
Due to their small size, short lifespan, and rapid reproduction rate, mouse and rat models
are particularly prevalent [63]. This review focuses on four model types: chemical-induced,
genetic, diet-induced, and neovascularization models.

4.2.1. Chemical-Induced Models

Chemical-induced models, which are known for their simple development and dis-
tinctive pathological changes, are prevalently utilized in DR research. Initially, alloxan
was utilized to induce diabetes: this uric acid derivative selectively impairs pancreatic
-cells, and the death of B-cells leads to insulin release and subsequent hypoglycemia,
with diabetes onset occurring within 24 h [64]. However, STZ has superseded alloxan in
recent years due to its superior stability and rapid disease induction, thus becoming the
gold-standard drug for diabetic research [65]. STZ acts mainly through the destruction of
pancreatic islets and the ablation of islet 3-cells in Langerhans [66]. Elevated blood glucose
levels can be observed at one month after STZ injection, and this hyperglycemic state can
be sustained for 22 to 24 months [67]. Early pathological changes, such as BRB disruption,
thinning of the retinal inner nuclear layer and outer nuclear layer, reduction of neuronal
cell numbers, and increased neuroglial cell apoptosis, appear approximately one month
after STZ injection. Subsequent microvascular changes include increased permeability,
neovascularization, and capillary basement membrane thickening [68,69]. Additionally,
retinal dysfunction can be observed, such as increased retinal oxidative stress markers,
pro-inflammatory factor levels, and pro-angiogenic markers [70-72]. In STZ-induced rat
and mouse models, retinal morphological changes are almost identical; however, there are
some differences in drug dose and disease progression [73].

4.2.2. Genetic Models

The Ins2/% mouse serves as a typical type 1 diabetes model. In this model, the
Insulin 2 gene is mutated, leading to a progressive loss of function in pancreatic islet
B-cells. Ins24ki" mice develop pronounced hyperglycemia by four weeks. By 12 weeks,
DR manifests, characterized by increased vascular permeability and reactive microglia. At
22 weeks post-hyperglycemia onset, there is a decrease in the thickness of the inner plexi-
form and inner nuclear layers of the retina, accompanied by a reduction in the number of
retinal ganglion cells [74].

The NOD mouse is another commonly used type 1 diabetes model, where pancreatic
islet 3-cells are destroyed by CD4+ and CD8+ T cells through an autoimmune response [75].
Hyperglycemia typically initiates at 12 weeks. Four weeks after the onset of hyperglycemia,
increased cell apoptosis, vascular abnormalities, and elevated VEGF levels can be detected
in NOD mice [76].

The db/db mouse model, which is a spontaneous mutant strain, is a typical type 2 DM
model characterized by leptin receptor mutation, which induces obesity and hyperglycemia.
Additionally, a decreased number of RGCs and an increased thickness of the central retina
can be observed as early as 6 weeks, thus progressing to BRB disruption, pericyte loss,
RGC apoptosis, glial cell activation, and increased levels of VEGF, oxidative stress markers,
and pro-inflammatory cytokines by 15 months [77]. The db/db mouse model is considered
a reliable model for studying diabetes-induced optic neuropathy and for exploring the
potential capacities of therapeutic agents in DR [78].

The ob/ob mouse model serves as another typical type 2 diabetes model, characterized
by a mutation in the gene encoding the obese protein, which leads to leptin deficiency.
This deficiency prompts hepatic lipogenesis and gluconeogenesis, while hyperglycemia
stimulates insulin secretion, creating a negative cycle of insulin resistance. Hyperglycemia
is observed at three weeks, and electroretinography reveals early retinal function loss by six
weeks. By 20 weeks, a significant reduction in retinal thickness and the number of nuclei
in the inner retinal layer are noted. Compared to the Ins24¥* and NOS models, DR onset
occurs at approximately 8-12 weeks in the ob/ob mouse model, making it suitable for early
DR research [79].
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4.2.3. Diet-Induced Models

Diet-induced models typically involve feeding rodents a high-fat diet to induce insulin
resistance. This induction may occur alone or in combination with STZ. Rodents are usually
induced with STZ either at the onset of the high-fat diet or 2-8 weeks after feeding on
the diet, which reduces the amount of STZ required and thus minimizes its damage to
other tissues [80]. However, diet-induced models are usually characterized by a lengthy
development time and high experimental costs.

4.2.4. Neovascularization Models

Retinal neovascularization is a major factor contributing to blindness in DR, and the
establishment of related animal models is critical for studying the disease mechanism.
The oxygen-induced retinopathy (OIR) model is the most commonly used animal model
for investigating retinal neovascularization diseases. It offers the advantages of simple
construction and high reproducibility.

In the OIR mouse model, mice and their lactating dams are placed in an environment
of 75% =+ 2% oxygen for five days, starting on day seven. Subsequently, the mice are
returned to a standard oxygen environment with a concentration of 21% [81]. The rat
model follows a similar protocol, and neovascularization is observed upon return to the
normal oxygen environment [26]. The OIR model is characterized by two developmental
phases: the immature vascular occlusion phase and the neovascularization pathologic
proliferation phase.

Cell and animal experiment workflows are shown in Figure 3. It is well known that
cell and animal models offer predictive insights into disease mechanisms and potential
therapeutic benefits of drugs. However, due to the complexity and heterogeneity inherent
in human pathophysiology, these models may not fully simulate disease progression within
the human body [64]. Despite this limitation, such experimental models are foundational
to clinical research, thus emphasizing the importance of selecting appropriate models
for research. Moreover, the translation of these findings to clinical practice necessitates
rigorous validation to confirm drug efficacy in patients.

Cell Experiments Workflow
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Figure 3. Workflow of cell and animal experiments. In vitro, cells are initially established in a
high-glucose environment to simulate hyperglycemic conditions. Subsequently, cells are cultivated
with natural product extracts. A series of experiments are then conducted to detect alterations in
intracellular markers. In vivo, the experiment begins with the acclimatization of animals to a new
environment. Following this, a calculated dose of streptozotocin (STZ) is administered. Throughout
the experiment, fasting blood glucose (FBG) and body weight of animals are monitored. Oral
treatment with natural product extracts is then administered over a period. Subsequently, the animals
are euthanized, and the eyeballs are dissected. Finally, the therapeutic effects of natural products in
diabetic retinopathy (DR) are validated through a series of experiments.
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5. Natural Products in the Treatment of Diabetic Retinopathy

The use of NPs and their metabolites is expanding in the therapeutic management of
various diseases. Currently, there is increasing interest in natural extracts as alternative
treatment approaches for DR [82,83]. Each category of NPs is discussed separately with
respect to their protective role in DR (Tables 1 and 2; Figures 4 and 5).

Table 1. Current research on the protective effects and mechanisms of natural products in DR.

Category

Compound Name

Natural
Product

Cell/
Animal Model

Efficacy

Mechanism

References

Astragaloside-IV

\

=
o~

Key Natural

Astragalus
mambranaceus

Human retinal
pigment
epithelium cells
(ARPE-19
cells)/db/db
mouse/STZ rats

1. Decreased the rate of
ferroptosis by inhibiting
expression of miR-138-5p

2. Decreased GSH content,
mitochondria size, and ridge
3. Increased expression of
glutathione peroxidase 4,
glutamate cysteine ligase, and
glutamate cysteine ligase
catalytic subunit

4. Inhibited aldose reductase
(AR) activation and the
overexpression of NF-kB and
ERK1/2 phosphorylation

5. Improved the amplitude in
pattern electroretinogram and
reduced apoptosis

6. Increased retinal thickness,
alleviated DR-induced
histopathological changes, and
elevated blood glucose levels
7. Elevated DR-depressed
protein levels of PI3K and AKT

1. miR-138-5p/
Sirt1/Nrf2
2. PI3K/Akt

[55,84,85]

Products

Resveratrol )
[
O

Jel

Grape,
peanuts,
berries

Rat retinal
endothelial cells
(RRECs)/STZ
rats/STZ mice

1. Revocered the insulin level
and PONT1 expression and
activity

2. Regulated retinal vascular
permeability and mRNA
expression of paraoxonase 1
(PONT1), VEGF, bFGF,
low-density lipoprotein (LDL),
and high-density lipoprotein
(HDL)

3. Inhibited retinal apoptosis by
regulating Ox-LDL, caspase-3,
and PONT1 activity

4. Reduced inflammatory factors
of IL-13, IL-6, TNF-«, VEGE,
Interferon-y, and MCP-1

5. Mediated alterations in gene
and protein expressions related
to apoptosis

6. Enhanced SOD activity and
reduced the 8-isoprostane level
and GSSG/GSH ratio

7. Improved retinal layer
disorganization and attenuated
retinal thickness reduction

8. Blocked the increase in
CaMKII and phosphor-CaMKII
protein levels

1. PON1
2. NF-kB

[86-89]
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Table 1. Cont.

Natural

Category Product

Compound Name

Cell/
Animal Model

Efficacy

Mechanism

References

Astaxanthin (ASX)
7;1

£ Haematococcus

(rf pluvialis,
o shrimps
\TI

&

STZ rats

1. Alleviated the decrease in
retinal thickness and ganglion
cell layer cell loss

2. Downregulated inflammatory
factors of TNF-«, IL-1§3, IL-6,
MIC-1, and IL-10

3. Exerted antioxidant effects by
regulating GSH, GPx, and total
antioxidant capacity, malonic
dialdehyde (MDA), and ROS
levels

4. Fostered the expressions of
HO-1 and NQO1

5. Exerted anti-apoptosis effects
by regulating caspase-3, Bcl-2,
and BAX expressions

6. Decreased the endothelial
cell/pericyte ratio and the
number of acellular capillaries

Nrf2/Keap 1

[40,90]

Key Natural

Products Quercetin

Licorice

STZ rats

1. Decreased the expression of
BDNE, NGE, TrkB receptor,
synaptophysin, and p-Akt

2. Attenuated apoptosis by
decreasing caspase-3 and
cytochrome c levels, and
increasing Bcl-2 expression

3. Increased GSH levels

4. Decreased pro-inflammatory
cytokines of TNF-oc and IL-13
5. Increased retinal thickness
and cell count in the ganglion
cell layer

BNDF/TrkB/Akt/
synaptophysin

[91,92]

Berberine

Rhizoma
Coptidis

HRECs/STZ
mice/STZ
rats/db/db mice

1. Increased retinal layer
thickness

2. Suppressed VEGF and
HIF-1x expressions

3. Suppressed
neovascularization

4. Reduced oxidative stress

5. Inhibited leukocyte-mediated
killing of HRECs

1. Akt/mTOR/
HIF-1a/VEGF
2. NF-«B

[31,93,94]

Asiaticoside

Centella asiatica

ARPE-19 cells

1. Restored the cell survival rate
2. Suppressed inflammation
cytokines (TNF-«, IL-13,

and IL-6)

3. Regulated apoptosis levels
(Bcl-2, Bax, caspase-3, and
caspase-9)

4. Activated cAMP and PKA

cAMP/PKA

[95]

Saponins
Astragalin

~o

E

o

° O
o o
b1 "
o
H

Astragalus
mambranaceus

Rat retinal Miiller
cells

1. Decreased VEGF expression

VEGF

[96]
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Table 1. Cont.

Natural Cell/

Category Compound Name . Animal Model

Efficacy Mechanism References

Carnosol

1. Increased cell viability and

attenuated apoptosis ERK1/2/Nrf2/
2. Induced HO-1 expression via ~ HO-1

Nrf2 activation

| i Human retinal
11 Rosemary endothelial cells
‘ i (HRECs)

[97]

Phenols

1. Prevented TGF-$1 and
fibronectin expression

2. Inhibited ERK/MAPK/ Akt
activity

Magoolia

officinalis ARPE-19 cells ERK/MAPK/Akt [56]

Nimbolide 1. Suppressed inflammatory
factors (TNF-«, IL-1$, and IL-6)
A 2. Suppressed MCP-1, VEGE,
-_/J\ e and MMP-9 levels
*4 7 ﬁ T Neem plants STZ rats 3. Improved antioxidant levels TLR4/NEF-kB [98]
X0 (SOD, GSH, SOD/CAT, and
T GSH/GSSG)
4. Suppressed TLR4 and NF-kB
expressions

o
¥

/

1. Prevented weight loss and

increased the retinal thickness

and nuclei counts

2. Inhibited oxidative stress,

inflammation, and apoptosis AMPK/

3. Upregulated the HO-1 protein ~ mTOR/HO-1/ [37]
level autophagy
4. Activated the

AMPK/mTOR/HO-

1/autophagy

pathway

Arjunolic acid

Cyclocarya ARPE-19
paliurus cells/STZ rats

1. Improved morphometric and
pathological changes of retina
Palbinone tissues
2. Enhanced antioxidant
activities (SOD, catalase, and
Paeonia GPx)
suffruticosa STZ rats 3. Alleviated vascular
permeability via inhibiting
NLRP3 inflammasome
formation
4. Reduced pro-inflammatory
cytokines (IL-18, and IL-13)

Terpenoids

Nrf2/HO-1 [99]

) 1. Halted the sustained
Andrographolide hyperglycemia and reversed the
body weight and blood glucose
o M1 . level
kil 1 Andrographis 2. Boosted cellular antioxidant
SN paniculate STZ rats .
[ (Burm. E) Nees defense by restoring the GSH
\][ ” o level
S 3. Inhibited IDO and
o consequential changes in
Kynurenine metabolites

[100]

Glechomanamide B

A Human 1. Decreased the expressions of
1 microvascular VEGF-R2, GLUT1, HK2, and
j T Salvia . ANGPT2 VEGF [49]
endothelial cells s .
(HMVECs) 2. Inhibited tube formation
induced by VEGF and BMP4

141



Biomedicines 2024, 12, 1138

Table 1. Cont.

Category

Compound Name

Cell/
Animal Model

Natural
Product

Efficacy

Mechanism

References

Tanshinone ITA

Terpenoids

Salvia
miltiorrhiza
bunge

STZ rats

1. Exerted anti-inflammatory
and antioxidation effects by
regulating IL-1f3, IL-6, TNF-c,
SOD, GSH-PX, and MDA
expressions

2. Regulated cell proliferation,
apoptosis, and
neovascularization

[101]

Kaempferol

5 XX

el

Retinal ganglion
cells
(RGCs)/HRECs

Kaempferia
galanga L.

1. Attenuated apoptosis,
caspase-3 activity, and

LDH leakage

2. Promoted cell viability and
decreased ROS levels

3. Inhibited cell proliferation,
migration, and tube formation
4. Suppressed the expression of
VEGF and PGF

5. Suppressed PI3L expression
and ERK1/2, Src, and Aktl
activation

1. ERK/VASH1
2. Src/Aktl/
ERK1/2

[102,103]

Tilianin

Flavonoids

Traversia
baccharoides
Hook.f.

STZ rats

1. Reduced fasting glucose
status, HbAlc levels, and
augmented serum insulin status
2. Increased Nrf2 and HO-1
expressions and decreased
MDA levels

3. Increased SOD, CAT, and
GPx levels

4. Decreased expression of
TXNIP, NLRP3, ASC, caspase-1,
and IL-1B

5. Ameliorated retinal
morphological and
morphometric changes

Nrf2/TXNIP/
NLRP3

[104]

Chrysin

Oroxylum
indicum (Linn.)
Bentham ex
Kurz

Choroid
endothelial cells
(RF/6A cells)

1. Inhibited cell migration via
inhibiting AKT and ERK
phosphorylation

2. Decreased MMP-2 expression
3. Inhibited HIF-1oc and VEGF
expressions

VEGF

[50]

Moraceae

family plants STZ rats

1. Decreased blood glucose
levels

2. Improved endogenous
antioxidant enzymes’ activity
(GPx, CAT, and SOD)

3. Reduced TNF-«, IL-33, and
VEGF expressions

4. Increased retina thickness and
cell count in the ganglion cell
layer

[105]

Gambogic acid

5 s
. \{ “\
ﬁi,;glgg?

RF/6A cells/STZ
mice

Gamboges
resin

1. Suppressed cell proliferation,
migration, and tube formation
2. Decreased HIF-1« and VEGF
expressions

3. Attenuated retinal
neovascularization

1. HIF-1ae/VEGF
2. PI3K/Akt

(51]
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Table 1. Cont.

Natural Cell/ . .
Category Compound Name Product Animal Model Efficacy Mechanism References
7,8-Dihydroxyflavone
1. Ameliorated apoptosis by
Citrus, grains, ARPE-19 cells inhibiting caspase.-9 activity TekB [106]
tea and phosphorylating
TrkB protein
Nobiletin
R 1. Attenuated MMP-9 enzymatic
» Human retinal activity
. Citrus plants Miiller cells 2. Regulated MMP-9 and tissue =~ PI3K/Akt [107]
_ (MIO-M1 cells) inhibitor of metalloproteinase-1
expression
Flavonoids
Isoflavones 1. Inhibited AR activity
2. Decreased thiobarbituric
e acid-reactive substances and
e Caesalpinia protein carbonyl levels )
ﬂ T pulcherrima STZ rats 3. Restored GSH levels [108]
N 4. Increased antioxidant
enzymes’ activities (SOD, GPx,
and catalase)
Epicatechin
B : AGE-injected
J/ j/\ ¢ Green tea, rats/glycated 1. Reduced AGEs accumulation [109]
i coconut bovine serum 2. Inhibited retinal apoptosis
; 5 albumin
. 1. Inhibited apoptosis and ROS
Fucoidan generation
1 ARPE-19 2. Il’lhlblted };gh-glucose-
. mediated Ca** influx ot
T\ cells/brain 3. Inhibited ERK 1. Ca”*-dependent
Saccharides o /\/ Brown algae microvascular . . ERK [110,111]
. phosphorylation
] endothelial B coliferati 2. HIF-1a/ VEGF
N cells/STZ mice . Inhibited cell proliferation,
o angiogenic vessels, and VEGF
expression
5. Inhibited HIF-1cc expression
Aloe-emodin 1. Inhibited the secretion of
VEGFA in the ARPE-19 cells
‘ ) under hypoxia conditions
11 ] Radix et : 2. Decreased the mRNA and
Quinones [“L ‘[L]‘ kj Rhizoma éﬁfE ,[19 cells/ protein expressions of VEGFA HIF-a/VEGF [112]
~ ot Rbel rars and PHD-2 in the ARPE-19 cells

3. Inhibited hypoxia-induced
retinal neovascularization

in vivo
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Table 1. Cont.

Category Compound Name Ilfra::;zilt gililrlnal Model Efficacy Mechanism References
1. Increased the viability of
ARPE-19 cells
2. Inhibited apoptosis of
Diosgenin ARPE-19 cells
3. Reduced the inflammatory
~ response and oxidative stress of
< Fenugreek ARPE-19 cells
Steroids ‘\f\f TJ seeds% Wild %I/(;}E-l? cells/ 4. Activated the ﬁgiK/Nrf2/ [113,114]
ed yam roots fice AMPK/Nrf2/HO-1 pathway
_ T 5. Increased HDL levels and
- decreased LDL levels
6. Improved the thickness of the
retinal layer
7. Decreased retinal cell
apoptosis
Ginsenoside Rgl, 1. Increased retinal inner nuclear
Ginseposide Rb1 layer thickness, reduced
e acellular capillaries, and
attenuated BRB disruption by
upregulated claudin-1 and
occluding
2. Abrogated microglial cell
activation, and reversed
Panax MIO-M1 leukocyte adhesion by NE-kB [14]
notoginseng cells/STZ rats downregulated intercellular K
sponins molecule-1 and vascular cell
adhesion molecule-1
3. Reduced pro-inflammatory
factors (TNF-«, IL-6, and IL-1B),
Multiple and inhibited expressions of
Bioactive p-IKK, p-IkB, p-p65, and nuclear
Agents translocation of p65
60% Edible
ethanolic extract of
U. davidiana, 1. Prevented . .
catechin 7-O-3-D- ’ . perlcy.te. a.poptosm
apiofuranoside by blocking the activities of p38
Ulbmus Human placental ~ and JNK .
dacidiana pericytes/ 2. Increased ZO-1 expression - [115]
HMVECs and reduced endothelial
permeability by preventing
pericyte apoptosis
Table 2. Protective effects of natural products in the treatment of DR.
Target Effects Compound Name Natural Product Category Reference
Reduced inflammatory factors (IL-13, Grape, peanuts,
IL-6, TNF-«, Interferor}‘,l—y, and MCP-1) Resveratrol }i)er};ies Phenols [86-89]
1. Downregulated inflammatory factors Haematococcus
(TNF-«, IL-13, IL-6, MIC-1, and IL-10) Astaxanthin luvialis, shrimps Terpenoids [40,90]
2. Downregulated NF- kB level P ! P
Inflammation (511:115}1328::31 1Ir]1f_11a E‘)lmatory cytokines Quercetin Licorice Flavonoids [91,92]
(s;lsgfis’liilg’ﬂ:ﬁr?ifgy cytokines Asiaticoside Centella asiatica Saponins [95]
1. Suppressed inflammatory factors
(TNF-o, IL-1B, and IL-6) Nimbolide Neem plants Terpenoids [98]

2. Suppressed TLR4 and NF-kB
expressions
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Table 2. Cont.

Target Effects Compound Name Natural Product Category Reference
Suppressed inflammatory cytokines L . .
(TNF-o, TL-1B, and IL-6) Argunolic acid Cyclocarya paliurus Terpenoids [37]
1. Reduced pro-inflammatory cytokines
(IL-18 and IL-1B) . . . .
5 Inhibited NLRP3 inflammasome Palbinone Paceonia suffruticosa Terpenoids [99]
formation
Suppressed inflammatory cytokines . Salvia miltiorrhiza .
(TNF-a, IL-1p, and IL-6) Tanshinone ITA bunge Terpenoids [101]
Downregulated the expression of
inflammasome components (NLRP3 and Tilianin Traversia baccharoides Flavonoids [104]

Inflammation ASC) along with their downstream targets Hook.f.
(caspase-1 and IL-183)
Suppressed inflammatory cytokines . Moraceae family .
(TNF-o and IL-1B) Morin plants Flavonoids [105]
1. Suppressed inflammatory cytokines
(TNF-e, IL-1B, and IL-6) . . Fenugreek seeds, .
2. Downregulated the expressions of Diosgenin wild yam roots Steroids [113,114]
COX-2 and p65
1. Suppressed pro-inflammatory factors
(TNF-e, IL-6, and IL-1) Ginsenoside Rgl, Panax notoginseng ) [14]
2. Inhibited the activation of the NF-kB Ginsenoside Rb1 sponins
signaling pathway
1. Suppressed VEGF and HIF-1x
expressions
2. Suppressed neovascularization by Berberine Rhizoma Coptidis Alkaloids [31,93,94]
inactivation of cell proliferation and
migration
Reduced VEGF expression Astragalin Astragalus Saponins [96]
mambranaceus
Inhibited tube formation induced by . . .
VEGFR2 and BMP4 Glechomanamides B Salvia Terpenoids [49]
Reduced VEGF expression Tanshinone ITA Salvzabrlnlzriggrrhlza Terpenoids [101]
1. Inhibited cell proliferation, migration,
Neovascularization/  and tube formation ) .

VEGE 2. Suppressed the expressions of VEGF Kaempferol Kaempferia galanga L. Flavonoids [102,103]

and PGF
- . . Oroxylum indicum
1. Inhibited cell migration . . .
2. Inhibited HIF-1o and VEGF expressions Chrysin (Lins.) Ifflfzth“’” ex  Flavonoids (501
1. Suppressed cell proliferation, migration,
and tube formation
2. Inhibited HIF-1« and VEGF expressions Gambogic acid Gamboges resin Flavonoids [51]
3. Decreased angiogenesis-related
expressions of FGF2 and PAI-1
1. Inhibited cell proliferation . .
2. Inhibited HIF-1a and VEGF expressions Fucoidan Brown algae Saccharides [110,111]
1. Inhibited the secretion of VEGFA
2. Decreased the mRNA expressions of Radix et Rhizom.
VEGFA and PHD-2 Aloe-emodin a ;hei oma Quinones [112]
3. Inhibited hypoxia-induced retinal
neovascularization
Reduced lipid peroxidation level and ROS Astragaloside-IV Astragalus Saponins [55,34,85]
content mambranaceus
1. Enhanced SOD activity and reduced the
Oxidative stress 8-isoprostane level and GSSG/GSH ratio Grape. peanuts

in both blood and retina tissue Resveratrol pe. P ! Phenols [86-89]

2. Decreased oxidative stress marker
4-HNE

berries
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Table 2. Cont.

Target Effects Compound Name Natural Product Category Reference

1. Regulated GSH, GPx, MDA, and ROS
levels Haematococcus
2. Fostered the expressions of HO-1, Astaxanthin luvialis. shrimps Terpenoids [40,90]
NQOI1, and IL-10 and restrained the b ! p
expression of NF-kB
Increased GSH and antioxidant enzymes’ . L .
activities (SOD and CAT) Quercetin Licorice Flavonoids [91,92]
Reduced oxidative stress Berberine Rhizoma Coptidis Alkaloids [31,93,94]
1. Decreased ROS production
2. Tncreased HO-1 activity Carnosol Rosemary Phenols [97]
Es«:izased MDA and lipid peroxidation Magnolol Magoolia officinalis Phenols [56]
Improved antioxidants’ status by
regulating SOD, GSH, SOD/CAT ratio, Nimbolide Neem plants Terpenoids [98]
and GSH/GSSG ratio

PEp 1. Upregulated the HO-1 protein level - . .

Oxidative stress preg p

1dativi 2. Downregulated ROS and MDA levels Argunolic acid Cyclocarya paliurus Terpenoids [37]
1. Enhanced antioxidant activities (SOD,
CAT, and GPx) Palbinone Paeonia suffruticosa Terpenoids [99]
2. Enhanced the HO-1 expression
1. Restored the GSH level Andrographis
2. Inhibited IDO and consequential Andrographolide paniculate (Burm. F.) Terpenoids [100]
changes in Kynurenine metabolites Nees
Decreased ROS levels Kaempferol Hippop haeLrhumnmdes Flavonoids [102,103]
1. Increased Nrf2 and HO-1 expressions
and decreased MDA levels Tilianin Traversia baccharoides Flavonoids [104]
2. Increased SOD, CAT, and GPX levels Hook.f.
and decreased MDA levels
1. Improved endogenous antioxidant Mor famil
enzymes’ activity (GPx, CAT, and SOD) Morin 0 aci?ﬁt: Y Flavonoids [105]
2. Decreased lipid peroxidase levels P
1. Restored GSH activity
2. Decreased thiobarbituric acid-reactive
substances and protein carbonyl levels Isoflavon Caesalpinia Flavonoid [108]
3. Inhibited AR activity sotavones pulcherrima avonoids
4. Increased antioxidant enzymes’
activities (SOD, GPx, and CAT)
Inhibited ROS generation through
Ca”*-dependent ERK1/2 signaling Fucoidan Brown algae Saccharides [110,111]
pathway
Increased SOD and GPX levels and . . Fenugreek seeds, .
decreased MDA levels Diosgenin wild yam roots Steroids (112]
Decreased cell apoptosis Astragaloside-IV Astragalus Saponins [55,84,85]

mambranaceus

1. Mediated alternations in gene and
protein expressions related to apoptosis
(p53, Bax, Bcl-2, caspase-3, caspase-9,
p38aMAPK, c-Jun N-terminal kinase-1, Grape, peanuts, y

A . and extracellular signal-regulated Resveratrol berries Phenol [86-89]

poptosis .

kinase-1)
2. Blocked the increase in CaMKII and
phosphor-CaMKII protein levels
1. Inhibited retinal pericytes apoptosis Haematococcus
2. Regulated apoptosis-related proteins Astaxanthin Terpenoids [40,90]

(Bcl-2, BAX, and caspase-3)

pluvialis, shrimps
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Table 2. Cont.

Target Effects Compound Name Natural Product Category Reference
1. Attenuated apoptosis by decreasing
caspase-3 and cytochrome c levels, and
increasing Bcl-2 expression
2. Decreased the expression of BDNF, Quercetin Licorice Flavonoids [91,92]
NGF, TrkB receptor, synaptophysin, and
p-Akt
3. Suppressed NF-kB activity
regulated apoptosis-related proteins e - .
(Bcl-2, Bax, caspase-3, and caspase-9) Asiaticoside Centella asiatica Saponins [95]
::ttt;ril;]ated cell apoptosis and caspase-3 Kaempferol Kaempferia galanga L. Flavonoids [102,103]
Apoptosis Ameliorated a i inhibiti
poptosis by inhibiting 7,8- . . .
caspase-9 activity Dihydroxyflavone Citrus, grains, tea Flavonoids [106]
Inhibited retinal cell apoptosis Epicatechin Green tea, coconut Flavonoids [109]
1. Suppressed cell apoptosis
2. Regulated apoptosis-related proteins Diosgenin Fvi?&griil: :g(e);:lss, Steroids [113,114]
(Bcl-2, BAX, and caspase-3) y
1. Prevented pericyte apoptosis by
blocking the act1V1t1es: of p38 fand JNK . U6OE, C7A Ulmus dacidiana B [115]
2. Prevented apoptosis-associated protein
(capsase-3)
. Decreased the rate of ferroptosis by . Astragalus .
Ferroptosis inhibiting the expression of miR-138-5p Astragaloside-IV mambranaceus Saponins [55,84,85]
. . Astragalus .
Regulated ERK1/2 phosphorylation Astragaloside-IV mambronaceus Saponins [55,84,85]
Cell Regulated ERK1/2 phosphorylation Kaempferol Kaempferia galanga L. Flavonoids [102,103]
phosphorylation —
Oroxylum indicum
Regulated AKT and ERK phosphorylation Chrysin (Linn.) Bentham ex Flavonoids [50]
Kurz
Decreased AGEs production Resveratrol Gra};&zﬁ;znuts, Phenols [86-89]
AGEs H ;
accumulation Decreased AGEs production Astaxanthin Aemarococeus Terpenoids [40,90]
pluvialis, shrimps
Reduced AGEs burden Epicatechin Green tea Flavonoids [109]
Oroxylum indicum
Decreased MMP-2 expression Chrysin (Linn.) Bentham ex Flavonoids [50]
MMP Kurz
Attenuated MMP-9 enzymatic activity Nobiletin Citrus plants Flavonoids [107]
Activated the
Autophagy AMPK/mTOR/HO-1-regulated Arjunolic acid Cyclocarya paliurus Terpenoids [371]
autophagy pathway
Inhibited leukocyte adhesion and Berberine Rhizoma Coptidis Alkaloids ~ [31,93,94]
Leukocyte decreased ICAM-1 expression
adhesion Downregulated the protein expression of Ginsenoside Rgl, Panax notoginseng ) [14]
ICAM-1 and VCAM-1 Ginsenoside Rb1 sponins
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Figure 4. Classifications and natural sources of natural products.
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Figure 5. Molecular pathways modulated by natural products in diabetic retinopathy. Various natural
products play regulatory roles in inflammation, ferroptosis, oxidative stress, neovascularization,
and apoptosis-related signaling pathways in diabetic retinopathy. Abbreviations: NF-kB, nuclear
factor kappa-B; TNF-«, tumor necrosis factor-alpha; IL-6, interleukin 6; Keapl, Kelch-like ECH-
associated protein 1; Nrf2, nuclear factor erythroid-2-related factor 2; HO-1, heme oxygenase-1;
PI3K, phosphoinositide 3-kinase; mTOR, mammalian target of rapamycin; MAPK, mitogen-activated
protein kinases; ERK, extracellular signal-regulated kinase; HIF-1«, hypoxia-inducible factor-1 alpha;

VEGE, vascular endothelial growth factor; MMP 2, matrix metalloproteinase 2.
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5.1. Key Natural Products in DR Treatment
5.1.1. Astragaloside-IV

Astragaloside-IV (AS-1V) is the main bioactive agent of Astragalus membranaceus and
has excellent antioxidant capacity. Tang et al. [55] found that high-glucose conditions
promoted ferroptosis in RPE cells. Moreover, AS-IV inhibited miR-138-5p expression,
augmented Sirtl/Nrf2 pathway activity, and enhanced cellular antioxidant defense, thus
leading to a reduction in ferroptosis in RPE cells. Ting et al. [84] noted that AS-IV signif-
icantly repressed aldose reductase (AR) activation, NF-«B overexpression, and ERK1/2
phosphorylation in a db/db mouse model, thus exerting anti-inflammatory and neuroprotec-
tive effects. Additionally, AS-IV was found to decrease apoptosis and dysfunction in RGCs.
Zhao et al. [85] reported that AS-IV administration increased retinal thickness, alleviated
DR-induced histopathological changes, and moderated elevated blood glucose levels in
diabetic rats. AS-IV may exert an anti-inflammatory effect through the PI3K/AKT pathway.

5.1.2. Resveratrol

Resveratrol is a polyphenolic compound that has been shown to have favorable ROS-
scavenging efficacy across multiple pathways. In age-related macular degeneration, some
studies have demonstrated that resveratrol has a beneficial impact on the retina [116,117].
In the STZ-induced diabetic rat model, resveratrol diminished the inflammatory response
and retinal damage through the PON1 pathway, thus elevating PON1 expression while
reducing Ox-DLD, advanced glycosylated end products (AGEs), and inflammatory factors
(IL-1pB, IL-6, TNF-«, Interferon-y, MCP-1, and VEGF). Additionally, resveratrol reduced
caspase-3 activity and Ox-LDL expression in rat retinal endothelial cells [86]. Hussaini
found that resveratrol regulated the expression of multiple genes and proteins related
to apoptotic pathways in RPE cells. It was observed that the transcript levels of the pro-
apoptotic genes, tumor suppressor protein 53 (p53), BAX, caspase-3, and caspase-9, and the
anti-apoptotic gene Bcl-2, were increased, which consequently led to G2/M arrest and
thus reduced apoptosis. Therefore, one of the protective pathways of resveratrol against
diabetes-induced damage in RPE cells was through the inhibition of endogenous apop-
totic pathway-related proteins [87]. Soufi found that long-term treatment with resveratrol
reduced hyperglycemia and HbAlc levels, while improving energy metabolism and attenu-
ating weight loss. Additionally, four months of oral resveratrol treatment decreased retinal
oxidative stress and NF-«B activity, thereby reducing apoptosis rates in the retina of dia-
betic rats [88]. Ca?* /calmodulin-dependent protein kinase II (CaMKII), a serine-threonine
protein kinase involved in neuronal cell death, was also found to be effectively inhibited by
resveratrol, which prevented diabetes-induced apoptosis and upregulated CaMKII expres-
sion in RGCs. Kim et al. hypothesized that resveratrol may modulate CaMKII expression
by interfering with calcium- and voltage-gated calcium channel-regulated processes, ulti-
mately exerting neuroprotective effects in DR [89]. Furthermore, some clinical trials have
shown that resveratrol is well tolerated, has relatively few side effects, and there is no clear
evidence of serious adverse events directly attributable to resveratrol [118]. In conclusion,
resveratrol may be a promising drug for the treatment of DR.

5.1.3. Astaxanthin

Astaxanthin (ASX), which is a natural compound prevalent in a variety of plants
and animals, is known for its anticancer and antioxidant functions. In the STZ-induced
diabetic rat model, ASX increased retinal thickness and ganglion cell numbers. Furthermore,
ASX suppressed Keapl expression, facilitated Nrf2 translocation into the nucleus, and
enhanced the expression of heme oxygenase-1 (HO-1), quinone oxidoreductase 1 (NQO1),
y-glutamylcysteine synthetase, and glutathione (GSH) peroxidase (GPx) [40]. Additionally,
ASX mitigated DR-related damage by decreasing AGEs production and reducing pericyte
apoptosis and inflammation. Although ASX did not lower elevated blood glucose levels in
a rat model, its anti-inflammatory, antioxidant, and antiapoptotic effects also contributed
to attenuating DR pathology [90].

149



Biomedicines 2024, 12, 1138

5.1.4. Quercetin

Quercetin is a major representative of the flavonoid family that can be found in
various vegetables and fruits. Quercetin plays an important role in treating numerous
diseases by exerting anti-inflammatory, antioxidant, anti-neovascular, and neuroprotective
effects [119-121]. In diabetic rats, quercetin supplementation increased neurotrophic factors
and inhibited cytochrome ¢ and caspase-3, thereby protecting the retina from oxidative
stress and apoptosis. Hence, quercetin was deemed to protect retinal neurons against DR
via the BDNF/TrkB/Akt/synaptophysin pathway [91]. Additionally, quercetin modulated
the activities of SOD and CAT, increased GSH levels, and prevented the release of TNF-«
and IL-13, thus suppressing NF-kB and caspase-3 activity. It also prevents retinal edema
by inhibiting glial fibrillary acidic protein and aquaporin-4 elevation [92].

5.1.5. Berberine

Berberine (BBR), which is a bioactive alkaloid isolated from the traditional Chinese
medicine Rhizoma Coptidis [122], is known for its extensive medical value, including its
anticancer, antiviral, and antibacterial effects [123,124]. Insulin injection is one of the most
important treatment modalities for patients with type 1 DM and advanced type 2 DM.
However, some studies have shown that insulin treatment may accelerate the progression
of DR [125]. Wang et al. [31] reported on the role of BBR in suppressing DR progression
in insulin-treated type 1 and type 2 diabetic mice. Insulin treatment activated retinal
endothelial cells, which led to increased expressions of HIF-1a and VEGEFE, whereas BBR
reversed these effects by inhibiting the Akt/mTOR signaling pathway. BBR improved
retinopathy and reduced neovascularization and neuronal injury, thus complementing the
effect of insulin therapy. Tian et al. [93] found that BBR attenuated interleukin-induced
damage to retinal endothelial cells and suppressed the expression of inflammatory and
oxidative stress markers under hyperglycemic conditions, which is likely partially through
inhibition of the NF-«kB signaling pathway. To further investigate the core mechanism
by which BBR ameliorates DR, Na et al. [94] used four-dimensional independent data
acquisition proteomics combined with bioinformatics analysis and experimental validation.
These approaches further confirmed the therapeutic potential of BBR and highlighted its
regulatory influence on molecular networks, particularly considering the significance of
carbonic anhydrase 1.

5.2. Other Potential Natural Products in DR Treatment
5.2.1. Saponins

Asiaticoside, which is a major active compound isolated from Centella asiatica, is known
for its anxiolytic, scar healing, analgesic, antibacterial, anti-inflammatory, and antioxidant
effects [126,127]. In high-glucose-cultured RPE cells, asiaticoside reduced the levels of
inflammatory cytokines, including TNF-«, IL-6, and IL-1f3, and reversed the upregulated
expression of apoptosis-related proteins. Moreover, the protective effects of asiaticoside
were abolished when the cAMP inhibitor SQ22536 was introduced. Consequently, asiati-
coside may ameliorate the inflammatory response and apoptosis in DR by activating the
cAMP /PKA signaling pathway [95].

Astragalin is another bioactive compound that is produced by Astragalus membranaceus
and has beneficial effects on hyperglycemia [128-130]. In Miiller cells, astragalin signifi-
cantly reduced VEGF expression, thereby diminishing retinal neovascularization [96].

5.2.2. Phenols

Carnosol, which is a phenolic extract from the herb rosemary, is known for its antioxi-
dant properties. In HRECs cultured under high-glucose conditions, carnosol at concentra-
tions of 10 uM or 20 uM facilitated cellular rejuvenation. It also attenuated cell apoptosis
and ROS accumulation. Consequently, carnosol activated Nrf2/HO-1 signaling via the
modulation of the ERK1/2 pathway, thereby mitigating high-glucose-induced damage in
HRECs [97].
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Magnolol, which is extracted from Magnolia officinalis, has potent anti-inflammatory,
antioxidative, and anticancer effects [131-133]. In high-glucose- or S100b-induced (a specific
receptor for AGEs ligand) RPE cells, magnolol inhibited the ERK/MAPK/ Akt signaling
pathway, thereby preventing the upregulated expression of transforming growth factor-f31
(TGF-f1) and fibronectin. It also curtailed lipid peroxidation triggered by S100b, thus
decelerating the pathologic development of DR [56].

5.2.3. Terpenoids

Nimbolide, which is a terpenoid found in neem plants, has been reported to be advan-
tageous for cancer therapy [134,135]. This research demonstrated that nimbolide decreased
inflammatory markers, alleviated oxidative stress, enhanced antioxidant defenses, and
suppressed the TLR4/NF-kB pathway in diabetic rats. Moreover, its effect was similar to
that of metformin, thus demonstrating its potential as a complementary DR therapy [98].

Cyclocarya paliurus is a traditional Chinese herbal medicine, and arjunolic acid (AA)
is the major active compound that has significant protective effects against a variety of
metabolic diseases. AA attenuated weight loss and increased retinal thickness and nucleus
numbers in diabetic rats. Moreover, the protein expression of HO-1 was upregulated. In
addition, AA modulated autophagy via the AMPK/mTOR pathway, thereby attenuating
retinal cell damage and apoptosis. This study demonstrated that AA could treat DR by
attenuating retinal cell damage and reducing oxidative stress, inflammation, and apoptosis
through the AMPK/mTOR/HO-1/autophagy pathway [37].

Palbinone (PB), which is a triterpenoid isolated from Paeonia suffruticosa, decreased
the levels of pro-inflammatory cytokines (IL-18 and IL-13) and enhanced the activities of
antioxidant enzymes, including superoxide dismutase (SOD), catalase (CAT), and GSH
peroxidase (GPx) in STZ-induced diabetic rats. Furthermore, PB activated the Nrf2 path-
way, elevated HO-1 expression, and inhibited NLRP3 inflammasome formation, thereby
attenuating retinal inflammation and oxidative stress in DR [99].

The natural compound andrographolide is derived from the medicinal herb Andro-
graphis paniculate Nees. Overproduction of indoleamine 2,3-dioxygenase (IDO), which is
a pivotal enzyme in the kynurenine pathway, leads to oxidative stress in DR [136]. An-
drographolide notably curbed IDO production and consequential changes in kynurenine
metabolites, thereby attenuating the oxidative stress level in DR. In addition, it reduced
oxidative stress markers, thus suggesting that it is a promising antioxidative therapeutic
agent [100].

Wang et al. [49] isolated six compounds from Salvia and elucidated their structures
via spectroscopy and X-ray diffraction. In particular, glechomanamide B hindered VEGF-
induced tube formation in HUVECs by affecting the VEGF2 signaling pathway, thus
potentially inhibiting DR-related neovascularization.

Tanshinone IIA is sourced from the traditional Chinese herb Salvia miltiorrhiza and is
known to have cardiovascular benefits [137,138]. In recent years, tanshinone IIA has been
found to have specific effects on DR. The molecular mechanism, pharmacodynamic target,
and protein interaction network of tanshinone IIA were analyzed by using integrated
pharmacology and verified by animal experiments. Tanshinone IIA restored the retinal
structure of the rats, decreased the mRNA expressions of VEGF, IL-1§, IL-6, TNF-«, and
caspase-3, and modulated the protein expression of Bcl-2, Bax, and VEGFA. These results
suggested that tanshinone IIA could alleviate hyperglycemia-induced retinal damage, thus
offering anti-inflammatory and antiangiogenic benefits in DR [101].

5.2.4. Flavonoids

Flavonoids are heterocyclic compounds that can be widely found in various veg-
etables and fruits, such as tomatoes, grapes, and nuts. Flavonoids are known for their
significant antioxidant properties, which can potentially mitigate oxidative stress and
neurodegeneration in DR [83].
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Kaempferol is a medicinal flavonol that can be found in numerous fruits and veg-
etables. It has been shown to inhibit lactate dehydrogenase release, apoptosis, caspase-3
activity, and ROS levels in RGCs. Moreover, kaempferol potentially protected RGCs from
retinopathy induced by high glucose by modulating the ERK/VASH1 signaling path-
way [102]. In HRECs cultured under high-glucose conditions, kaempferol decreased VEGF
and placental growth factor (PGF) levels and inhibited cell proliferation and migration.
Kaempferol may inhibit the Src/Aktl/Erk1/2 signaling pathway, thus decreasing retinal
neovascularization [103].

Tilianin (TN) is a natural polyphenolic flavonoid. Oral administration of TN to
diabetic rats markedly decreased their food consumption, blood glucose level, and serum
insulin status. TN increased the expression of nuclear factor erythroid-2-related factor 2
(Nrf2) and its target gene HO-1, while decreasing thioredoxin-interacting protein (TXNIP),
NOD-like receptor protein 3 (NLRP3), apoptosis-associated speck-like protein containing
a CARD, caspase-1, and IL-13 protein levels. TN thereby manifests potent antioxidant
and anti-inflammatory effects in DR, potentially by modulating the Nrf2/TXNIP/NLRP3
inflammasome pathways [104].

Chrysin is a member of the flavonoid family, and the structure of chrysin can modulate
the immune system [139]. In addition, chrysin notably decreased the phosphorylation
of AKT, ERK, and MMP-2 in RF/6A cells cultured in a high-glucose environment, thus
reducing the influence of VEGF and its receptor VEGFR, and thereby curbing RE/6A cell
migration [50].

Morin is a dietary bioflavonoid from the Moraceae family of plants. Moreover, morin
has been shown to reduce lipid peroxidase activity and enhance the levels of endogenous
antioxidants (GPx, CAT, and SOD) in the retina. Further, morin can decrease the concen-
trations of TNF-«, IL-1$3, and VEGEF, and contribute to increases in retinal thickness and
ganglion cell numbers. Thus, morin may attenuate retinal damage by exerting antioxidant
effects in STZ-induced diabetic rat models [105].

Gambogic acid (GA) is a flavonoid natural product extracted from the traditional
Chinese medicine gamboges resin. GA can suppress proliferation, migration, and tube
formation in high-glucose-cultured RF/6A cells. GA can also ameliorate retinal morphology
in diabetic mice by suppressing neovascularization via the inhibition of HIF-1x and VEGFE.
Furthermore, the PI3K/AKT signaling pathway has been implicated in the inhibitory
effects of GA on DR [51].

DHEF (7,8-dihydroxyflavone) is a natural extract from non-mammalian animals or
plants, such as citrus plants, grains, tea, vegetables, and fruits. In high-glucose-injured
RPE cells, DHF significantly reduced the expression of the apoptotic factor caspase-9 at
both the RNA and protein levels. DHF also attenuated apoptosis by activating the TrkB
signaling pathway, whereas the TrkB antagonist K252a inhibited the protective effect of
DHEF by dephosphorylating TrkB signaling [106].

Nobiletin is the major polymethoxylated flavone isolated from citrus fruits. Matrix
metalloproteinases (MMPs) play a promoting role in the development of PDR; however,
the clinical application of many MMP inhibitors is restricted due to their non-specificity,
low bioavailability, and adverse effects. This study demonstrated that nobiletin can reduce
the enzymatic activity of MMP-9 by inhibiting its gene transcription and by augmenting
the production of tissue inhibitor of metalloproteinase-1 in Miiller cells. Moreover, the
metabolite of nobiletin, 4’-demethylated nobiletin, can ensure its efficacy in the body. A
further understanding of the bioavailability of nobiletin is needed to assess its bioactivity
within target tissues [107].

Isoflavones are a member of the flavonoid family that have strong antioxidant effects.
In STZ-induced diabetic rats, isoflavones exerted potent antioxidative effects, thus reducing
retinal sorbitol accumulation by decreasing AR enzyme activity, thereby slowing DR
progression. Additionally, isoflavones decrease thiobarbituric acid-reactive substances
and protein carbonyl levels in a dose-dependent manner while enhancing GSH, thus
diminishing oxidative stress in the retina [108].
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Epicatechin, which is a prevalent flavonoid found in human dietary sources, is rec-
ognized for its role in enhancing insulin responsiveness and managing blood glucose
levels [140,141]. Increases in AGEs are strongly associated with diabetic retinopathy [142].
Epicatechin disrupted AGE antigen formation and mitigated AGE accumulation in a dose-
dependent manner in the retina. Moreover, in diabetic rats exogenously injected with
AGES, epicatechin can also ameliorate retinal vascular cell apoptosis and reduce the AGEs
burden [109].

5.2.5. Saccharide

Fucoidan is a polysaccharide compound extracted from brown seaweeds that can
be found in the sea and on land. In high-glucose-cultured RPE cells, fucoidan prevented
ROS production by inhibiting the Ca?*-dependent ERK1/2 signaling pathway, thereby
attenuating the retinal damage attributed to high glucose [110]. In addition, in high-
glucose-induced microvascular endothelial cells, fucoidan inhibited vascular endothelial
cell proliferation and VEGF expression, thus demonstrating antiangiogenic effects. In
conclusion, fucoidan exerted similar effects as calcium dobesilate in alleviating retinal
pathological changes and blocking neovascularization in a db/db type 1 diabetic mouse
model [111].

5.2.6. Quinone

Aloe-emodin (AE), a natural compound derived from the traditional Chinese medicine
Radix et Rhizoma Rhei, has been known to possess antiangiogenic, antioxidant, and
anti-tumor properties [143]. Wu et al. discovered that AE inhibited hypoxia-induced
retinal neovascularization via the HIF-1a/VEGF signaling pathway, utilizing both an
in vitro model of CoCl,-induced VEGF secretion and an in vivo model of oxygen-induced
neovascularization. In vitro, the mRNA expressions of VEGFA and prolyl hydroxylase-2
(PHD-2) were downregulated, and the protein levels of VEGFA, HIF-1«, and PHD-2
decreased. In vivo, AE inhibited retinal neovascularization in the OIR rat model. This study
suggests that AE may potentially treat DR by inhibiting retinal neovascularization [112].

5.2.7. Steroid

Trigonella foenum-graceum Linn. (Fenugreek) is an annual herb that was initially used
as a vegetable and spice in India. Fenugreek seeds contain various saponins, including
4-hydroxyisoleucine, trigonelline, and diosgenin. Gupta et al. discovered that fenugreek
played a crucial role in attenuating oxidative stress and inhibiting inflammatory and
angiogenic molecular biomarkers in diabetic rats. Additionally, fenugreek was found to
inhibit basement membrane thickening and BRB destruction [144]. Diosgenin, an important
natural compound extracted from fenugreek seeds, was found to enhance cell viability
in RPE cells under high-glucose conditions, and reduce inflammation, oxidative stress,
and apoptosis levels through the activation of the AMPK/Nrf2/HO-1 signaling pathway.
Moreover, the protective effects of diosgenin on high-glucose-induced RPE cells were
reversed by dorsomorphin (an AMPK inhibitor) [113]. Liao et al. demonstrated that
diosgenin increased the total retinal thickness, photoreceptor layer, and outer nuclear layer
thickness, and ameliorated ganglion cell loss in the db/db mouse model. Additionally,
diosgenin was shown to increase Bcl-2 expression while reducing caspase-3 expression,
suggesting its potential as an anti-apoptosis agent in vivo [114]. These studies suggest that
fenugreek and its extracts may serve as a new modality for DR treatment.

5.2.8. Vitamin D

Vitamin D is one of the essential nutrients for the body to maintain normal phys-
iological functions, and it is extensively employed as a dietary supplement for health
preservation [145]. Most of the studies have aimed to investigate whether individual
vitamin D serum levels are associated with DR, yet the conclusions have remained incon-
clusive.
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A cross-sectional study by Long et al. assessed the relationship between vitamin D
deficiency and DR severity in 842 individuals stratified according to glycemic control, and
they demonstrated that vitamin D deficiency may be associated with severe DR only in
those individuals with well-controlled blood glucose levels [146].

The findings of Alcubierre et al. suggested that vitamin D deficiency may be associated
with DR severity; however, vitamin D consumption did not significantly differ between
DR patients and healthy individuals [147]. Moreover, a longitudinal investigation by
Millen et al. over three years also did not observe a connection between vitamin D and
DR [148].

In conclusion, vitamin D supplementation may be advantageous for treating DR, but
additional large-scale randomized controlled trials are needed.

5.2.9. Natural Products with Various Bioactive Agents

Panax notoginseng saponins (PNS), which are the primary constituents of Panax notogin-
seng, exhibit a variety of anti-inflammatory, antioxidant, and neuroprotective properties.
Investigations have demonstrated that ginsenoside Rgl (GRgl) and GRb1, which are
key components of the PNS, exerted anti-inflammatory effects in DR. GRg1 and GRb1
increased the retinal inner nuclear layer thickness, decreased retinal acellular capillaries,
alleviated BRB destruction, eliminated microglial activation, reversed leukocyte adhesion,
and suppressed elevated inflammatory factor levels in the serum. In conclusion, GRg1 and
GRb1 decreased retinal damage, attributable to high glucose through the NF-«B signaling
pathway [14].

The deciduous plant Ulmus davidiana, which is extensively cultivated in China, South
Korea, and many other countries, serves as a traditional herbal remedy because its roots
and stems are used to alleviate numerous ailments, such as cancer and asthma [149-152].
The primary active bioactive compounds that have been identified in Ulmus davidiana are
a 60% edible ethanolic extract (U60E) and the catechin 7-O-p-D-apiofuranoside (C7A). In
high-glucose- and TNF-o-stimulated cells, U6OE and C7A inhibited pericyte apoptosis by
suppressing p38 and JNK activities. Additionally, when pericytes and endothelial cells were
co-cultured, U60E and C7A were found to restore the suppressed expression of connexin
Z0O-1 and reduce the increased vascular permeability [115].

6. Mechanisms of Action, Toxicity, and Drug-Drug Interactions of Natural Products
6.1. Bioavailability and Ocular Metabolic Pathways of Natural Products

The main methods of drug delivery into the ocular system include intravitreal injec-
tions and systemic, periocular, subretinal, suprachoroidal, or topical administration [153].
Specifically, for DR, the inhibition of neovascularization is often achieved through the
intravitreal injection of VEGF antibodies. NP supplements offer the unique advantage of
efficiently reaching the retina through oral systemic administration. Within the body, NPs
are metabolized, assimilated into the bloodstream, traverse the BRB, and subsequently
nourish retinal cells. RPE cells have the capacity to take up vitamins and nutrients from the
blood circulation and deliver them to RGCs [154].

However, some current NPs are limited by their low efficiency in drug delivery.
Therefore, more research has focused on improving drug delivery systems through nan-
otechnology. Nano-synthetic drugs potentially improve the safety of systemic delivery
and ensure drug targeting. Currently, an increasing number of new nanomaterials are
emerging for DR treatment, thus offering non-invasive and safe drug delivery or modifica-
tion strategies [155]. Although quercetin is a promising therapeutic drug for DR, its high
oral dose requirement and limited bioavailability have limited its clinical use [156-158].
Gui et al. reported that ultrasmall Fe-Quer nanozymes (NZs), which are synthesized by
binding quercetin with low-toxicity ions, showed increased delivery efficacy, robust ROS
scavenging, and vascular protection in both in vivo and in vitro experiments. Histologic
examination further confirmed the low toxicity of Fe-Quer NZs, thus suggesting a safe and
effective drug delivery system [159]. Moreover, Toragall et al. designed a lutein-loaded
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chitosan-sodium alginate nanocarrier comprising an oleic acid core (LNC) for improving
the solubility, instability, and bioavailability of lutein. Studies have indicated that LNCs
with a smaller size and smooth spherical morphology do not affect normal cell viability at
a concentration of 20 uM, and LNCs exhibit a high cellular uptake rate, even under HyO,-
induced oxidative stress conditions [160]. These observations provide avenues for the use
of nanomaterials encapsulating NPs as a new therapeutic strategy for DR management.

Ocular drug clearance mainly occurs through the anterior chamber with aqueous
humor circulation or through the BRB, with subsequent systemic circulation to the liver.
The efficiency of ocular drug clearance depends on drug permeability, molecular size,
and lipophilicity. Low-molecular-weight drugs permeate the BRB more efficiently than
high-molecular-weight drugs [161], and protein clearance mainly occurs through BRB
metabolism [162]. Furthermore, hydrophilic drugs tend to be primarily cleared by passive
diffusion through the anterior chamber pathway, whereas lipophilic drugs are mainly
cleared through the BRB. The progression of ocular diseases may induce changes in the
pathophysiological environment of the eyes, which can correspondingly influence the
drug’s metabolic profile [153]. Inappropriate metabolic processing of drugs may cause
adverse reactions.

6.2. Toxicity and Side Effects

Safety remains the foremost concern in the utilization of pharmaceuticals. Currently,
there has been a growing interest in natural compounds, some of which have been for-
mulated as dietary supplements. NPs are generally considered to have lower toxicity and
fewer side effects; therefore, they are currently widely used. However, rigorous clinical
trial validation of the safety of many dietary supplements or herbal medicines is lacking,
and indiscriminate supplementation with NPs may be harmful.

Many NPs are administered orally; additionally, due to their natural connotations,
their potential toxicity may be underestimated. The significance of dosage for medical
efficacy is well established. Overconsumption can disrupt normal metabolic pathways,
thus leading to drug accumulation in certain organs and resulting in cytotoxicity [163,164].
Furthermore, drugs may be harmful due to overdose, metabolic processes, and drug-drug
interactions (DDIs). For example, although moderate vitamin D supplementation helps to
improve the body’s absorption of calcium and phosphorus, excessive supplementation can
induce toxic side effects, such as hypercalcemia, vomiting, and dehydration [165-167].

The liver and kidneys serve as pivotal organs for metabolic processes, thus necessitat-
ing vigilant monitoring for potential hepatoxicity and nephrotoxicity when administering
medications. BBR may suppress hepatic gluconeogenesis and potentially induce hepa-
toxicity by inhibiting energy metabolism and pyruvate carboxylation [168]. Pyrrolizidine
alkaloids, which are toxic compounds found in numerous Chinese medicinal herbs and a
small percentage of flowering plants, are known to cause hepatoxicity via metabolic activa-
tion by CYP450s to form toxic intermediates in the liver [169]. Teucirum chamaedrys is a
traditional food and medicinal plant that has also been reported to have hepatoxicity [170].
In Latin America, there is an increasing incidence of hepatoxicity due to the use of herbal
medicines and dietary supplements, and these patients have a higher rate of mortality or
need for liver transplantation than those treated with traditional medications [171].

In this review, NPs did not show notable toxic effects in either in vivo or in vitro
experiments. For example, polysaccharide compounds from algae were shown to be
non-toxic at concentrations ranging from 100 pg/mL to the minimal effective dose of
0.1 ug/mL [172]. Furthermore, a meta-analysis by Li et al. reported of the safety of Chinese
herbal compounds for the treatment of DR, with a significantly lower probability of adverse
risks than in the conventional treatment group [173]. However, cellular and animal models
may not fully predict human toxicological outcomes. Therefore, more research is needed to
explore the possible adverse effects of NPs on the human body and provide more evidence
for the future application of NPs.
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6.3. Drug—Drug Interactions

DDIs are combined effects that manifest when multiple drugs are administered con-
secutively. These effects may enhance or diminish drug efficacy and, in some cases, lead
to toxicity. DDIs are more likely to occur in those who suffer from chronic diseases or
those undergoing treatment with a combination of traditional medicines and NPs [174].
Currently, NPs are often used in combination with conventional medicines, which certainly
raises concerns regarding the potential for toxicity due to DDIs [175]. Studies have indi-
cated that NPs can exert bidirectional influences on pharmacological agents; for example,
BBR displays differential modulatory effects on the uptake of nimodipine by cerebral
microvascular endothelial cells, with an inhibitory effect at high concentrations and an
enhancing effect at low concentrations [176]. Enzymes involved in metabolism and trans-
port proteins are also instrumental in the modulation of DDIs [177]. Co-administration
of multiple compounds can cause competitive metabolic processes, which may alter drug
bioavailability and pharmacokinetics, thus modifying therapeutic outcomes and possibly
inducing adverse reactions [178,179]. For example, the co-administration of metformin and
BBR has been shown to promote drug accumulation in hepatic and renal tissues, which
is attributed to inhibited multidrug and toxin extrusion-1-mediated urinary and biliary
excretion [180].

DDIs may also enhance therapeutic outcomes. Oh et al. explored the antioxidant
effects of ascorbic acid in conjunction with ASX in RPE cells subjected to oxidative stress via
H,O; or UVB exposure. The results indicated an increase in cell viability and a concomitant
decrease in intracellular ROS levels. Ultimately, the combination of ascorbic acid and ASX
has been shown to amplify antioxidant effects [181]. In traditional Chinese medicine (TCM),
several herbs are usually mixed in specific proportions to form a single formula, in which
the therapeutic effects may be attributed to the synergistic, additive, and antagonistic
effects of several different ingredients, thus ultimately enhancing its efficacy and reducing
its toxicity. For example, LDD, which is a classical TCM formula, consists of six herbs. Its
efficacy in DR treatment may be attributable to the synergistic effects of multiple active
ingredients engaging in different biological targets and pathways [182]. Furthermore, a
meta-analysis by Li et al., comparing the effects of combining traditional Chinese medicine
and conventional Western medicine treatment for DR, showed that combining therapies
could lower blood glucose levels, improve fundus hemorrhage, and restore visual function
in DR patients [183].

7. Limitations and Perspectives

It is generally acknowledged that cell cultures and animal models cannot entirely
mimic the entire process of disease progression. Any new therapeutic intervention must be
based on rigorous basic research and clinical trials to determine the exact mechanisms and
targets of the drug and validate its efficacy in large population cohorts. Most of the studies
that were included in this review involved only cell and/or animal experiments, thus
indicating the need for additional preclinical and clinical trials to confirm the effectiveness
of these methods in populations. Additionally, it is critical to investigate whether the
process of absorption, distribution, metabolism, and excretion of NPs in the human body
will potentially cause toxicity or adverse effects and how to avoid the risks associated with
the use and overdose of multiple drugs. NPs may interact through myriad mechanisms and
targets, the complete mechanisms of which remain to be fully understood. By leveraging
advancements in technology and bioinformatics, such as high-throughput screening, high-
content screening, and virtual screening, we hope to facilitate our understanding of the
definitive action of NPs.

8. Conclusions

DR is one of the most severe complications of DM, and its pathological changes include
inflammation, retinal micro-vasculopathy, oxidative stress, and retinal neurodegeneration.
The complexity of the multiple mechanisms underlying these pathologic changes in DR
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makes achieving satisfactory outcomes with current treatments challenging. Considering
the pivotal role of dietary and lifestyle habits in diabetes management, therapeutic strategies
based on diet present a promising frontier for DR treatment.

We noted that research predominantly concentrates on preclinical studies involving
supplementation with one or more natural compounds that are administered either through
cell culture or animal diets. In vitro studies usually employ cellular models, such as
endothelial cells and RPE cells, whereas in vivo experiments frequently utilize STZ-induced
diabetic rats or mice, as well as db/db mouse models.

This review summarizes current investigations on the potential impacts of NPs on DR.
NPs still face some challenges, such as poor bioavailability, rapid breakdown, low targeting,
and inconsistent distribution within the human body [184]. They are widely available
and easily accessible, thus presenting advantages over small-molecule drugs. Moreover,
NPs have demonstrated anti-inflammatory, antioxidative, antiangiogenic, and neuropro-
tective effects in diabetic models, and the associated signaling pathways include NF-kB,
Nrf2 /Keapl, cAMP/PKA, AMPK/mTOR/HO-1, and miR-138-5p/Sirtl /Nrf2. Future re-
search incorporating nanomaterial-encapsulated NPs and employing bioinformatics-based
NPs may lead to significant advances.

In conclusion, NPs are a non-invasive treatment with high therapeutic potential and
are expected to be used either alone or in combination with other traditional Western
medications in the future for the prevention of DR. We anticipate more preclinical and
clinical research to validate the effects of NPs on DR.
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Abstract: The escalating global prevalence of diabetes mellitus (DM) over the past two decades
has led to a persistent high incidence of diabetic retinopathy (DR), necessitating screening for early
symptoms and proper treatment. Effective management of DR aims to decrease vision impairment
by controlling modifiable risk factors including hypertension, obesity, and dyslipidemia. Moreover,
systemic medications and plant-based therapy show promise in advancing DR treatment. One
of the key mechanisms related to DR pathogenesis is the polyol pathway, through which aldose
reductase (AR) catalyzes the conversion of glucose to sorbitol within various tissues, including
the retina, lens, ciliary body and iris. Elevated glucose levels activate AR, leading to osmotic
stress, advanced glycation end-product formation, and oxidative damage. This further implies
chronic inflammation, vascular permeability, and angiogenesis. Our comprehensive narrative review
describes the therapeutic potential of aldose reductase inhibitors in treating DR, where both synthetic
and natural inhibitors have been studied in recent decades. Our synthesis aims to guide future
research and clinical interventions in DR management.

Keywords: diabetic retinopathy; aldose reductase; polyol pathway; aldose reductase inhibitor

1. Introduction

Diabetes mellitus (DM) is a multifactorial metabolic disorder characterized by dysreg-
ulation of glucose metabolism, originating from inadequate insulin secretion by pancreatic
beta cells and/or impaired insulin sensitivity, leading to persistent hyperglycemia and
several important complications. The most common complications of diabetes include
neuropathy, retinopathy, nephropathy, and cardiovascular disease [1,2]. Approximately
12% of all new cases of severe visual impairment in the United States are caused by diabetic
retinopathy (DR), which is the most common cause of blindness in adult patients [1,3].
Moreover, DR is the most common diagnosis for 80% of people who have had DM for more
than 20 years. However, it was demonstrated that when effective therapies were given,
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at least 90% of new patients had their retinal structure and function restored [4]. Since
there is currently insufficient effectiveness in screening for DR, the condition can advance
unnoticed until irreversible ocular changes have occurred [5]. The pathophysiology of
DR is characterized by a cascade of events including vascular endothelial dysfunction,
breakdown of the blood-retinal barrier, microvascular occlusion, and ultimately retinal
ischemia and neovascularization [6-8]. These changes result in a spectrum of clinical
manifestations ranging from mild non-proliferative diabetic retinopathy (NPDR) to severe
proliferative diabetic retinopathy (PDR), with the latter being associated with the highest
risk of vision loss [6]. Several risk factors contribute to the development and progression of
DR. Prolonged duration of diabetes, poor glycemic control, hypertension (both systemic
and ocular), dyslipidemia, cigarette smoking, and genetic susceptibility are among the
most significant factors [7]. Additionally, pregnancy can exacerbate DR, particularly in
women with pre-existing diabetes; therefore, pre-conceptional care is needed [9].

Given the dramatic rise in the global prevalence of DM in the past 20 years and the
ongoing high incidence of DR in patients with both type I and type II diabetes, screen-
ing is essential for prompt detection of patients who are showing symptoms of chronic
hyperglycemia-related vision impairment and who need a thorough fundoscopy and
proper treatment [10]. Management of DR aims to prevent vision loss by controlling
modifiable risk factors, such as hypertension, obesity and dyslipidemia, and treating
sight-threatening complications. Tight glycemic control, blood pressure management, and
lipid-lowering therapy are essential components of DR management [7]. Additionally, sys-
temic medications—hypoglycemic, hypolipidemic, and antihypertensive drugs—as well
as plant-based pharmaceuticals have shown encouraging treatment in the advancement
of DR [5,6,10]. Advances in the science of pluripotent stem cells have made it possible to
restore retinal functions when these cells are transplanted into animals that have retinal
degeneration [11]. In cases of advanced disease, laser photocoagulation, intravitreal injec-
tions containing antivascular endothelial growth factor (anti-VEGF) agents, and vitrectomy
surgery may be indicated to stabilize or potentially improve vision [12].

Aldose reductase (AR), the first enzyme involved in the polyol pathway, plays an
important role in the pathogenesis of DR. Elevated glucose levels in DM lead to increased
activity of AR, resulting in the conversion of glucose to sorbitol within retinal cells. Sorbitol
accumulation contributes to osmotic stress, formation of advanced glycation end (AGE)
products, and depletion of NADPH, exacerbating oxidative damage and cellular dysfunc-
tion. Additionally, aldose reductase-derived fructose metabolism leads to the generation
of diacylglycerol and activation of protein kinase C (PKC), further promoting low-grade
inflammation, vascular permeability, and angiogenesis [13-15].

Our purpose was to conduct a comprehensive review focusing on the potential ther-
apeutic efficacy of aldose reductase inhibitors in the treatment of diabetic retinopathy.
Through our review, we aimed to critically evaluate the preclinical and clinical evidence
supporting the use of synthetic and natural aldose reductase inhibitors as a therapeutic
strategy for DR, with the ultimate goal of informing future research directions and clinical
practice in the management of DR.

2. Pathophysiology
2.1. Hyperglycemia, Retinal Microvasculopathy and Metabolic Pathways

Based on its tissue-damaging effects, chronic hyperglycemia is the primary cause of
disease development and progression in DR, as reported in the UKPDS [16] and DCCT [17]
studies. Individual sensitivity to those effects, however, may be influenced by genetics,
and other clinical variables, such as pregnancy, hypertension, and dyslipidemia, have also
been linked [3,6,18]. The most important risk factors linked to the onset and progression of
DR are described in Table 1.
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Table 1. Risk factors for the onset and progression of diabetic retinopathy.

Risk Factor Description

Duration of diabetes [17] well-known risk factor for the development and progression of DR
Glycemic control [16,17] poor glycemic control (high HbA1C) is linked to increased risk of DR
Intraocular/systemic blood pressure systemic hypertension might lead to progression of DR through increased
[16,19] vascular permeability and microvascular damage

elevated levels of triglycerides, low-density lipoprotein cholesterol (LDL-C),
Dyslipidemia [20] and reduced levels of high-density lipoprotein cholesterol (HDL-C)
managed through diet modification and lipid-lowering drugs

elevated body mass index (BMI) and abdominal adiposity

leads to the release of cytokines, adipokines and to insulin-resistance (which is
thought to be an independent risk factor)

weight management is essential

Obesity [21]

a modifiable risk factor

Cigarette smoking [22 . - . . . .
& g122] can compromise retinal microvascular integrity and function

an important number of genetic variants have been studied

Genetic predisposition [23] can be managed by targeted therapy in high-risk patients

DR is known worldwide as a microvascular disease. It is believed that hyperglycemia
is a key factor in the pathophysiology of retinal microvascular injury, which may lead to ir-
reversible intra- and extracellular changes if untreated [24]. Numerous metabolic processes,
such as the polyol path, the formation of AGEs, the PKC pathway, and the hexosamine
pathway, have been linked to hyperglycemia-induced vascular injury. These pathways, in
conjunction with genetic risk factors, ultimately lead to the activation of growth factors,
cytokines and chemokines, which in consequence cause increased vascular permeability,
microvascular occlusion, and malfunction of the vascular endothelium [18,25-27]. Fol-
lowing microvascular occlusion, retinal ischemia stimulates neovascularization and the
development of intraretinal microvascular abnormalities [25].

2.1.1. The Polyol Pathway

Excess glucose is metabolized via overactivity of the polyol route causing irreversible
cell damage. Nicotinamide adenine dinucleotide phosphate (NADPH) is used as a cofactor
by the retinal enzyme AR to convert glucose to sorbitol. Sorbitol dehydrogenase (SDH),
the second enzyme of the pathway, then transforms sorbitol into fructose. [13,14]. Osmotic
injury is one of the many negative consequences of sorbitol accumulation in retinal cells [15].
There is insufficient NADPH available for use by glutathione reductase, which is essential
for the production of reduced glutathione, as a result of NADPH being used as a cofactor
in the first step of the polyol pathway. Subsequently, increased flux in the polyol pathway
will cause oxidative stress and ultimately leading to damage of the retinal cells [13].

Early research on the pathophysiology of DR using the polyol pathway was carried
out in diabetic animals [28,29]. These investigations demonstrated that the incidence and
severity of diabetic retinal lesions in the galactose-fed rats might be decreased by treatment
with synthetic aldose reductase inhibitors (ARIs).

Further study has shown that raised AR is localized in many retinal cells, such as glial
cells [30], pericytes [31], retinal pigment epithelial cells [32], retinal endothelial cells [32],
ganglion cells [30,33], and neurons [33]. These investigations also show that retinal cell
degeneration correlates with elevated AR activity. Cell vitality decreased when capillary
pericytes or endothelial cells were exposed to higher amounts of glucose or galactose.
However, a few articles have emphasized that careful utilization of ARIs prevented cell
death and inhibited specific DR changes [34,35].
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2.1.2. Advanced Glycation End-Product (AGE) Formation

Although the exact mechanism is still uncertain, increased levels of AGEs in the
bloodstream are typically associated with pathologies such as DR, leading to microvascu-
lar damage and blood-barrier disfunction. AGEs are heterogeneous compounds formed
through non-enzymatic glycation reactions between reducing glucose and macromolecules,
such as proteins, lipids, or nucleic acids [36]. In the context of DR, chronic exposure to
high glucose levels fosters an accelerated formation and accumulation of AGEs within
retinal tissues, making them a key therapeutic target in the potential treatment of DR. AGEs
induce structural alterations in retinal proteins through protein cross-linking, thereby per-
turbing their normal function. Moreover, AGEs trigger a state of increased oxidative stress
by generating reactive oxygen species (ROS), which in turn exacerbate pro-inflammatory
signaling, microvascular abnormalities and cell death [37]. Furthermore, AGEs modulate
the composition of the retinal extracellular matrix (ECM) by directly promoting the syn-
thesis of fibronectin, collagen, and other ECM components. Aberrant ECM remodeling
disrupts the structural integrity of retinal blood vessels, fostering fibrosis and exacerbating
microvascular dysfunction [38].

Only a small percentage of AGEs that arise in vivo have received thorough characteri-
zation and structural definition to date [36]. The rate at which proteins are broken down
for glycoxidation, the intensity of hyperglycemia, and the level of oxidative stress in the
surroundings are critical elements that determine the development of AGEs [39]. Apart
from the endogenous pathway of AGEs, another source is the exogenous path, through
smoking and diet [40].

Microvascular alterations, including capillary dropout, microaneurysm formation, and
increased vascular permeability, lead to retinal ischemia, vitreous hemorrhage, exudative
retinal detachment, and diabetic macular edema. Chronic low-grade inflammation and
oxidative stress further exacerbate retinal damage, promoting neurodegeneration, including
retinal ganglion cell loss, thinning of the retinal nerve fiber layer, and disruption of the
neurovascular unit [25,36].

2.1.3. Protein Kinase C (PKC) Activation

In response to prolonged hyperglycemia, PKC isoforms, particularly PKC-§, are acti-
vated within endothelial cells, pericytes, and Miiller cells. PKC activation mediates multiple
pathological processes, including increased microvascular permeability, endothelial dys-
function, leukostasis (which is believed to be of utmost importance in the beginning of DR),
retinal microvascular constriction, and chronic inflammation [24,25]. Furthermore, PKC
signaling pathways contribute to the upregulation of VEGF, a key mediator of abnormal
angiogenesis and vascular leakage in DR, which can ultimately lead to vitreous hemor-
rhage and exudative retinal detachment. Consequently, PKC activation exacerbates retinal
microvascular abnormalities, promotes prolonged retinal inflammation, and contributes to
the progression and complications of DR [24].

2.1.4. The Hexosamine Pathway

In DR, increased flux through the hexosamine pathway occurs due to elevated in-
tracellular glucose levels. This pathway diverts excess glucose metabolites, particularly
fructose-6-phosphate, into the production of uridine diphosphate N-acetylglucosamine
(UDP-GIcNAC). Elevated UDP-GIcNAc levels lead to hyperglycosylation of proteins, alter-
ing their structure and function, and to altered gene expression, ultimately leading to cell
apoptosis [24]. This process contributes to the pathogenesis of DR by promoting exagger-
ated inflammation, oxidative stress, and vascular endothelial dysfunction, exacerbating
vascular abnormalities and retinal damage [24,41].

2.2. Oxidative Stress

Oxidative stress in DR arises from an imbalance between the production ROS and
the antioxidant defense system. Sustained hyperglycemia leads to excess ROS generation

169



Biomedicines 2024, 12, 747

within retinal cells, overwhelming antioxidant mechanisms and causing cellular damage.
Chronic oxidative stress contributes to damage to macromolecules (DNA, lipids, proteins),
vascular dysfunction, inflammation, neurodegeneration, and ultimately vision impairment
in diabetic retinopathy. Research on animals has shown that oxidative stress has a role
in the development of DR, as well as the metabolic memory phenomenon, which is the
resistance of DR changes after adequate glucose levels restored [37].

2.3. Inflammation

Inflammation in DR involves the activation of inflammatory pathways due to low-
grade chronic hyperglycemia. This triggers the release of pro-inflammatory cytokines-
tumor necrosis factor-alpha (TNF-«), interleukin-13 (IL-13), and interleukin-6 (IL-6) and
adhesion molecule intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion
molecule-1 (VCAM-1), in diabetic animal models and patients, leading to leukostasis,
vascular lesions, and recruitment of monocytes and granulocytes into the retina [42].
Inflammatory processes contribute to vascular abnormalities, neurodegeneration, and
vision impairment.

2.4. Vascular Endothelial Growth Factor (VEGF)

VEGF plays an important role in DR, leading to abnormal angiogenesis and vascu-
lar leakage; additionally, it is one of the factors implicated in the development of DME.
Hyperglycemia stimulates VEGF production, promoting vascular endothelial cell prolif-
eration, increased vasopermeability and cell migration [40,43,44]. It is currently believed
that VEGF functions as an NPDR modulator, and also as a primary PDR initiator. Studies
have indicated an association between blood VEGF concentrations and the severity of
vascular and retinal changes, as well as the incidence of DR [8]. Nineteen patients with
NPDR and twenty patients with PDR had their VEGF concentrations tested in the study
of Jain et al. The results were compared to those of nineteen diabetics without ocular
disease and nineteen healthy controls. With VEGEF, the degree of retinopathy significantly
increased [45].

2.5. Retinal Neurodegeneration

Retinal neurodegeneration is one of the first phenomena in the development of DR
and involves progressive damage to ganglion cells, amacrine cells, and photoreceptors,
due to chronic hyperglycemia and associated metabolic disturbances. This event manifests
as thinning of the retinal nerve fiber layer (RNFL), loss of neuronal function, and cell
apoptosis [44,46]. Contributing factors include oxidative stress, inflammation, altered
neurotrophic support, and impaired neurotransmission. Retinal neurodegeneration in DR
contributes to vision loss and other visual impairments independent of vascular changes,
highlighting that this process may be an independent risk factor [46].

3. Biology and Characterization of Aldose Reductase

Aldose reductase, a cytosolic enzyme, is present in various tissues throughout the
body, including the retina and presents important substrate specificity [40]. It is particularly
abundant in tissues exposed to high glucose concentrations, such as the kidneys, lens, and
myelin sheath tissues, and a key factor in developing several of the most important DM
complications. In the retina, aldose reductase is found in various cell types, including
retinal endothelial cells, retinal capillary wall pericytes, retinal glial cells (Miiller cells), and
neuronal cells. The enzyme is encoded by the AKR1B1 gene, and its expression and activity
can be mediated by variable factors such as glucose levels, oxidative stress, and several
inflammatory cytokines (such as IL-8, IL-6, TNF-alpha) [44,45].

Aldose reductase is a monomeric protein composed of a single polypeptide chain,
which folds into a globular structure with multiple alpha-helices and beta-sheets. Aldose
reductase also contains a substrate-binding site, where aldose substrates, such as glucose,
bind for enzymatic conversion to their corresponding sugar alcohols (sorbitol) [47]. Ad-
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ditionally, the enzyme may have active allosteric-binding sites that modulate its activity
in response to regulatory molecules [48]. The first stage of the two-step polyol cycle of
glucose metabolism is the reduction of glucose to sorbitol (catalyzed by AR and requires
NADPH), which is then transformed into fructose. Several tissues, such as the kidneys,
Schwann cells, and retina, lack the enzyme SDH, which raises concerns about the sorbitol
pathway. Because of this, sorbitol builds up to dangerous amounts in diabetics or people
with exceptionally high glucose levels. Both SDH and AR activities must be strictly con-
trolled at optimal level [49]. With chronic high glucose levels, the antioxidant capacity of
cells is diminished by increased AR activity. These processes can increase the production of
ROS, which will induce oxidative stress and are thought to be the primary initiating factor
of diabetes complications [50] (Figure 1).
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Figure 1. The polyol pathway.

4. Measurement of Aldose Reductase

Measurement of aldose reductase in DR involves various techniques aimed at assessing
its activity and expression levels within retinal tissues or biological solutions obtained from
patients. Enzymatic assays represent a direct method for quantifying AR activity, typically
involving the detection of the conversion of glucose to sorbitol, by the increased activity of
aldose reductase in DM patients [9,51]. Immunohistochemical staining techniques [52,53]
and spectrophotometric tests may allow quantification of aldose reductase expression [54].
Gerhardinger et al. have studied the mechanism of action and effects of sorbinil and aspirin
using immunohistochemistry and real-time PCR (RT-PCR) [55]. A large study has also
used spectrophotometry in detecting AR inhibition of medicinal plants in the potential
treatment of DR [56].

Many studies have used cultures of human RPE cells for the detection of AR activ-
ity [57,58]. Results have shown that AR activity was highest when RPE cells were cultured
in pathophysiological levels of glucose. Additionally, Western blot test allows for the quan-
tification of aldose reductase protein levels in human ocular tissues treated with lysis bulffer,
providing information about its expression levels [52]. There have been a few studies using
Western blot for the determination of AR in various tissues before and after treatment with
an ARI [53]. Quantitative real-time PCR (qRT-PCR) is a accurate and efficient molecular
investigation [59], which can be utilized to measure aldose reductase mRNA levels in the
retina, as well as in the cornea, ciliary body, iris and lens [60]. RNA sequencing analysis
can also demonstrate the downregulation of cytokine and inflammatory-related genes
following AR inhibition [54,61]. An uniquely developed immunoassay technique that uses
a particular antibody directed against AR can measure the enzyme’s concentration [58]. In
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a study it was shown to strongly correspond with the activity of AR that was extracted
from the same people’s erythrocytes [62].

These measurement techniques contribute to the understanding of the role of AR
in diabetic retinopathy pathogenesis. Elevated AR activity and expression have been
implicated in the development and progression of retinal complications associated with DM,
leading to visual impairment [13,31]. By measuring AR levels, researchers can gain insights
into the molecular mechanisms underlying DR, including the polyol pathway-mediated
osmotic stress, oxidative damage, and cellular dysfunction. Furthermore, assessing AR
levels may aid in identifying potential therapeutic targets for intervention in DR [52,57].

5. Treatment Targeting Aldose Reductase

Inhibition of AR represents a therapeutic strategy for DR aimed at inhibiting the
consequences of elevated polyol pathway activity. Pharmacological inhibition or inac-
tivation of the AR gene lowers AR activity and protects the retina from retinal barrier
leakage and neovascularization [63,64]. Furthermore, hyperglycemia increases the flux
of glucose metabolism via the polyol pathway, which raises the risk of inflammation and
oxidative stress. Retinal inflammation and glucose-induced oxidative stress are avoided
when AR inhibitors block the polyol pathway [63,65]. Several potential approaches have
been explored to inhibit aldose reductase activity in the context of DR (Figure 2).
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Figure 2. Treatment options targeting aldose reductase inhibition.

5.1. Aldose Reductase Inhibitors

Small-molecule inhibitors targeting AR have been developed and investigated as
potential therapeutic agents for DR. These ARIs competitively inhibit the enzymatic activity
of aldose reductase, thereby reducing the conversion of glucose to sorbitol and attenuating
downstream polyol pathway-mediated complications. Clinical studies on ARIs show that
a therapeutic response can be induced by partially inhibiting ALR2 [66].

A variety of structural classes of ARIs have been developed: (1) derivatives of car-
boxylic acids (e.g., Epalrestat and Alrestatin); (2) derivatives of spirohydantoins and other
cyclic amides (e.g., Sorbinil, Minalrestat, and Fidarestat); and (3) phenolic derivatives (e.g.,
related to Benzopyran-4-one and Chalcone). Epalrestat is the sole inhibitor among these
that is now marketed for sale. Furthermore, several additional ARIs, including Ranirestat
and Sorbinil, had progressed to the late stages of clinical testing and were determined to be
safe for use in humans [67,68]. Reducing the variables that contribute to DR’s progression
is the most important step in managing the condition. Effective AR inhibition requires
potent ARIs because AR inhibition may regulate the factors involved [65]. Historically,
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there were two types of ARIs that were widely used: spirosuccinimide and carboxylic
acids. Subsequently, it was discovered that oral active pyridazinones exhibited more AR
selectivity than other drugs [69]. There has been some evidence that administering ARIs
to an animal model of diabetes at the beginning of the disease can help avoid diabetic
retinopathy [35,70-72].

Treatment with ARIs may also inhibit the basement membrane from thickening, as
demonstrated in diabetic rat models studies [73]. A study by Hattori et al. showed
that leukocyte adherence to endothelial cells mediated by adhesion molecules may be
inhibited by adding an ARI to a diabetic rat model [35]. Administration of ARIs has been
demonstrated to inhibit two hallmark processes of diabetic retinopathy: an increase in
vascular permeability and a breakdown of the blood-retinal barrier [68,74-76]. According
to recent research, sorbitol and fructose inhibition are both necessary to provide positive
outcomes in diabetic retinopathy [68].

Based on long-term studies, Epalrestat was an effective medication in preventing the
development of diabetic retinopathy in its early stages [77]. Cunha-Vaz et al. also showed
that, when compared to a placebo group, treatment with ARIs for six months significantly
decreased the rapid penetration of fluorescein in individuals with early stages of diabetic
retinopathy [78].

The studies of Kakehashi et al. have demonstrated inhibition of the polyol pathway in
the course of DR in SDT rats by Fidarestat, an ARI [79]. Fidarestat inhibited the amount
of VEGF in the ocular fluid and stopped significant fluorescein leakage around the optic
disc. They also studied the effect of Ranirestat in the development of fundus changes
in DR and observed the inhibitory effect on VEGF levels [80]. Other ocular and non-
ocular DM complications, such as cataract and diabetic neuropathy were also studied,
confirming that patients under treatment with Ranirestat had a more positive outcome [81].
Other study considered the possibility that ranirestat decreases the retinal thickness in
SDT rats. Considering all present and past results, they highlighted that ranirestat might
inhibit vascular permeability and minimize the posibility of DME [82]. Other research
regarding Fidarestat has observed that the treatment reduced the amount of pericytes,
basement membrane thickness, and number of microaneurysms; at a higher dose, it even
supressed fundus changes. Fidarestat also prevented the build-up of sorbitol in the retina
in a dose-dependent manner [70].

Over a relatively long period, Epalrestat was demonstrated to supress the onset or to
diminish the progression of diabetic neuropathy, retinopathy, and nephropathy. However,
it was uncertain if Epalrestat’s inhibition of AR, the maintenance of diabetic neuropathy, or
a combination of the two is responsible for the prevention of the advancement of diabetic
retinopathy /nephropathy [83]. Diabetic neuropathy may act as a potential trigger for the
onset or advancement of diabetic retinopathy, diabetic nephropathy, and other microvascu-
lar complications, demonstrating intrincacies between these three vascular complicationd
of DM. An ARI prevented upregulation of genes in the transforming growth factor (TGF)-3
pathway and apoptosis in the retinal vasculature of diabetic rats, as demonstrated by
Gerhardinger et al. [55].

A highly selective ARI of a new structural class, pyridazinones, demonstrated efficacy
in preventing or reversing early retinal abnormalities in experimental diabetic retinopathy.
ARI-809 showed promising results in inhibiting retinal polyol accumulation, improving
survival, inhibiting cataract development, normalizing retinal sorbitol and fructose levels,
and protecting the retina from abnormalities associated with DM [68]. Another relatively
new topical ARI inhibitor, Kinostat, has been studied with the purpose of inhibiting diabetic
cataract formation in diabetic animals. Although effective in animals, further studies are
still needed for human use [84].

Another study has identified small-molecule ARIs that may be employed in the synthe-
sis of diabetic treatment medications. By choosing specific inhibitors, they suggested that
compared to ALR1 and AKR1B10, these may be more potent against the ALR2 protein [81].
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5.2. Phytocompounds

Several phytocompounds have been investigated for their potential therapeutic ef-
fects in DR. These compounds, derived from different plants, possess various bioactive
properties that may help inhibit retinal damage and prevent vision loss. Research has
demonstrated that phytochemicals” antiangiogenic, antioxidant, and anti-inflammatory
properties may inhibit the advancement of DR [50,85]. Numerous plants have been shown
to have AR inhibiting effect and to be employed in the management of diabetic complica-
tions, representing a safer option that synthetic compounds [56,70]. A phytocompound
that possesses both antioxidative and AR inhibitory activity may be more efficient than
one that only possesses only one of these characteristics [86]. Numerous AR inhibitors
and antioxidants are derived from plants, including G. lucidum, A. indica, T. cordifolia, O.
sanctum, B. ciliata and R. arboreum [56]. When Ocimum Sanctum is used in combination with
vitamin E, it protects against DR [87].

Julius et al. explored the potential of using natural phytocompounds such as quercetin,
kaempferol, and ellagic acid as aldose reductase inhibitors for the treatment of DR. The re-
search suggests that these novel ARIs derived from natural sources could offer a promising
and alternative approach to managing DR, showing even higher potency than Epalre-
stat [66]. Quercetin has been reported to attenuate retinal inflammation and vascular leak-
age in diabetic animals, potentially through inhibition of the NF-«kB signaling pathway [88].

When hesperidin, a flavonoid derived from citrus fruits, was delivered to STZ-induced
rats, superoxide dismutase (SOD) expression was elevated and aldose reductase activity
and malondialdehyde were decreased [89]. Genistein, a naturally occuring compound
belonging to the isoflavones, could inhibit the increased level of aldose reductase caused
by hyperglycemic conditions in ARPE-19 cells, from the retinal pigment epithelial cell
line [90]. Quercitin and Genistein have also been found to delay the development of
diabetic cataract, another major ocular complication [91,92]. Isoflavones derived from
Caesalpinia pulcherrima have been demonstrated to lower oxidative stress and inhibit AR
activity in DR [93].

5.3. Combination Therapy

Given the multifactorial nature of DR, combination therapies targeting multiple path-
ways involved in its pathogenesis, including AR inhibition, have been investigated. Com-
bining ARI with other pharmacological agents targeting oxidative stress, inflammation,
vascular dysfunction, or neuroprotection may offer synergistic effects and improved thera-
peutic outcomes in DR. Combining ARIs with neuroprotective agents, such as nerve growth
factor (NGF) or brain-derived neurotrophic factor (BDNF), addresses both aldose reductase-
mediated neurodegeneration and other previously mentioned neurotoxic pathways in the
early stages of DR [94].

Anti-inflammatory drugs, such as corticosteroids or non-steroidal anti-inflammatory
drugs (NSAIDs), targets both aldose reductase-mediated inflammation and other inflamma-
tory pathways implicated in DR. Aspirin [95], Meloxicam (COX-2 inhibitor) [96], Nepafenac
(COX-1 and COX-2 inhibitor) and Etanercept (receptor of TNF-a) [97] have all been studied
and have been known to protect against DR microangiopathy and damage to retinal vascu-
larization. Combination therapy might reduce retinal inflammation and suppress vascular
dysfunction and neurodegeneration. Antivascular endothelial growth factor (VEGF) agents,
such as ranibizumab or aflibercept, addresses both aldose reductase-mediated vascular
abnormalities and VEGF-induced neovascularization and vascular leakage in DR; therefore,
dual administration of ARI and anti-VEGF substances might inhibit retinal complications,
preventing PDR, macular edema and DR evolution [98].

A clinical investigation recently evaluated the role of the angiotensin II antagonist
candesartan in both type 1 and type 2 DM with or without early DR, based on promising
preclinical studies [99]. Overall, this medication showed promise in slowing the course of
DR and, in some cases, reversing it as determined by the ETDRS scale [100,101].
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The chemokine ligand CCL2.279 is a powerful mediator of inflammation and the
deterioration of the blood retinal barrier. A CCR2/5 receptor antagonist was studied on
DR patients [102]. In patients with persistent diabetic macular edema (DME), a clinical trial
using infliximab, a monoclonal antibody antagonist of TNF-«, showed a significant im-
provement in VA and a general reduction in retinal thickness [103]. Since TNF-« stimulates
the expression of AR [104], combined therapy with antagonists of TNF-o and ARIs, might
be of important value in the treatment of DR.

In addition to the current end-stage strategies for treating DR, cell-based therapy may
offer an exciting new approach. In order to improve vascular repair, reverse ischemia,
lessen hypoxic/inflammatory stimuli, and stop the advancement of these diseases to their
late, sight-threatening phases, this strategy is intended to target the early/intermediate
stages of vasodegeneration [105]. In diabetic CD34+ cells, transient suppression of TGF-31
may be a promising therapeutic approach to restore vascular reparative activity and may
improve the chances of effective cellular therapy [106]. As ARIs may prevent upregulation
of genes in the TGF-f3 pathway and apoptosis of retinal cells [55], more detailed studies
regarding a combination therapy might be of use.

5.4. Gene Therapy

Gene therapy approaches aimed at modulating aldose reductase expression or activity
within the (AKR1B1) genetic variant was revealed to be the most strongly related with DR
in a recent meta-analysis of over 160 candidate gene studies reported for DR [96]. However,
many of the studies have not taken into account risk factors in the development of DR.
By delivering gene constructs encoding inhibitory RNA molecules or regulatory elements
targeting aldose reductase expression, it may be possible to achieve sustained inhibition
of aldose reductase activity and ameliorate retinal damage associated with DM. A few
promising articles showed that gene therapy combined with AR inhibitors may sustain
retinal ganglionar cell survival and even axon regeneration; however, there is no reported
data on visual restoration [53]. Polymorphisms in the AR gene have been connected with
susceptibility to DR as well as other pathologies linked to DM [107,108]. These connections
have been studied in DM type I and II and in several ethnic groups [108]. The recognition
of the susceptibility genes may aid in the development of future treatment.

Preclinical studies utilizing gene therapy to inhibit aldose reductase expression or ac-
tivity have shown promising results in animal models of diabetic retinopathy. These studies
have demonstrated improvements in retinal function, preservation of retinal structure, and
attenuation of vascular abnormalities following gene-based aldose reductase inhibition [59].
While these preclinical findings are encouraging, translating gene therapy approaches tar-
geting aldose reductase inhibition into clinical practice for DR requires further investigation.
Challenges such as optimizing vector delivery, ensuring target specificity, and assessing
long-term safety and efficacy in human subjects need to be addressed. RNA sequencing
analysis demonstrated that, following AR inhibition, cytokine and inflammatory associated
genes are downregulated, which is in line with studies showing TNF-« downregulation
and linking AR inhibition to TNF-« driven signaling. Through anti-inflammatory reac-
tions, AR inhibition temporarily protects the retina and optic nerve by postponing retinal
ganglionar cells death and axon degeneration. Axon regrowth cannot be aided by AR
inhibition alone. Combining an AR inhibitor with the well-known axon regeneration
promoters shKLF9/Sox11 may have a synergistic effect on axon regeneration [56].

6. Benefits and Limitations

Many studies highlight the long-term etiology of DR and the significantly lower suc-
cess rate of pharmaceutical interventions that inhibit fundus changes once they are already
present, compared to preventative treatment before early and potentially irreversible retinal
alterations occur [109]. Therefore, if the clinical research design does not take into consid-
eration known risk factors for DR, efficacy for a certain treatment may not be able to be
established, even if the therapeutic premise for AR inhibition is valid. A few studies have
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investigated treatment with ARI as a tool in the prevention, reversal or delay in the onset
and progression of DM complications [110]. Since achieving generalized glycemic control
is extremely challenging, more research into developing effective, selective, and non-toxic
ARIs is warranted. Safe medications are necessary for long-term DM complications. Since
these medications would prevent rather than cure diabetes, they have to be given to all
individuals with the condition. Since vitamin C has been shown to normalize the level
of sorbitol in red blood cells, regardless of changes in diabetes management, it has been
suggested that an ARI may be associated with ascorbic acid for the prevetion and treatment
of diabetic complications. Several three-component associations (ascorbic acid, ARIs, and
unsaturated fatty acids) have been patented for the treatment of DM complications due
to a synergistic mechanism [111]. There is also a belief that a diet with ARIs from natural
sources might have the same potency in the prevention of DM complications [111]. While
this is convenient and has also shown a promising effect against AR, further studies are
needed to evaluate the quantities of dietary ARIs at which we could expect these effects.

Overall, while ARIs offer a targeted approach for reducing polyol pathway-mediated
damage in diabetic retinopathy with many potential benefits (Table 2) [13,15,40,69,73,112],
their use is associated with certain disadvantages, including limited efficacy, systemic side
effects, cataract formation, hypoglycemia risk, and the lack of long-term data [113,114].
Despite the promising results seen in laboratory settings, clinical trials have had mixed
success in demonstrating long-term efficacy and safety of ARIs for the treatment of diabetic
retinopathy [82]. Despite these challenges, novel ARIs with higher selectivity and fewer side
effects, such as ARI-809 [68], have shown promising results in preclinical studies. Continued
research and development of new ARIs with enhanced selectivity and safety profiles remain
vital to advancing the field of diabetic retinopathy treatment [115]. Moreover, several
studies have emphasized the effects of natural compounds against AR, paving a new way
into DR treatment.

Table 2. Potential benefits of using aldose reductase inhibitors (ARISs) for treating diabetic retinopathy.

Decreased production of sorbitol and fructose, which reduces oxidative stress and preserves the
antioxidant defense system within the retina

Protection against neuronal apoptosis, glial reactivity, and complement deposition, all of which
contribute to retinal damage

Reduction in microaneurysms, basement membrane thickness, and vascular permeability

Blockage of the expression of various pro-inflammatory cytokines and growth factors

Potential prevention of initial focal laser therapy, especially in cases of DME

Prevention of cataract development

Promising outcomes with novel ARIs, which demonstrate higher selectivity and fewer side effects
compared to earlier generations of ARIs

7. Conclusions

AR'’s pathogenic role in diabetes mellitus has been established through many intensive
investigations. Several ARIs have been used in the treatment of diabetes mellitus and
its complications. However, since the majority of studied ARIs were withdrawn due to
unfavorable side effects, primarily from the ARIs” non-specific binding to the aldo—keto
reductase family of proteins, which shares a high degree of structural similarity with AR,
the identification of novel ARIs has become increasingly important in research. Moreover,
research has shown that many natural compounds possess AR inhibitory effects, paving the
way to a guided treatment using both lifestyle/diet changes and pharmacologic therapies.
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Abstract: Diabetes is one of the leading chronic diseases globally with a significant impact on
mortality. This condition is associated with chronic microvascular and macrovascular complications
caused by vascular damage. Recently, endothelial progenitor cells (EPCs) raised interest due to
their regenerative properties. EPCs are mononuclear cells that are derived from different tissues.
Circulating EPCs contribute to regenerating the vessel’s intima and restoring vascular function. The
ability of EPCs to repair vascular damage depends on their number and functionality. Diabetic
patients have a decreased circulating EPC count and impaired EPC function. This may at least
partially explain the increased risk of diabetic complications, including the increased cardiovascular
risk in these patients. Recent studies have confirmed that many currently available drugs with
proven cardiovascular benefits have beneficial effects on EPC count and function. Among these
drugs are also medications used to treat different types of diabetes. This manuscript aims to critically
review currently available evidence about the ways anti-diabetic treatment affects EPC biology and
to provide a broader context considering cardiovascular complications. The therapies that will
be discussed include lifestyle adjustments, metformin, sulphonylureas, gut glucosidase inhibitors,
thiazolidinediones, dipeptidyl peptidase 4 inhibitors, glucagon-like peptide 1 receptor analogs,
sodium-glucose transporter 2 inhibitors, and insulin.

Keywords: endothelial progenitor cells; diabetes; diabetes complications; diabetes treatment

1. Introduction

The endothelium is the innermost cell layer of the blood vessel wall, with distinct
metabolic features that are critical in maintaining vascular integrity, regulating vascular
tone, blood flow, and preventing thrombosis [1]. Under certain conditions, the endothelium
may become damaged and dysfunctional, resulting in inappropriate vasomotion, inflam-
mation, and atherosclerotic plaque build-up [2]. Atherosclerotic plaques compromise the
blood supply to downstream tissues, either by vessel narrowing or by total vessel obstruc-
tion. Consequently, ischemia or infarction may occur leading to end-organ dysfunction
and failure. If vital organs are affected, the most dramatic outcome is death. From the
epidemiological viewpoint, atherosclerosis and its complications are the leading cause of
death worldwide and represent a global burden to human health [3].

Numerous risk factors related to atherosclerosis have been identified so far; the most
important include age, gender and genetics, lifestyle factors (such as smoking and diet),
and underlying medical conditions, like arterial hypertension, dyslipidemia, diabetes, and
obesity [4,5]. Over time, complex strategies to treat atherosclerosis and vascular events
have been developed, mainly targeting already-mentioned risk factors, blood clotting,
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and end-organ protection [3]. Among various approaches to treat atherosclerosis and its
deleterious outcomes, none of them were able to restore vascular function completely
and reverse atherosclerosis. The progressive nature of this disease and the limitations of
currently available treatment options lead to the general opinion that atherosclerosis is an
irreversible process, strongly linked to aging [6,7].

Endothelial progenitor cells (EPCs) have recently raised significant interest since these
cells can aid in regenerating the damaged vessels” endothelium and, therefore, restore
vascular function. Discovered at the end of the 20th century, they gave new insight into
the pathology of atherosclerosis and offered new prospects in curative medicine [8]. EPCs
are usually defined as multipotent stem cells with angiogenic potential. These cells are
commonly quantified from blood by flow cytometry as mononuclear cells expressing
CD34 and VEGFR2+. CD133+ and CD45— /dim are proposed as additional markers for
circulating EPCs [9]. The population of EPCs is rather small, with a proportion of up to
0.05% of mononuclear blood cells [10]. Since the proportion of EPCs in blood cells is very
low, some technical considerations need to be highlighted. The analysis of rare cells may
be compromised with background noise. Therefore, special attention needs to be given
to several preanalytical and analytical steps. These include appropriate blood sampling,
collection tube choice and handling temperature, the choice of appropriate flow cytometers,
erythrocyte depletion and wash/no wash protocols, background control, etc. [9]. However,
to determine the proliferation capacity and the ability to form blood vessel-like forms, it is
crucial to cultivate EPCs. In cultures, it became apparent that the phenotype and function
of EPCs are heterogeneous, and that the cell markers differ from those in EPCs detected by
flow cytometry. Originally, these subpopulations were named after the time they appeared
in cultures as early and late outgrowth endothelial cells. These cells express distinct cell
markers and behave diversely in cultures. They have different abilities to act as paracrine
producers or to proliferate and differentiate into mature endothelial cells, contributing to
the formation of new blood vessels or repairing the damaged ones. Therefore, the cells
were renamed into myeloid angiogenic cells (MACs) and endothelial colony-forming cells
(ECFECs). These EPC subpopulations act synergistically in vivo [11-13]. It is noteworthy,
that there are also technical challenges in stem cell cultivation in general that may have an
impact on EPC cultivation, like sample preparation, cell isolation and purification, seeding
density, choice of culture media, etc. [14]. The main characteristics of these EPC subtypes
isolated in culture are shown in Table 1.

Table 1. Characteristics of distinct EPC subtypes in cultures [13].

Endothelial Colony-Forming
Cells

CD31, CD105, CD 146
VE-cadherin, von Willebrand
factor, VEGFR2

CD34+/—

negative cell markers CD146, CD34 CD45,CD14

Lineage Myeloid Angiogenic Cells

positive cell markers CD45,CD31, CD14

conditioned media necessary  intrinsic tube forming

in vitro effects for the endothelial formation  capacity

provide cells as building
blocks
release of paracrine factors

provide paracrine angiogenic

function
factors

time of appearance in culture  early late

Due to their unique angiogenic features, EPCs seem to be a promising tool to treat
conditions like atherosclerosis and atherosclerosis-related conditions such as ischemic heart
disease, peripheral artery disease, and diabetic vascular complications [15-17]. In various
research, improved parameters of EPC biology (e.g., increased EPC blood count quantified
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by flow cytometry or improved EPC function in cultures) could be correlated with improved
flow-mediated dilation, brachial ankle index, or intima media thickness [18-20]. Furthermore,
EPC biology was found to correlate with clinical outcomes like limb amputation, stroke,
myocardial infarction, or death [21-24].

EPC-based therapies aim to enhance vascular repair and promote the growth of new
blood vessels, ultimately improving blood flow to ischemic tissues, but there are challenges
to be addressed. These include improving methods for EPC isolation and expansion,
enhancing their engraftment and survival in target tissues, and optimizing the timing and
delivery of EPC-based therapies [25,26].

It is noteworthy that many currently prescribed drugs have proven beneficial effects
on EPC biology, like several antihypertensive drugs, statins, various classes of anti-diabetic
medications, some hormones, bisphosphonates, and others [27]. Since at least some of these
drugs are proven to decrease the incidence of cardiovascular incidents and mortality, it
may be assumed that improved EPC biology may contribute to this effect [28]. In addition,
the EPC count in the bloodstream assessed by flow cytometry or altered behavior of EPCs
detected in culture can also serve as biomarkers for cardiovascular health. Reduced EPC
numbers or impaired EPC function are associated with various cardiovascular diseases,
correlating with advanced disease stage and response to treatment [22]. Understanding the
biology of EPCs, and the way they react to currently available pharmacologic interventions
is essential for unlocking their full potential in clinical practice [29].

The aim of this review is to discuss the impact of modern anti-diabetic treatment on
EPC-mediated vascular repair, correlate it to proven clinical effects on vascular health, and
discuss the potential effect of EPCs on recent cardiovascular outcome trial results.

2. Endothelial Progenitor Cells in Health and Disease

There are established regenerative cell responses identified that can diminish and even
heal vascular injury and re-establish endothelial integrity and function. A prominent role
in vascular repair in adult humans is had by resident endothelial progenitor cells, located
in the blood vessel wall. These cells may replicate and differentiate into mature endothelial
cells in response to vascular injury. In contrast to resident endothelial progenitor cells
present in blood vessels” walls, another type of endothelial progenitor cells may be found
in distant tissues like bone marrow, fat tissue, and the spleen. EPCs from distant locations
may be mobilized into the bloodstream under certain conditions like ischemia and hypoxia.
Under conditions with limited oxygen supply, hypoxia-induced factor 1 (HIF-1) is released,
thus inducing stromal-derived factor 1 (SDF-1) production and release. SDF-1 is the key
regulator of EPC mobilization. SDF-1 interacts with other mobilizing factors like VEGF and
E-selectin, and the PI3K/Akt/eNOS-dependent signal transduction pathway, leading to
mobilization of progenitor cells into the blood flow. In addition, there are certain enzymes
involved in this EPC mobilization like matrix metalloproteinase 8 and 9 (MMP-9) that
inactivate retention factors at the site of EPCs’ origin [30,31]. Blood glucose, erythropoietin,
thyroid hormones, and estrogen may modulate EPC mobilization [11,27,32].

EPCs enter the blood circulation, migrate to the place of vessel injury, embed there in a
process named homing, and produce various paracrine substances like SDF-1, nitric oxide
(NO), vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), insulin-
like growth factor (IGF), and others. SDF-1 leads to upregulation of its specific chemokine
receptor type 4 (CXCR-4 receptor) on the EPC surface, resulting in enhanced homing of
these cells to the injured blood vessel. Other adhesion molecules, like E-selectin, integrins,
intercellular adhesion molecule (ICAM), and vascular cell adhesion molecule (VCAM) are
also included in this process [30]. Responding to paracrine factors secreted by embedded
circulatory EPCs like VEGEF, IGF-1, and gasotransmitters, resident endothelial progeni-
tor cells proliferate and differentiate in situ resulting in vascular repair [11,30,32]. The
AMPK/Akt/eNOS and AMPK/eNOS signaling pathways with their activators (adipokines,
prostaglandins) have an important role in enhancing further EPC differentiation and vessel
formation [33,34].
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As mentioned earlier, circulating EPCs represent a heterogeneous cell population
with varying characteristics. Two types of EPCs could be detected in the circulation and
characterized after in vitro cultivation: MACs or early-onset EPCs, and ECFCs, known also
as late-onset EPCs. MACs form colonies in cultures under special conditions only, and
ECEFCs are better differentiated and provide mature endothelial cells as building blocks
important for physical endothelial integrity and function. Both progenitor cell types can
produce paracrine substances like nitric oxide (NO) and express receptors for growth
factors like the vascular endothelial growth factor receptor 2 (VEGF-R2) [35-37].

In healthy individuals, both resident and circulating EPCs contribute to the main-
tenance of vascular health by continuously replenishing and repairing the endothelial
lining [38]. Considering the impact of circulating EPCs on vascular repair, it seems that
their paracrine function is more important since the resident progenitor cells provide the
majority of newly differentiated cells necessary for vascular repair [11,39].

It has to be noticed that the turnover of healthy human endothelial cells is rather
low in regions with laminar blood flow, with a cell lifespan of many years [40]. However,
in regions with turbulent blood flow, like vessel curvatures and branching points, the
lifespan of endothelial cells may be shortened and cell turnover increased. In humans, the
endothelial turnover is within the range from 47 to 23,000 days [41,42]. Endothelial damage
may occur over time due to various mechanical and chemical stimuli. Mechanical factors
like increased blood pressure may directly harm the endothelium, while chemical factors
like hyperglycemia or smoking may trigger premature endothelial cell apoptosis. All these
mentioned factors disrupt endothelial integrity, resulting in an elevated mature endothelial
cell count in peripheral blood, as a marker of endothelial damage. Without the functional
innermost layer, NO production is compromised, and vascular tone and blood flow become
dysregulated, resulting in endothelial dysfunction and downstream tissue ischemia. In
addition, a cascade of inflammatory processes on the site of injury triggers cholesterol accu-
mulation and oxidation promoting further growth of atherosclerotic plaques. Furthermore,
cytokines secreted by the damaged tissue attract smooth muscle cells that migrate from
the artery’s muscle layer into the vascular intima. These cells further proliferate leading
to plaque build-up. Oxidized cholesterol attracts macrophages, further contributing to
a pro-inflammatory environment. The plaque surface is covered by a fibrous cap that
may become unstable in a pro-inflammatory environment and finally rupture, leading to
activation of the clotting cascade, resulting in vessel obstruction and infarction of related
tissues [43,44].

In conditions where blood flow is compromised, such as in ischemic diseases (e.g.,
peripheral artery disease or myocardial infarction), repairing mechanisms are activated:
EPCs from distant tissues enter the circulation, providing paracrine factors from myeloid
angiogenic cells to stimulate both embedded late outgrowth endothelial progenitor cells
and resident endothelial progenitor cells, leading to vascular repair [11,36]. In that way, the
presence of EPCs helps restore blood flow by contributing to the formation of collateral
vessels, which bypass blocked or narrowed arteries.

Functional EPCs decrease the risks of thrombotic events. This occurs either by replac-
ing aged and injured endothelial cells with EPCs or by releasing substances that inhibit
blood clot formation from EPCs to an extent that is still under debate [45,46]. The num-
ber and function of EPCs decline with age, which can contribute to the development of
age-related vascular diseases, such as atherosclerosis. Gender-specific differences with a
protective higher estrogen-dependent EPC count in fertile women during the ovulatory
phase compared to age-matched men have been found [47]. EPC dysfunction is also impli-
cated in various other related pathologies, including diabetes, dyslipidemia, and arterial
hypertension, highlighting their significance in vascular disease progression [46,48].

3. Diabetes and Endothelial Progenitor Cells Biology

Diabetes mellitus is a metabolic disorder characterized by chronically elevated blood
glucose levels. Depending on the diabetes type, deficient insulin action and insulin resis-
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tance may additionally contribute to the occurrence of other metabolic abnormalities like
dyslipidemia and abnormal protein metabolism, resulting in inflammation and oxidative
stress [49]. These metabolic alterations result in endothelial dysfunction, a key initiating
event in vascular complications. Furthermore, diabetes is often accompanied by other con-
ditions affecting endothelial function and vascular health like obesity, arterial hypertension,
and dyslipidemia [50]. In addition, diabetes is associated with changes in the coagulation
cascade, platelet function, and fibrinolysis, creating a prothrombotic state and increasing
the risks of thrombotic events [51]. Over time, chronic diabetic complications may develop.
These conditions are linked to vascular dysfunction and structural damage, affecting both
large and small blood vessels in the body [52].

An important pathophysiological mechanism linking diabetes and its complications
seems to be related to both MACs and ECFCs. Namely, hyperglycemia, hypoglycemia, and
increased glucose variability occurring in diabetic patients, regardless of diabetes type, have
detrimental effects on EPC biology [53]. Patients with both type 1 and type 2 diabetes have
reduced numbers of circulating EPCs. This decrease can be noticed early after the diagnosis
of type 1 and type 2 diabetes, regardless of patients’ age [54,55]. Additional studies
have shown that in individuals with diabetes, EPCs often exhibit reduced mobilization
capacity, shortened survival, and impaired ability to differentiate into mature endothelial
cells [37,53,56-58].

Aside from the specific metabolic environment determined primarily by blood glucose
abnormalities, possible mechanisms involved in the deterioration of EPCs abilities for
vascular repair include disruptions in NO pathways, impaired intracellular signaling in
other pathways (MAPK/ERK, SDF-1/CXCR-4) and the p53/sirtuinl (SIRT1)/p66Shc axis,
inflammation, reactive oxygen species, accumulation of advanced glycation end products
(AGE), low levels of gasotransmitters, imbalance in adipokine production, and direct ef-
fects of insulin and IGF-1, as shown in Figure 1 [27,53,59-61]. In particular, MAPK causes
NF-kB-dependent inflammatory stress response in the bone marrow, disrupting hematopoi-
etic progenitor activity and enhancing inflammation-induced hypoxic injury [62], while
p53/sirtuin/p66Shc disruption promotes EPC senescence [63]. Reactive oxidative species
impair EPCs viability, increase apoptosis, and negatively impact tube formation, and AGE
accumulation disrupts NO production and significantly decreases anti-oxidant enzymes,
thus increasing oxidative stress [64]. Impaired gasotransmitter function, including de-
creased NO, CO, and H,S signaling, may alter extracellular matrix properties, affecting
metalloproteinase function [65].

EPC dysfunction results in compromised function of both large and small blood
vessels and contributes to the development and progression of diabetes-related vascular
complications [53,66,67]. It has been shown that EPC dysfunction is closely linked to the
occurrence of diabetic microvascular complications, such as retinopathy, nephropathy,
and neuropathy [66,68,69]. These complications may lead over time to vision impairment
and blindness, kidney function decline and end-stage renal disease, altered or loss of
sensation in the extremities, and delayed wound healing, and are therefore leading causes
of invalidity in developed countries [70,71]. In other words, enhanced EPC-mediated
angiogenesis and endothelial repair in the renal, retinal, and peripheral vasculature could
contribute to better outcomes in diabetic individuals.

EPC dysfunction is also implicated in macrovascular diabetic complications, including
coronary artery disease, cerebrovascular disease, and peripheral artery disease. Diminished
EPC count and function contribute to impaired endothelial repair mechanisms, leading
to endothelial dysfunction and accelerated plaque formation, which increase the risk
of major cardiovascular events (MACEs) in diabetic individuals. Even more serious, a
decreased EPC function is linked to premature mortality [18,72]. It has been proposed
that EPC levels and function could serve as valuable biomarkers for diabetes-related
complications. Monitoring EPC parameters may help identify individuals at higher risk of
developing vascular complications, allowing early intervention and personalized treatment
strategies [22]. However, it is important to note that individual patient factors, including

186



Biomedicines 2023, 11, 3051

age and the presence of comorbidities, can influence the response of EPCs to treatment and
modify their effect on the endothelium [6,46]. Therefore, personalized medicine approaches
that consider these factors may be necessary to optimize diabetes management.
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Figure 1. Mechanisms of endothelial dysfunction in diabetes [27,53-55,57,59-61,64,65,72-84].

Several landmark studies have shown that good blood glucose control decreases the
risk of developing chronic diabetic complications and mortality [73,74]. Achieving good
blood glucose control requires, in general, both non-pharmacological interventions and
drug therapy. Recently, some anti-diabetic medications like sodium—glucose transporter-2
inhibitors and glucagon-like peptide-1 (GLP-1) receptor agonists have proven to have
better cardiovascular outcomes in patients with type 2 diabetes, and these medications
were highlighted in modern international guidelines [75].

4. Currently Available Diabetes Treatments Affecting EPC Count and Function
4.1. Lifestyle Modification

Lifestyle modifications are integral components of diabetes management. Most im-
portantly, evidence-based strategies encompass dietary adjustments, appropriate exercise
programs, body weight optimization, smoking cessation, and prudent alcohol choices. A
healthy lifestyle has been proven to benefit blood glucose control and, thus, help to reduce
diabetic complications in patients with diabetes [76,77]. Nutrition therapy is an umbrella
term used for dietary modifications in diabetes therapy. Quality nutrition choices have
been shown to improve blood glucose control and, thus, help to reduce diabetic complica-
tions [78-82]. At the time, to our best knowledge, there is a single published paper on a trial
regarding EPCs in diabetic patients with a focus on nutrition. The authors found a beneficial
effect of a Mediterranean diet compared to a low-fat diet on EPC count (CD34+VEGFR2+
and CD34+VEGFR2+CD133+) and carotid intima-media thickness in patients with type 2
diabetes. The increased EPC count correlated with improvements in blood glucose control,
insulin sensitivity, total cholesterol, high-density lipoprotein cholesterol, and systolic blood
pressure, decreasing the risk for chronic diabetic complications [83].

Several other studies focused on non-diabetic study populations with risk factors for
cardiovascular events or on healthy volunteers. However, because of the complex interplay
of diabetes, other risk factors, and cardiovascular disease, these trials are also relevant for
diabetic macrovascular complications. Adding vegetables to the diet improved EPC counts
in a randomized small study in Japan involving healthy volunteers. From a contemporary
viewpoint, a serious limitation of the study is the lack of a precise EPC definition [84].
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Better EPC (CD34+/VEGFR2+) counts and improved vasomotor function measured by
flow-mediated vasodilation on the brachial artery were detected when flavanols were
added to the diet of patients with coronary artery disease [85]. The Mediterranean diet,
rich in vegetables and unsaturated fats also increased EPC (CD34+/VEGFR2+/CD133+)
counts and reduced endothelial cell microparticles related to mature EC apoptosis in a
small group of elderly people with a clinical correlate of improved ischemic reactive hy-
peremia, indicating reduced endothelial damage and improved endothelial regenerative
capacity [86]. Similar results, like improved EPC (CD34+/VEGFR+/CD133+) counts, a
decreased level of circulating microparticles, an improved anti-inflammatory profile, and
increased flow-mediated vasodilation were found in the larger CORDIOPREV trial in-
volving patients with already diagnosed coronary artery disease who were put on the
Mediterranean diet. A simplified dietary approach with fat restriction was statistically
inferior in this trial [87]. Calorie restriction in combination with the Mediterranean diet
and exercise also had beneficial effects on EPC (CD34+/VEGFR2+) count in patients with
metabolic syndrome after three months of intervention. Insulin sensitivity and blood
pressure were also improved and body weight loss was promoted. However, endothelial
function was improved only in subjects randomized to exercise [88]. Adding polyunsat-
urated fat from fish was also shown to improve both circulatory EPC (CD34+/VEGFR+;
CD133+) count and tube-formation function after a 6-week intervention, but this effect
ceased in the following 6 weeks after the intervention was stopped. An improvement in
several inflammatory substances like TNF «, interleukin 8 (IL-8), and an improvement in
adhesion molecule profile was also detected [89]. In another randomized trial, replacing
saturated with monounsaturated and polyunsaturated dietary fats in a larger sample of
people at moderate risk for cardiovascular disease increased EPC (CD34+/VEGFR2+)
and decreased microparticle numbers, suggesting beneficial effects on endothelial repair
and maintenance [90]. Intriguingly, excluding meat and fish from nutrition showed less
favorable effects on EPC (CD34+/CD133+/CD45— /dim) than adhering to the full Mediter-
ranean diet in the CARDIVEG study [91]. An ancient type of grain also showed an increase
in EPCs (defined as CD34+ or CD133+ cells) in comparison to modern grain varieties after
an intervention of 8 weeks. At the same time, significantly better blood glucose control and
cholesterol levels were achieved [92].

Besides the approach with the Mediterranean diet, green tea may improve the EPC
count (CD34+/VEGFR2+/CD45— /dim) even over the short term in a population of chronic
smokers. In the same period, an improvement of vascular function assessed by flow-
mediated dilation was detected. However, since there was no control group in the study,
definitive conclusions cannot be made [93]. Wise alcohol choices may also benefit EPC
biology. In a trial with a cross-over design, the effect of beer and non-alcoholic beer on circu-
lating EPC (CD34+/VEGFR2+/CD133+) levels was tested in patients with high cardiovas-
cular risk, compared to gin. The beer and non-alcoholic beer increased the circulating EPC
count and SDF-1 in the peripheral blood. On the other hand, while the same subjects were
drinking gin during the control period, there was a decrease in EPC count. A major study
limitation is the lack of a control group drinking water [94]. Considering other types of
alcohol, red wine has been shown to increase circulating EPC (CD34+/VEGFR2+/CD133+)
levels and to improve EPC function (attenuated senescence and improved adhesion, mi-
gration, and tube formation) by modifying nitric oxide bioavailability, at least in healthy
volunteers who were randomized either on red wine, vodka, beer, or water. Clinically,
improved FMD vasodilation was seen in patients drinking red wine [95]. White wine
also increases the EPC (CD34+/VEGFR2+, CD133+) count and decreases concentrations
of several pro-inflammatory markers in a population with increased cardiovascular risk,
but there was also no control group on water [96]. It is unclear if alcohol is the key effect
mediator since grape seeds have been shown to also improve CD34+ cell counts. A more
precise EPC characterization would be necessary to confirm this result [97].

Essentially, dietary adjustments recommended for patients with diabetes do not only
improve blood glucose control but reduce the need for pharmacotherapy. It seems that
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they may improve vascular health by benefitting several aspects of EPC biology like EPC
count, modifying NO production, and reducing the number of endothelial microparticles
in circulation. However, the best dietary approach for diabetic patients needs still to be
established since there is only one study performed in this population. This study showed
the benefits of the Mediterranean diet. Other approaches like adding unsaturated fat,
vegetarian diet, caloric restriction, and others still need to be evaluated in diabetic patients.
Correlating EPC findings with clinical tests like FMD would enhance the predictive value
of such research. However, eating more vegetables, adding more unsaturated fat to the
diet, and caloric restriction could positively impact EPCs in non-diabetic persons, but in
some parts of these studies, there was no correlate with other clinical findings. The exact
mechanisms by which food influences EPC biology remain to be elucidated, but improved
insulin sensitivity, decreased inflammatory parameters, and prostaglandins could play a
significant role [98-101]. Intriguingly, alcohol could not show benefits on EPC parameters,
with the exception of red wine, and there could not be a definitive conclusion drawn on
green tea. In addition, EPCs are not equally defined in these studies, making comparations
between studies difficult.

Exercise is another lifestyle factor that affects blood glucose control, but also car-
diovascular morbidity and mortality in patients with diabetes. There are several trials
dealing with the effect of exercise on EPC biology in diabetic patients. Acute exercise loads
promptly increased the EPC (CD34+/CD133+) count in patients with type 2 diabetes with
and without nephropathy [102]. In patients with type 2 diabetes and diagnosed coronary
artery disease, an elevated level of microparticles and EPC could be detected. In contrast,
patients with type 1 diabetes have shown a blunted EPC response to both aerobic and
resistance exercise. The authors concluded that these findings may suggest a low reserve of
EPC (CD34+/CD45dim and CD34+/VEGFR2+/CD45dim) in the bone marrow in patients
with type 1 diabetes [103]. These findings have been confirmed by another trial by an inde-
pendent group of authors, testing CD34+/VEGFR+ and CD34+/VEGFR2*/CD45dim EPC
count [104]. More studies have shown the impact of exercise in non-diabetic populations,
with or without other cardiovascular risk factors. Studied populations include healthy
volunteers, obese adolescents, patients with renal failure, patients with heart failure, and
patients with coronary artery disease [105-109]. In general, moderate exercise increases the
EPC count, improves their migratory capacity, and reduces EPC apoptosis, with beneficial
effects on vascular healing. Exercise may influence EPC counts and EPC function by several
mechanisms that include increased NO production, improved insulin sensitivity, decreased
inflammation, and improved hormonal and cytokine signaling [110,111]. However, EPCs
are not universally equally defined in these research, making direct comparison hard.

Finally, an important lifestyle factor affecting diabetic and vascular outcomes is smok-
ing. While nicotine is responsible for tobacco addiction, cigarette smoke contains many
substances resulting from tobacco combustion. Oxidizing chemicals, carbon monoxide,
particulates, heavy metals, nitrosamines, and polycyclic aromatic hydrocarbon carcinogens
are drivers of tobacco toxicity and may affect EPC biology. One important mechanism
responsible for endothelial damage is compromised tetrahydrobiopterin depletion lead-
ing to decreased NO availability, endothelial dysfunction, increased inflammation, and
activation of platelets, resulting in accelerated atherogenesis [112]. Smokers are shown
to have decreased EPC (CD34+/VEGFR2+) counts and impaired endothelial-dependent
vasodilatation compared to non-smokers. The survival of EPC is also shortened [113]. Both
active and passive smoking impact EPC biology negatively. Smoking cessation increases
EPC (CD34+/VEGFR2+/CD133+) count and function by reducing hypoxia, reactive oxy-
gen species (ROS) generation, and inflammation [113]. Intriguingly, consuming electronic
cigarettes increases acutely the count of CD34+/CD309+ cells in regular smokers, maybe
indicating an acute bone marrow response to vascular injury. Still, there is not enough
evidence to draw definitive conclusions about electronic cigarettes [114]. Important to
note, these studies are not consistent in EPC characterization, and there are no studies
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involving diabetic patients performed up to the present time, making conclusions on this
topic elusive.

4.2. Anti-Diabetic Agents

Many different anti-diabetic agents are currently used to treat diabetes. Better glucose
control itself is associated with improved endothelial function and a decreased risk of mi-
crovascular and macrovascular diabetic complications. There is mounting evidence about
the impact of currently available anti-diabetic drugs on cardiovascular health. Furthermore,
since 2008, every new anti-diabetic drug needs to be tested in a cardiovascular outcome
trial if seeking approval from the Food and Drug Agency (FDA). In these trials, new agents
are compared to standard treatment, and must at least prove non-inferiority considering
cardiovascular outcomes. Cardiovascular outcomes of interest typically include cardiovas-
cular death, non-fatal myocardial infarction, and stroke. Optional other outcomes may be
additionally considered, like total mortality, hospitalizations for heart failure, lower limb
amputations, albuminuria, etc. A brief overview on anti-diabetic medications, their mode
of action, cardiovascular safety/superiority, and clinical trials involving EPC biology is
shown in Table 2.

Table 2. Currently available anti-diabetic medications, their main mode of action, cardiovascular
effects, and effects on EPCs.

Drug Class Mode of Action Cardiovascular Effects Effects on EPCs Reference
TEPC
reduces hepatic glucose production (CD34+/VEGFR2+/CD45-
: [115]
/dim) count assessed by flow
facilitates peripheral glucose uptake and cytometry
utilization, in part by increasing insulin 1FMD
action
reduces basal hyperinsulinemia
TEPC
alters glucose turnover in the gut (CD34+/VEGFR2+/CD45-
/dim) count assessed by flow
Bi des: increases glucose uptake from circulation  beneficial effects cytometry .
1guanices: and decreases absorption from food not proven in CVOTs TECFC colonies number [116]
Metformin . .
increases the release of glucagon-like ) .
peptide-1 (GLP-1) tadhesion capability of
proangiogenic cells using
alters the gut microbiome fibronectin adhesion assay
activates adenosine TEPC
monophosphate-protein-kinase (AMPK) (CD34+/VEGFR2+/CD45- [117]
activator and increases the transport /dim) count assessed by flow
capacity of all types of membrane cytometry
glucose transporters (GLUTs)
gliclazide only:
1EPC
1Sulphonylureas: stimulates insulin secretion from the second generation (i],:)34+/ VEGFR2+/ dCbD 4f5]_ (18]
Gliclazide {3-cells of the islets of Langerhans sulphonylureas are /dim) count assessed by flow
Glimepiride superior to first generation C}S\(j[n];etry
Gliquidon increases insulin and C-peptide secretion  finding not proven in T
CVOT:
s no proven effects for other [119,120]
sulphonylureas
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Table 2. Cont.

Drug Class

Mode of Action

Cardiovascular Effects

Effects on EPCs

Reference

Thiazolidinediones:
Pioglitazone
Rosiglitazone

reduces insulin resistance and reduces
insulin concentrations

activates peroxisome
proliferator-activated receptor gamma

increases insulin sensitivity of liver, fat,
and skeletal muscle cells

reduces hepatic glucose output

increases peripheral glucose disposal

improves some MACEs
not proven in CVOTs
increased risk of heart
failure

pioglitazone:

TEPC (CD34+/VEGFR2+)
count assessed by flow
cytometry

pioglitazone:

[121]

1 circulating CD34+ cell count

[122]

pioglitazone:

TEPC (CD34+) count assessed
by flow cytometry

Tincreased migratory response
and adhesion capacity to
fibronectin and collagen in
culture

[123]

pioglitazone:

TEPC (CD34+/VEGFR2+)
count assessed by flow
cytometry

1 SDF1 induced migratory
capacity

1 ECFC in cultures

[124]

pioglitazone:
no effect on EPC count

[125]

DPP-4 inhibitors
Sitagliptin
Linagliptin
Alogliptin
Saxagliptin
Vildagliptin
Teneligliptin

inhibits dipeptidyl peptidase 4 (DPP-4)

enhances the levels of glucagon-like
peptide-1 (GLP-1) and
glucose-dependent insulinotropic
polypeptide (GIP) in a
glucose-dependent manner
improves beta cell responsiveness to
glucose and stimulates insulin
biosynthesis and release

lowers glucagon secretion

reduces hepatic glucose production

non-inferiority to standard
treatment/ class effect
proven in CVOTs except
for vildagliptin and
teneligliptin

increased risk for heart
failure for saxagliptin

sitagliptin:

TEPC (CD34+/VEGFR2+)
count assessed by flow
cytometry

1 SDF1 blood concentrations

[126]

sitagliptin:

TEPC (CD34+/CXCR4+) count
assessed by flow cytometry

J SDF1 blood concentrations

[120]

sitagliptin:

TEPC (CD34+/VEGFR2+ and
CD34+/VEGFR2+/CD133+)
count assessed by flow
cytometry

1TGLP-1, NO and SDF-1 blood
concentrations

[127]

sitagliptin:

TEPC (CD34+) count assessed
by flow cytometry

1FMD

[128]

linagliptin:

1EPC (CD34+/VEGFR2+ and
CD34+/CD133+) count
1GLP-1, and SDF-1 blood
concentrations

[129]

linalgiptin
no effect on EPCs
1SDE-1 blood concentrations

[130]
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Table 2. Cont.

Drug Class

Mode of Action

Cardiovascular Effects

Effects on EPCs

Reference

DPP-4 inhibitors
Sitagliptin
Linagliptin
Alogliptin
Saxagliptin
Vildagliptin
Teneligliptin

inhibits dipeptidyl peptidase 4 (DPP-4)

enhances the levels of glucagon-like
peptide-1 (GLP-1) and
glucose-dependent insulinotropic
polypeptide (GIP) in a
glucose-dependent manner
improves beta cell responsiveness to
glucose and stimulates insulin
biosynthesis and release

lowers glucagon secretion

reduces hepatic glucose production

non-inferiority to standard
treatment/class effect
proven in CVOTs except
for vildagliptin and
teneligliptin

increased risk for heart
failure for saxagliptin

linagliptinfCD34+/CD184+
EPC

improved arterial stiffness and
pulse wave velocity

[131]

vildagliptin:

1EPC (CD34+/VEGFR2
+/CD133+) count assessed by
flow cytometry

JSDF1 blood concentrations

[119]

alogliptin:

TEPC (CD34+/VEGFR2
+/CD45-/dim) count assessed
by flow cytometry

[132]

saxagliptin:

1EPC (CD34+/VEGFR
+/CD133+) count assessed by
flow cytometry

TFMD

[133]

saxagliptin:

no effect on EPC if added to
metformin

improved migratory capacity

[134]

teneligliptin:
no significant effect on EPC
TFMD

[135]

GLP-1 receptor
agonists
Exenatide
Lixisenatide
Liraglutide
Dulaglutide
Semaglutide

activates the GLP-1 receptor
stimulates insulin secretion and lowers
glucagon secretion in a
glucose-dependent manner

delays gastric emptying in the early
postprandial phase.

liraglutide, dulaglutide,
and semaglutide showed
cardiovascular superiority
in CVOTs or equivalent
studies

exenatide in full dose superior
to medium dosed liraglutide
in TEPC (CD34+/VEGFR?2 +)

[136]

liraglutide superior to
sitagliptin in TVEGF and
SDF-1

[137]

dulaglutide:

1EPC (CD34+/VEGFR2
+/CD133+)

enhanced EPC proliferation,
adhesion, migration, and
tubule formation abilities
improved brachial-ankle pulse
wave velocity

[138]

SGLT-2 inhibitors
Empagliflozin
Dapagliflozin
Canagliflozin

inhibits the sodium-glucose
cotransporter-2 by dapagliflozin in the
proximal renal tubule

improves both fasting and postprandial
plasma glucose levels

cardiovascular superiority
proven in CVOTs
beneficial in heart failure
and renal failure

black box warning for
lower limb amputations

dapagliflozin lead to a late
increase in EPC count
(CD34+/VEGFR2+)

no change in EPCs in the
empagliflozin group

[139]

dapagliflozin treatment
activated AMPK signaling in
EPCs

[140]

empagliflozin increases
CD133+EPC count

[141]

canagliflozin improved CXCR
receptors on EPCs, improving
their migratory capacity

[142]
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Table 2. Cont.

Drug Class Mode of Action Cardiovascular Effects Effects on EPCs Reference

detemir and glargin both

increased EPC count
(CD34+/VEGFR2+ and [143]
CD34+/VEGFR2+/CD133+)
decreased adhesion molecules

no difference in
CD34*/VEGFR2+ EPCs
between groups receiving
NPH insulin, insulin glargin,

proven non-inferiority to or oral therapy [144]
Insulin and insulin binds to insulin receptors standard therapy in ) improved ECFC growth with
analogs CVOTs for newer insulin - NPy insulin and glargin
analogs decrease in intima media
thickness

intensive insulin therapy
increased EPC count
(CD34+/VEGFR2+) [145]

no effect on clinical outcomes

reduced glucovariability by

using insulin pumps increased

the EPC count [58] *
(CD34+/VEGFR+) compared

to intensified insulin therapy

* indicates studies of patients with type 1 diabetes, 1 increased, | reduced.

Possible mechanisms of cardiovascular benefits include beneficial effects on EPC
health. EPCs may benefit from improved glycemia and insulin sensitivity, enhanced nitric
oxide production, reduced oxidative stress, and decreased inflammatory parameters. Some
drugs improve EPC homing by other mechanisms, including altered expression of adhesion
molecules. Specific effects on EPC may vary according to differences among various classes
of anti-diabetic drugs.

Among the drugs with favorable cardiovascular effects is metformin. For many years
considered the first-line anti-diabetic therapy for patients with type 2 diabetes, metformin
has shown cardiovascular benefits in the landmark UKPDS study [146]. Considering EPC
biology, one study found that circulating EPC counts increased after metformin initiation
in patients with type 2 diabetes, correlating with increased FMD [115]. Later, an increase
in EPCs was proven also in patients with type 1 diabetes, when metformin was given
as a supportive treatment in the MERIT trial [116]. Regarding the EPC increase with
metformin in patients with type 2 diabetes, this effect could be enhanced when gliclazide,
a sulphonylurea, was added [117]. It seems that the most important mechanism affecting
EPC biology in metformin-treated patients is increased phosphorylated-eNOS expression
and NO production in cultures, as well as altered AMPK function [147].

In general, the effect on EPCs of most other anti-diabetic drugs was tested when these
drugs were added to metformin, with few exceptions.

Gliclazide alone was also able to improve EPC biology, correlating with flow-mediated
vessel dilatation and improvements in markers of oxidative stress as the key mechanism
of action on EPCs [118]. It seems so far that gliclazide is the only sulphonylurea with
a proven effect on EPCs. Glibenclamide did not show any increase in EPCs in a trial
when it was compared to vildagliptin [119]. The same was shown for glimepiride when
compared to sitagliptin [120]. Although hampered by methodological limitations in EPC
characterization and the absence of clinical assessment of endothelial function, this finding
fits perfectly into the context of better cardiovascular outcomes in patients treated with
gliclazide compared to other sulphonylureas after myocardial infarction [148,149].

Another class of oral anti-diabetic drugs are thiazolidinediones, or peroxisome proliferator-
activated receptors gamma (PPAR ) agonists. Although they are used to improve blood
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glucose control, they have also been shown to affect other cardiovascular risk factors, like
dyslipidemia and albuminuria [150,151]. Since these drugs may cause water retention,
heart failure may occur [152,153]. Pioglitazone was shown to reduce the incidence of
some major adverse cardiovascular events in patients with type 2 diabetes [154,155]. Two
members of this class, rosiglitazone and pioglitazone, have been proven to impact EPCs. In
patients with type 2 diabetes, rosiglitazone improved EPC re-endothelialization impaired
by NADPH oxidase activity, diminishing the effects of oxidative stress [156]. Human stud-
ies with pioglitazone have demonstrated increased EPC counts and proliferative ability,
decreased EPC apoptosis, and improvements in some metabolic parameters and inflam-
matory markers [121-124]. Improved adipokine profile and anti-inflammatory properties
were also proposed mechanisms to obtain EPC biology improvement [122]. In some studies,
CD34+/VEGFR2+ EPCs were investigated, and these studies showed favorable results on
EPC health, but the clinical response on endothelial function remains unknown since it
was not tested. It has to be mentioned that in one study, pioglitazone showed no impact
on EPC counts, but in this study there is no evidence about the method used for EPC
determination [125]. These results justify the need for future research regarding the impact
of thiazolidindiones on EPCs and clinically assessed endothelial function.

Incretin-based therapies emerged recently as interesting add-ons to diabetic phar-
macotherapy. There are two classes of incretin-modulating drugs. The first one con-
tains inhibitors of dipeptidyl peptidase-4 (DPP-4 inhibitors). The main mode of action
is inhibiting the breakdown of endogenous incretins, mainly GLP-1, thus maintaining
the concentration of this substance within a physiological range. This incretin then en-
hances food-triggered insulin secretion. The majority of them like sitagliptin, linagliptin,
saxagliptin, and alogliptin were tested in cardiovascular outcome trials and were proved to
be non-inferior to standard treatment [157-160]. In other words, these drugs were as good
as standard treatment at that time, like metformin, gliclazide, thiazolidindiones, or insulin.
The impacts of vildagliptin and teneligliptin on cardiovascular outcomes were not tested in
large, randomized trials.

Considering the effect of DPP-4 inhibitors on EPCs, there are some results published
showing the favorable impact of these drugs. Improved glucoregulation, improved oxida-
tive parameters, increased NO and SDF-1 production, and decreased inflammation are the
proposed mechanisms for these effects [127,128,131]. Sitagliptin increased EPCs and SDF-1
during 4 weeks as add-on treatment compared to standard treatment involving metformin
and/or insulin secretagogues in a small sample of people with type 2 diabetes [126]. Similar
results considering EPC count, but with a decrease in SDF-1o during a 12-week trial in
patients with type 2 diabetes, were detected when sitagliptin was added to metformin [120].
These results on SDF-1 fit less well into the proposed mechanism of action of DPP-4 in-
hibitors since DPP-4 degrades SDF-1 [161]. More recently, sitagliptin was tested against
metformin in a short trial for three days. The drug increased EPCs, but also SDF-1a and
NO concentration, with the most profound impact on patients receiving both drugs [127].
In another trial, in which voglibose was used as the comparator drug, sitagliptin was
shown to increase EPCs and improve flow-mediated vasodilation, while voglibose showed
no effect [128]. Linagliptin also increased the EPC count acutely in patients with type
2 diabetes during a 4-day trial, with increased concentrations of SDF-1«. Intriguingly,
DPP-4 activity was abated by more than 50%, indicating other mechanisms responsible
for an increase in SDF-1« [129]. An increase in SDF-1 with linagliptin has been observed
even after 6 months of treatment. The effect on EPCs was not statistically significant [130].
However, in patients with chronic kidney disease, linagliptin improved EPC count, the
antioxidant level was enhanced, and clinical parameters like augmentation index and pulse
wave parameter were improved during a 12-week trial [131].

As mentioned before, vildagliptin also increases the number of EPCs, but with a re-
duction in SDF-1« levels after 12 months, in comparison to glibenclamide [119]. Alogliptin
showed the same effect as gliclazide on the EPC count. The authors concluded that the ob-
served increase in EPCs seemed to be due to the glucose-lowering effect of both drugs [132].
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Furthermore, saxagliptin failed to be superior to metformin in two 12-week trials. Although
there was an increase in EPC count and improvement in flow-mediated dilation, metformin
showed similar effects when these drugs were given as monotherapy, with no add-on
effect on EPCs in dual treatment [133,134]. Finally, teneligliptin showed an increasing trend
in the number of EPCs, albeit this did not reach statistical significance. However, flow-
mediated vasodilatation improved in the study group, suggesting a mechanism different
than EPC [135]. In conclusion, there is some evidence that DDP-4 inhibitors improve certain
aspects of EPC health; the main limitation is the absence of clinical endothelial assessment
in the majority of research, and a short study duration in some of the trials.

In contrast to DPP-4 inhibitors, GLP-1 receptor agonists override the physiological
effects of endogenous GLP-1 and exert a stronger effect on GLP-1 receptors. These are
potent anti-diabetic drugs with the main mechanism of action that stimulates insulin
secretion after an oral glucose load via the incretin effect. Other medical benefits may
include delaying gastric emptying, inhibiting glucagon production, decreasing pancreatic
beta-cell apoptosis, promoting weight loss, lowering arterial blood pressure and total
cholesterol, improving left ventricular ejection fraction, myocardial contractility, coronary
blood flow, cardiac output, and endothelial function while reducing infarction size. Some
of them like liraglutide, semaglutide, and dulaglutide are proven to be superior to standard
anti-diabetic treatment in secondary cardiovascular prevention [162-164]. Interestingly,
there are limited data about their effects on human EPCs. In a small trial, liraglutide was
inferior to exenatide considering EPC counts, but liraglutide was not given in the full dose
of 1.8 mg daily. The authors speculated about antioxidative/anti-inflammatory effects
as mediators on EPC biology [136]. In a head-to-head trial, comparing liraglutide in the
full dose of 1.8 mg daily and sitagliptin, there was a similar effect on EPC count, with a
more favorable effect of liraglutide on VEGF and SDF-1« after 26 weeks. However, in
this trial, CD 34+/VEGFR2+ EPCs were not investigated [137]. So far, dulaglutide is the
single GLP-1 receptor agonist that showed an increase in EPC count and function resulting
in improved clinical parameters like brachial-ankle pulse wave velocity. Lower grades
of inflammation and increased NO production were the supposed mechanisms for these
effects [138]. No data on humans for semaglutide have yet been published. Putting all
these data into the context of previously published cardiovascular outcome trials which
stated superiority for the majority of these drugs [162-164], and borderline significance (p
= 0.06) for exenatide [165], it seems that further investigations are justified to prove the
beneficial impact of GLP-1 receptor agonists on EPCs.

Sodium-glucose transporter-2 inhibitors (SGLT?2i) are the latest introduced class of anti-
diabetic treatment. Their main mode of action involves the inhibition of the sodium/glucose
co-transporter-2 (SGLT-2) in the kidneys’ proximal tubule, causing glycosuria and lowering
blood glucose levels independent of insulin action. Empagliflozin was the first anti-diabetic
drug to show cardiovascular superiority over standard anti-diabetic treatment [166]. Later
it was recognized that the benefit of the entire drug class goes beyond the glucose-lowering
effects, from reducing the risk of MACEs, hospitalization for heart failure, and worsening
of chronic kidney disease (CKD) in diabetic patients, to reducing the rate of cardiovascular
death and hospitalization for heart failure in nondiabetic patients [167]. There is a limited
number of clinical research studies considering the impact of SGLT2i on EPC biology. In the
first randomized controlled trial of dapagliflozin vs. placebo with an open-label extension
and an open-label observational study of empagliflozin treatment on levels of circulating
stem cells (CSCs) and EPCs, results showed a non-significant increase in CSC and EPC after
short-term treatment with SGLT-2is. After 1.5 years of dapagliflozin treatment, the EPC
count significantly increased. The authors concluded that cardiovascular protection cannot
be directly correlated with EPC counts, suggesting protection is dominantly attributable
to other factors [139]. In another trial, empagliflozin increased the subpopulations of
circulating cells expressing CD133+ following 6 months of treatment, while improving
inflammation parameters [141]. In addition, dapagliflozin was shown to improve the
vasculogenic capacity of EPCs via activating AMPK-mediated inhibition of inflammation
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and oxidative stress in a study comparing patients with type 2 diabetes with healthy
controls over 3 months [140]. Similarly, a significant better expression of the CXCR4
receptor with an increase in the migratory function of CD34+ cells and an increase in the
expression of antioxidants (superoxide dismutase 2, catalase, and glutathione peroxidase)
in canagliflozin-treated patients as compared to the placebo group was shown [142]. These
results suggest that the action of SGLT-2i may also be in part mediated through the effect
on EPCs with consequently beneficial effects that go beyond the glucose-lowering effect,
but it is still too early to deduce on the effect of this drug class on EPCs. Although there are
only a few studies exploring these issues, they showed new directions in explaining and
understanding the beneficial effects of SGLT-2i. Future research would surely benefit from
better EPC definition.

The effect of insulin analogs on EPCs has also been investigated. In vitro, insulin
can mobilize EPCs. In patients suffering from type 2 diabetes, both insulin glargine and
detemir raised EPC counts, with no difference between the two drugs over 6 months [143].
However, it seems that long-acting insulin analogs increased the EPC count to a greater
extent in comparison to intermediate-acting human insulin and oral drugs with a trend
towards improved intima-media thickness [144]. Intensive insulin therapy enhanced EPC
counts over 6 months compared to basal-oral therapy (metformin and/or sulphonylureas)
in patients with type 2 diabetes and peripheral artery disease undergoing peripheral
angiography and subsequent angioplasty procedure. However, the cumulative incidence
of restenosis/amputation/limb salvage procedures/death in patients with type 2 diabetes
and chronic limb ischemia patients did not differ between groups at the study end, but
there was a significant effect on eNOS gene variants [145]. In addition, hypoglycemia
during insulin therapy may negatively impact EPC biology and clinical outcomes [56].
Since there was no inherent effect of both NPH insulin and insulin glargine on EPC count
compared to escalated oral therapy, it may be concluded that there is no specific effect of
insulin beyond better glucose control. These findings fit into the general accepted fact that
novel insulins are not superior to standard treatment in terms of reducing MACEs. Other
factors, like eNOS genetic polymorphism and eventual hypoglycemic events, may easily
overshadow the beneficial effects of insulin therapy:.

Finally, it has to be mentioned that trials involving patients with type 1 diabetes are
few. The majority of treatment discussed previously is registered for patients with type 2
diabetes. In an interesting trial involving patients with type 1 diabetes, reducing glucose
variability with new technologies like insulin pumps showed beneficial effects on EPC
count in a 6-month trial [58]. As mentioned before, adding metformin to insulin treatment
in type 1 diabetes may improve EPC count and function [116].

5. Conclusions

EPCs are a captivating and vital component of the vascular system. Their roles in
vascular repair, regeneration, and potential therapeutic applications make them a subject
of ongoing research and hold promise for improving cardiovascular health and advancing
regenerative medicine. Vessel regeneration and repairment are both altered in diabetes
mellitus. Consequently, micro and macroangiopathic complications may develop. There-
fore, EPCs have become the target of interest for many scientists who are putting an effort
into discovering treatment options that can affect their count and function. Many available
anti-diabetic drugs like metformin, sulphonylureas, PPAR y agonists, DPP-4 inhibitors, and
insulin are proven to improve, under certain conditions, the low number and functional
impairment of EPCs. SGLT-2i and GLP-1 receptor agonists are the newest anti-diabetic
drugs with limited evidence of beneficial effects on EPC biology. Future research will likely
focus on untangling the complexity of EPC biology and developing innovative approaches
to harness their full potential both in type 2 and type 1 diabetes.

To conclude, current data suggest that the low number and dysfunction of EPCs can
be improved by treatment of diabetes with currently available drugs, either through drugs’
specific mechanisms or through improving blood glucose control.
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Abstract: Diabetes mellitus (DM) is a growing problem nowadays, and diabetic retinopathy (DR) is
its predominant complication. Currently, DR diagnosis primarily relies on fundoscopic examination;
however, novel biomarkers may facilitate that process and make it widely available. In this current
review, we delve into the intricate roles of various factors and mechanisms in DR development,
progression, prediction, and their association with therapeutic approaches linked to the underlying
pathogenic pathways. Specifically, we focus on advanced glycation end products, vascular endothelial
growth factor (VEGF), asymmetric dimethylarginine, endothelin-1, and the epigenetic regulation
mediated by microRNAs (miRNAs) in the context of DR.

Keywords: diabetes; proliferative diabetic retinopathy; retina; vascular endothelial growth factor;
asymmetric dimethylarginine; microRNAs; endothelin-1; advanced glycation end products

1. Aim

The study aimed to indicate the vital biomarkers and molecules involved in the
pathomechanism of diabetic retinopathy, evaluate their impact, assess their diagnostic
value for staging or risk assessment of DR, and specify the potential point of grasp for
therapeutic methods.

2. Introduction

Diabetic retinopathy (DR) remains a major ocular complication of diabetes melli-
tus (DM) and is the leading cause of irreversible yet preventable vision loss among the
working-age adult population, particularly in low- and middle-income areas [1]. Among
the 537 million adults (20-79 years) with DM, approximately one-third have signs of DR,
and one-third of this group may go on to develop severe retinopathy or macular edema [2,3].
Apart from ocular effects, the presence of DR also signifies an evaluated future risk of
myocardial infarction, heart failure, and cerebrovascular accidents [4].

As the worldwide prevalence of diabetes mellitus has significantly increased over the
past twenty years, the persistently high incidence of diabetic retinopathy among individuals
with diabetes makes screening crucial. This screening is necessary for the early detection
of individuals displaying signs of visual impairment due to chronic hyperglycemia, who
require a comprehensive ophthalmic examination and appropriate treatment [5].

The COVID-19 pandemic had a significant impact on DR screening, monitoring, and
treatment process. According to a study performed in 2020, the Cole Eye Institute, USA, the
average delay in care for patients who missed their appointments during the pandemic was
5.34 weeks [6]. Another retrospective study of DR patients who attended the DR screening
program at Hospital Universitari Sant Joan de Reus revealed that the number of screened
patients decreased to 3286 (57.89%) in 2020, compared to an average 5676.40 =+ 439.75 of
screened patients between 2015 and 2019. In 2021, this number increased again, resulting in
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6804 screened patients [7]. Centers for Disease Control and Prevention (CDC) reports that
the prevalence of DR in 2019 in the USA was 3.11% of the USA population [8]. Whereas,
2021 screening programs reported by CDC resulted in a decrease of 2.89% of DR patients [8].
However, the COVID-19 pandemic accelerated the development of screening tools like
digital ophthalmoscopes (DOs) for DR diagnosis. Those solutions can be used without
prior extensive traineeship in that field by general practitioners or patients by themselves.
Although the pandemic is over, there is a possibility to take advantage of using those
telemedicine devices in areas with limited access to ophthalmologists. Nevertheless, there
are no international guidelines concerning DO usage, but the inclusion of those techniques
should be considered [9]. There are different DOs, desktop-based DOs, handheld DOs, and
smartphone-based retinal imaging DOs, and their sensitivity ranged from 61% to 81% be-
tween different studies considered in the most recent systematic review [10]. However, the
NO BLIND study showed 100% specificity and 94.3% sensitivity for digital ophthalmoscope
usage by ophthalmology specialists as compared to standard fundus oculi examination in
mydpriasis [11]. The role of telemedicine in the field of DR should be highlighted as it is a
cost-effective approach and it is a tool that enables broad screening and faster diagnosis
making [9].

This article provides a summary of the current knowledge regarding diabetic retinopa-
thy, especially emphasizing the molecules that could serve as markers of ongoing patholog-
ical processes in the retina.

3. Risk Factors

The most relevant risk factors for the development of diabetic retinopathy include the
duration of diabetes, greater uncontrolled hyperglycemia as indicated by high HbAlc levels,
and the presence of hypertension [12]. Research showed that maintaining proper blood
glucose control has a notably stronger effect on DR prevention compared to controlling
blood pressure [13,14]. Research suggests that the risk gradually increases over time,
making regular eye examinations essential for individuals with diabetes identified for more
than a decade.

Other well-known risk factors for DR are nephropathy and high BMI index [12,15].
Although there are no definite associations between traditional lipid markers and DR,
several studies over the years have suggested that lipid-lowering therapy might be an
effective adjunctive agent for DR and may reduce the risk of its development [16-20]. Both
diabetic retinopathy and nephropathy are complications of DM resulting from microvas-
cular damage through, i.e., inflammation and oxidative stress attributed to uncontrolled
blood glucose levels. These mechanisms can result in the simultaneous occurrence of
nephropathy and DM, consequently, it is important to regularly screen patients with severe
nephropathy for eventual DR development [3,21].

Smoking is an additional risk factor for DR. Xiaoling et al., in the study identifying
and comparing 73 studies involving type 1 and type 2 diabetes patients, established a
clear association between smoking and DR. In type 1 diabetes, the risk of DR significantly
increased among smokers compared to non-smokers. Surprisingly, in type 2 diabetes, the
risk of DR was found to be lower in smokers than in non-smokers [22]. However, this result
should not change the importance of smoking cessation for overall health benefits.

Research findings indicate that for women with diabetes, pregnancy can pose an
additional risk factor for developing or worsening already existing DR. The prevalence
of DR in women with type 1 diabetes is higher than in type 2 and it tends to worsen
in type 1 diabetic women compared to type 2 [21,23]. Consequently, it is crucial for
pregnant women with diabetes to closely monitor blood glucose levels and manage the
condition effectively.

Diabetic retinopathy is a complex condition that requires diligent management to
prevent or slow down its progression. By understanding the risk factors associated with
diabetic retinopathy, presented in Figure 1, individuals with diabetes can take proactive
measures to protect their vision. Consistently managing blood sugar levels, blood pressure,
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and cholesterol and making healthy lifestyle choices, such as quitting smoking, are crucial
steps in reducing the risk and severity of diabetic retinopathy.

® Diabetes duration

® Hyperglycaemia
1% decrease in HbA lc equates to a decreased
risk of retinopathy by 40%

® Hypertension
10 mmHg decreased SBP equated to a decreased
risk of retinopathy progression by 35%

® Dyslipidemia

e Nephropathy

e High BMI index

® Smoking

® Pregnancy

Figure 1. Risk factors for diabetic retinopathy development.

4. Pathophysiology

Diabetic retinopathy is primarily associated with microvascular abnormalities and
retinal neurodegeneration [24]. The neurovascular unit comprises endothelial cells and
pericytes, basement membrane, glial cells (including astrocytes and Miiller cells), microglia,
and neurons. The degeneration of this unit is considered a primary indicator of diabetic
retinopathy [25].

Hyperglycemia induces non-enzymatic advanced glycation end products creation,
increases oxidative stress, and promotes the growth in proinflammatory cytokines, leuko-
cyte migration, and adhesion, which may lead to leukostasis (microcapillaries blockade
with leukocytes), moreover, it influences epigenetic modifications [26,27]. Hyperglycemia,
chronic inflammation, and microthrombi induce hypoxia and via hypoxia-inducible factor
(HIF-1x) upregulates growth factors, mainly VEGF (vascular endothelial growth factor) [28].
The VEGF isoforms promote endothelial cell proliferation during early angiogenesis, and
some of its isoforms take part in pathological neovascularization. Furthermore, VEGF
increases vascular permeability by disrupting the tight-junction between retinal endothelial
cells [29,30].

Hypertension and local retinal vasoconstriction also play a role in DR development
and are associated with increased VEGF production [31].

The clinical classification divides DR into non-proliferative diabetic retinopathy (NPDR)
and proliferative diabetic retinopathy (PDR) [32]. In the pathogenesis of NPDR, there
is a loss of pericytes, a decrease in their protective role, damage to endothelial cells,
and excessive thickening of the basement membrane. These changes lead to vascular
leakage and cellular damage [28,33]. The clinical manifestation of NPDR in the fundoscopic
examination typically reveals microaneurysms, which may rupture and cause hemorrhages.
Additionally, vascular leakage can result in the appearance of hard exudates. Macular
edema can also occur, and due to the occlusion of microcapillaries, ischemia may develop,
leading to nerve fiber infarcts that are visible as “cotton-wool spots” [28]. PDR can occur as
a progression from NPDR, but it can also manifest without a preceding NPDR stage. This
severe clinical presentation is associated with pathological neovascularization and fibrous
proliferation, manifesting as epiretinal or vitreous hemorrhages causing temporal vision
loss and retinal detachment leading to permanent blindness [28,34]. Macular edema can be
a cause of both NPDR and PDR and is considered reversible damage [35].
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5. Molecular Biomarkers

In recent years, the exploration of biomarkers has gained significant momentum, offer-
ing novel insights into the pathogenesis and progression of diabetic retinopathy. Biomarkers
are measurable biological indicators that reflect normal or pathological processes within
the body. They can be used to diagnose, stage, characterize, and monitor diseases, indi-
vidualize therapeutic interventions, and monitor responses to the therapies [36]. They can
be detected in various bodily fluids, such as blood, tears, or even ocular tissues, offering a
non-invasive and precise means of diagnosis and monitoring. This article delves into the
topic of possible biomarkers in diabetic retinopathy, shedding light on the advancements,
challenges, and prospects of these innovative diagnostic tools. We will explore the potential
role of biomarkers in detecting the disease at its earliest stages, predicting its progression
and tailoring personalized treatment strategies.

5.1. Vascular Endothelial Growth Factor

Angiogenesis is a complex biological process that underlies the development of pro-
liferative diabetic retinopathy, which represents the advanced stage of diabetic retinopa-
thy [37]. Among the many pro-angiogenic factors, vascular endothelial growth factor
(VEGEF) is notably significant. VEGF is a homodimer glycoprotein with a molecular weight
of 46 kDa connected by three disulphide bonds (cystine-knot form). The VEGF family
consists of the following members: VEGF-A (also called VEGF or vascular permeability
factor as the first discovered molecule of the whole family in 1983), VEGF-B, VEGEF-C
(essential for the formation of lymphatic vessels) [38], VEGF-D (known as c-Fos-induced
growth factor, FIGF), VEGF-E (connected with parapoxvirus Orf, which causes pustular
dermatitis) [39], and placenta growth factor (PGF) molecules [40,41]. VEGF production
is stimulated by ischemia and hypoxia. Low pO; induces the production of the crucial
mediator of hypoxic responses—DNA-binding protein called hypoxia-induced factor 1
(HIF-1). HIF-1 binds to specific enhancer elements, which stimulates the transcription of
the VEGF gene and, in turn, VEGF mRNA production and decreased mRNA degrada-
tion. Accumulated intracellular VEGF is transported from endoplasmic reticulum to Golgi
bodies by a chaperone protein known as ORP 150 (oxygen-regulated protein 150), whose
secretion is augmented in a hypoxic environment [42,43] (Figure 2).

Hypoxia

| HIF-1 (hypoxia-induced factor 1) ‘

A

| VEGF gene transcription ‘

|

| VEGF mRNA accumulation ‘

OPR 150 activation

A 4
‘ VEGEF transfer from ER to Golgi Bodies |

VEGEF release

I VEGF binding to VEGFr (tyrosine kinase) |

Figure 2. VEGF production and secretion pathway.
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VEGF has been shown to play a role in physiological processes such as vasculogenesis—de
novo formation of blood vessels during embryogenesis, angiogenesis—vessels formation
from already existing vasculature, and pathological processes like tumor growth, tissue
remodeling, and metastasis. VEGF mediates its effects by binding to the tyrosine kinase
receptors (VEGFRs). The family of VEGFRs consists of the following members: VEGFR1
and VEGFR2 (mainly located on blood vessels endothelial cells) and VEGFR3 (expressed in
lymphatic endothelium) (Table 1). The molecular structure of each receptor is similar [44].

Table 1. VEGEF receptors and their ligands.

Receptor VEGFR1 VEGFR2 VEGFR3
VEGTF variant VEGF-A, -B, and PGF  VEGF-A, -C, and -D VEGEF-C and -D

VEGFRI can be secreted in the soluble form (sFlt1—expressed in the placenta during
gestation) to prevent endothelial overproliferation due to VEGF accumulation. There are
known VEGEF coreceptors as well: the neuropilins, neuropilin-1 and neuropilin-2. Their
main role is to enhance the binding of VEGF to the VEGFR2 and the migration of endothe-
lial cells stimulated by VEGF [45]. Heparan sulfate and integrins can also modulate the
signal from VEGFR. VEGFR1 is a crucial factor in providing a proper level of VEGF-A, and
it plays an important role in the negative regulation of vascular modification. VEGFR1 is
also necessary for the process of monocyte migration. PGF bound to VEGFR1 is responsible
for initiating inflammatory-related angiogenesis, which is vital in the pathogenesis of
various diseases. VEGF-B characteristically binds to VEGFR1 in tissues with high metabolic
activity such as myocardial cells. VEGFR?2, the most comprehensively studied among the
VEGEF receptors, binds with VEGF-A, VEGF-C, and VEGEF-D. It is known that the activation
of VEGFR2 kinase through VEGF-induced VEGFR2 homodimerization is responsible for
the majority, if not all, of the known VEGF-related processes such as mitosis stimulation,
migration, and survival of endothelial cells, ultimately leading to the formation of new
blood vessels [46]. The crucial functions of VEGFR?2 in endothelial biology are evident
from the various processes involved in its tight regulation such as internalization to early
endosomes for the activation of specific pathways and the involvement of phosphatases like
vascular endothelial protein tyrosine phosphatase. VEGFR3 has an affinity to VEGF-C and
VEGE-D. Although the main function of VEGFR3 was initially identified as the regulation
of lymphatic endothelial development and biology, it has also been observed to be present
in blood vascular endothelial cells. Angiogenesis-involved endothelial cells exhibit the
expression of both VEGFR2 and VEGFR3. VEGFR3 activation is not solely dependent on
VEGEF-C/VEGF-D binding, as it can also be activated through integrin-mediated mecha-
nisms, it leads to lymphatic vessel expansion and the absorption of interstitial fluid [47]. In
addition, VEGF is critical for ensuring the proper morphology and function of vascular
structures [46]. Notably, mutations that result in the loss of the VEGF gene allele have been
found to be lethal [48]. The development of PDR is linked to relative retinal ischemia, which
creates a hypoxic environment, which favors HIF-1 activation and VEGF production. The
pathological revascularization in the retina has been attributed to VEGF-A165, a specific
splice variant of VEGF-A [49].

As opposed to levels of plasma VEGE, elevated intraocular VEGF has been strongly
associated with macular edema and retinal angiogenesis [50]. It has been proven that the
aqueous VEGEF level is correlated with this in the vitreous [51,52]. What is more, current
research revealed that in DR patients, vitreous and aqueous VEGF levels are significantly
higher than the plasma levels and they are both associated with DR progression [52]. How-
ever, some studies show that the median serum VEGEF levels are found to be greater in
patients with DM, PDR, and NPDR than in the matched control groups [53,54]. Further-
more, the serum VEGF levels are significantly higher in PDR than in NPDR patients [55].
According to current studies, serum VEGF seems to be an appropriate biomarker for DR
onset and severity as well [55,56]. Nonetheless, changes in circulating VEGF-A levels
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cannot be used as a predictive factor of DR progression [50,53]. Moreover, the increase
in serum PGF levels has been observed in NPDR patients treated with aflibercept (anti-
VEGF antibody). In PDR patients who underwent the same therapy, PGF remained stable.
Increased PGF levels may result from a counter-regulatory mechanism, due to VEGFR2
inhibition. However, in PDR patients, permanent uncontrolled expression of VEGF proba-
bly masks the counter-regulated PGF secretion [53]. Current studies reveal that the tear
VEGF level is elevated in patients with DR and substantially different between NPDR and
PDR patients. What is more, the VEGF level in tears is significantly associated with DR
stage and severity [57-59]. There are studies presenting useful methods for tear VEGF
level measurements characterized by high sensitivity and specificity [60,61]. Recent studies
indicate the importance of anti-VEGF therapy, especially intraocular injections of those
drugs [62].

5.2. Asymmetric Dimethylarginine

Arginine is an amino acid essential for normal growth and development. Endoge-
nous synthesis is adequate in healthy people but might be deficient in many pathological
states [63]. The earliest sign of vascular complications is endothelial dysfunction [64].
Nitric oxide (NO) is an important vasodilator that is crucial in maintaining the health
of the vascular endothelium. Studies demonstrate that endothelial dysfunction plays a
critical role in the development of diabetes-associated microvascular complications and
often precedes advanced diabetic retinopathy (DR) [65-67]. NO is synthesized from the
guanidine group of arginine by the enzyme family NO synthases (NOSs), which consist of
three isoforms [68,69]. Asymmetric dimethylarginine (ADMA) is an active endogenous
methylated amino acid, a structural analogue of L-arginine, which inhibits the activity of all
isoforms of NOS, inhibiting the formation of nitric oxide in tissues and blood plasma [70,71].
ADMA is synthesized by the protein arginine N-methyltransferase 1 (PRMT1), mainly
metabolized by the dimethylarginine dimethylaminohydrolases (DDAHSs) pathway, and
eliminated from the body by kidneys [72,73]. ADMA enters cells through cationic amino-
acid transporters (CATs) [74]. Plasma levels of ADMA in healthy people vary between
0.3and 0.5 umol/L [75], but in pathological states, it may increase even tenfold [76]. ADMA
has a negative effect on cells, contributing to oxidative stress, shortening telomeres, in-
hibiting the release of NO, and increasing the secretion of interleukin-8 and monocyte
chemotaxis factor 1 [75]. Under normal conditions, endothelial NOS is inhibited by 10%,
but in pathological situations, even by 30-70% [76]. When the plasma ADMA level in-
creases, the NO synthesis in the environment decreases, vascular homeostasis degrades
due to vasoconstriction, and endothelial dysfunction begins [69]. Endothelial dysfunction
and impaired ocular hemodynamics prime diabetic retinopathy development are asso-
ciated with decreased NOS activity and NO bioavailability, thus resulting in increased
reactive oxygen species (ROS) and vasoconstriction [76,77]. Oxidative stress is closely
related to DDAH activity, which further affects ADMA concentrations in patients with
diabetes [78,79]. Increased oxidative stress contributes to elevated ADMA, and by the up-
regulation of circulating markers of oxidative stress, increased serum ADMA concentration
is associated with increased vascular oxidative stress [80-82]. ADMA accumulation was
first reported in patients characterized by endothelial dysfunction including hyperglycemia,
hypercholesterolemia, and hypertension [83,84]. Impaired liver or renal function could
also have an impact on the plasma concentration of ADMA. The significance of ADMA
in the inhibition of vascular endothelial growth factor-mediated angiogenesis has been
demonstrated in numerous studies. Some evidence suggests that diabetes mellitus with mi-
crovascular complications has increased serum levels of ADMA [85-88]. Elevated ADMA
was detected in aqueous humor in diabetic patients, especially those with severe retinopa-
thy [89]. The plasma ADMA level is elevated in patients with diabetic microangiopathy
such as DR [66,86,90-93]. Lowering ADMA levels may delay the progression of DR by
reducing the formation of neovascularization, providing protective advantages for the
blood-retinal barrier [92]. Some clinical studies have shown that ADMA levels in diabetic
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patients with retinopathy were higher than among individuals without retinopathy, and
this increase was directly proportional to the severity of diabetes [65,94-96]. High levels
of ADMA have been identified not only in advanced DR but also in individuals at the
prediabetic and diabetic stages. This observation suggests that ADMA likely plays a crucial
role in both the initiation and advancement of DR [81,97]. Further studies that involve
larger patient populations to better understand the role of plasma ADMA levels in the
development and progression of DR are needed. The serum ADMA level was accepted as
a marker of endothelial dysfunction because of its high values in coronary artery disease,
end-stage renal failure, stroke, hypertension, and DM [98-101]. In the present moment,
there are no drugs targeting ADMA levels in the context of diabetes management [102].

5.3. MicroRNAs

MicroRNAs (miRNAs) are single-strengthened, non-coding RNA, which affect gene
expression regulation. Their suppressor interaction with mRNA usually is associated with
3’ untranslated regions (3’ UTRs), although data claim as well its interaction potential
according to different sequences such as gene promoters. Moreover, they also have a
regulatory role in transcription and translation processes [103]. The creation process
of those micromolecules goes from DNA transcription to primary miRNA (pri-mRNA)
through precursor miRNA (pre-miRNA) leading to mature miRNA formation [104]. The
role of miRNA in signalization pathways is studied nowadays excessively because of those
particles” multiplicity. Furthermore, their remarkable stability in circulation makes them
attractive potential non-invasive biomarkers and therapeutic grip points [105]. Their role as
a biomarker may be a useful tool in the DR diagnostic process because currently assessment
is based only on ophthalmological examination and the inclusion of non-invasive objective
tests into guidelines could enhance DR detectability.

Molecular bases of miRNA mechanisms of action are distinct for different miRNAs,
and it is possible to distinguish which particles affect which pathway leading to DR, such
as affecting cell proliferation, angiogenesis, apoptosis, or basement membrane thicken-
ing [106]. It has been proven that directly or indirectly particles such as miRNA-9, miRNA-
152, miRNA-15b, miRNA-29b-3p, miRNA-199a-3p, miRNA-203a-3p, miRNA-200b-3p, and
miRNA-30a-3p downregulate VEGF expression, which lowers the range of active cell-cycle-
related proteins and by that protects RMECs (retinal microvascular endothelial cells) from
abnormal proliferation [107]. In addition, from previously mentioned biomolecules, the
alternative pathway to downregulate VEGF is SIRT1 (nicotinamide adenosine dinucleotide
(NAD+)-dependent deacetylase) upregulation, which is possible by miRNA-29b-3p and
miRNA-34a inhibition, moreover, causing an increase in proinflammatory cytokines [107].
MiRNA-34a was evaluated to be an interesting therapeutic target, as in rats with induced
DR, its silencing was observed as an apoptosis regulation [108]. Relatedly, the miRNA
overexpressed in DR upregulating SIRT1 is miRNA-195, which inhibits RMEC and acceler-
ates apoptosis [109]. In addition, miRNA-210 was assessed as a potential biomarker able
to distinguish PDR from NPDR; moreover, it refers to DR severity, and progression as
well is considered a therapeutic target according to vascular endothelial cells pathological
proliferation [110].

MiRNA-20a and miRNA-20b were revealed to downregulate VEGF as well but in
different mechanisms—first act by Yse-associated protein (YAP)/hypoxia-inducible factor
la (HIF1x)/ VEGF axis, and second was revealed in the study on rats to be correlated with
downregulation of AKT3, lowering VEGF expression [111,112]. Moreover, it was assessed
that Resolvin D1 modulates the intracellular VEGF-related miRNAs—miRNA-20a-3p,
miRNA-20a-5p, miRNA-106a-5p, and miRNA-20b—expression of retinal photoreceptors
challenged with high glucose [113]. Another pathway included in DR pathogenesis and
connected to miRNA function is the thickening of basement membrane by increased
synthesis of RMEC extracellular matrix—especially the abnormal synthesis of collagen type
4 due to miRNA-29a inhibition by inflammatory factor OPN (osteopontin) also known as
secreted phospho-protein 1 (SPP1) [114]. It is needed to mention that there was a confirmed
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association between OPN and vascular hyperpermeability in human diabetic retinal tissues,
and by a blockade of OPN, vascular continuity was preserved, in contrast, by the miRNA-
148a-3p action-TGFP2 expression was lowered and by that basement membrane thickening
was decreased [115,116] (Figure 3).
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Figure 3. MiRNA impact on apoptosis, angiogenesis, proliferation, and basement membrane thicken-
ing in DR.

The role of the miRNA was investigated as a DR biomarker using different sample
types and designs compared to various groups according to diabetes type 1 or 2, TIDM or
T2DM, patients with DM and healthy individuals, as well studies referring to DR progres-
sion. In blood serum samples in TIDM patients with DR and those without retinopathy,
the most significant was miRNA-211. Then, miRNA-18b and miRNA-19b were revealed
as upregulated; additionally, miRNA-29a, miRNA-148a, miRNA-181a, and miRNA-200a
were revealed to have such an impact [117,118]. Furthermore, miRNA-93, miRNA-21,
and miRNA-146a are downregulated in TIDM patients [119]. Trials which evaluated
biomarkers correlation with DR progression among T1DM revealed as the most important
factors certain macromolecules, for PREVENT-1-higher, miRNA-320a concentration, and in
PROTECT-1-lower, miRNA-27b expression [120].

According to T2DM, a study was performed and the differences in the following
particles were noted: hsa-let-7a-5p, hsa-miRNA-novel-chr5_15976, hsa-miRNA-28-3p, hsa-
miRNA-151a-5p, and hsa-miRNA-148a-3p were upregulated compared to DM group with
no retinopathy; however, a panel of the first three of them were the closest to help in
assessing the diagnosis as its sensitivity and specificity were as follows: 0.92 and 0.94 [121].
Another study showed that in T2DM patients, DR was associated with increased circulating
levels of miRNA-25-3p and miRNA-320b and decreased levels of miRNA-495-3p [122].
In addition, it was revealed in the study performed on rats with induced diabetes that
miRNA-200b in DR diseases is lower than in the healthy group [123]. According to the
vitreous humor, there were studies suggesting changes in several particle concentrations in
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PDR groups: miRNA-125, miRNA-21, hsa-miRNA-6734-5p, and hsa-miRNA-1297 [124,125].
MiRNAs, such as hsa-miRNA-3184-3p, hsa-miRNA-24-3p, and hsa-miRNA-197-3p, were
assessed to be upregulated in the vitreous humor of PDR patients; furthermore, anti-VEGE-
factor administration led to lower expression of those particles [124]. However, vitreous
humor parameter measurements are not easy to perform.

Plasma results among T2DM patients gave an insight into lower levels of miRNA-29b
in the DR group and miRNA-21 as biomarkers that were significantly associated with PDR.
Other parameters that were increased in T2DM patients with DR were miRNA-93 via SIRT1
and miRNA-21, as well as miRNA-152 [126,127]. On the contrary, miRNA-15a, miRNA-20b,
miRNA-21, miRNA-24, miRNA-320, miRNA-486, and miRNA-150, miRNA-126, miRNA-
191, miRNA-197 are downregulated in that group of patients” plasma samples [128]. Im-
portantly, miRNA-150 is observed in both TIDM and T2DM patients’ circulation and
in the neutral retina. That factor by Elk1 upregulation stimulates proinflammatory, pro-
angiogenic, and apoptotic influences. Otherwise, a lower range of miRNA-150 in serum
impacts Elk1 and Myb overexpression, resulting in the same as the previously mentioned
pathway in microvascular complications and neovascularization leading to DR; so, accord-
ing to that analysis, it is not only a diagnostic biomarker but as well is significantly involved
in DR pathogenesis [129]. Importantly, there were two meta-analyses performed according
to miRNAs role in DR diagnosis, which revealed its significance and utility. The first study
included eight trials with 93 parameters and even though six miRNAs were consistently
reported in at least two studies and in the same direction, after stratification by the type
of biological samples, miRNA-320a and miRNA-423-5p were consistently reported to be
upregulated in two studies using serum samples and two studies using vitreous humor
samples, respectively. It was consistently shown that miRNA-27b was downregulated in
two experiments using serum samples [130]. However, most recently, analysis assessed
miRNA panels’ superior diagnostic value to single parameters results [131]. Furthermore,
another result is the fact that miRNA-21 in five studies was revealed to be a useful tool in
the diagnosis of DR and an early predictor of reactive oxygen species-mediated damage
among patients at high risk for diabetes [130,131] (Figure 4).
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Figure 4. Changes in miRNA regulation depending on DM type and presence of DR in specific
sample types. Overlapping circles constitute the study and control groups, while the increase or
decrease in regulation of miRNAs was marked only in the study group.
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5.4. Endothelin-1

Endothelin-1 (ET-1) in its active form is a 21-amino acid hormone that helps to main-
tain basal vascular tone and metabolic function in healthy individuals [132]. ET-1 is an
endothelium-derived factor with proliferative, profibrotic, and proinflammatory proper-
ties [133], and it is the most abundantly expressed member of the endothelin family of
proteins (ET-1, ET-2, and ET-3). Immature ET-1 undergoes extensive post-transcriptional
processing that concludes with cleavage by endothelin converting enzymes (ECEs) and
subsequent release of mature ET-1 primarily toward the interstitial space, and in smaller
proportion, into the circulation [132]. ET-1 works on two different ET-1 receptor subtypes,
ETA and ETB, to produce its various biological effects [134]. The first subtype, ETA re-
ceptors, is predominantly localized on vascular smooth muscle cells (VSMCs) of blood
vessels where they mediate contractile and proliferative response to ET-1, whereas ETB
receptors have a more composite relation to vascular regulation. ETB receptors can lead
to vasodilation via the release of relaxing factors if they are present on endothelial cells or
vasoconstriction when they are located on VSMCs in certain vascular beds [133]. Therefore,
the overall effect of ET-1 on different tissues is largely dependent on the expression and
relative densities of individual receptor subtypes. ET-1 is one of the important markers of
endothelial dysfunction, a state characterized by disturbed balance between vasoconstric-
tors and vasodilators [135]. Due to its vasoconstrictive properties, ET-1 has been widely
studied in terms of its role in hypertension and proved clinically significant, e.g., with
the use of endothelin receptor antagonists for the treatment of patients with pulmonary
arterial hypertension [136]. The vasoconstrictive and in turn hypertensive properties of
ET-1 can explain a possible link between elevated plasma ET-1 level and retinopathy under
ischemia, a finding relevant to diabetic retinopathy, which is thought to be the consequence
of retinal ischemia. Animal models have shown that administration of ET-1 into the pos-
terior vitreous body or the optic nerve leads to physiological and cellular damages of
ischemic origin, including obstruction of retinal blood flow, elevated scotopic b-wave in
electroretinogram, and apoptosis of cells in ganglion cell layer of the retina [137]. Moreover,
in the retina, ET-1 and its ETA receptor have been shown to mediate decreased retinal blood
flow during hyperglycemia and in DR. Chen et al. described that hyperglycemia augments
ET-1-induced constriction of human retinal venules by activation of ETA receptors [138].
A direct link has been established between hyperglycemia and increased ET-1 secretion
from endothelial cells [139]. Various studies demonstrated elevated plasma ET-1 in patients
with type 1 or type 2 diabetes [133]. Additionally, patients with advanced DR appear to
exhibit elevated ET-1 concentrations in the aqueous of the eye compared to those with
early DR and the control group, with exact concentrations varying among individuals,
although the severity of DR seems to be a major factor relating to baseline aqueous ET-1
levels [140]. Another study measuring aqueous humor ET-1 found higher concentrations of
ET-1 and reduced total retinal blood flow in subjects with early non-proliferative diabetic
retinopathy than in age-matched controls [141]. These findings support the claim that
ET-1 dysregulation may contribute to the pathogenesis of DR, though aqueous humor
ET-1 is still not an exhaustively studied topic. Ottoson-Seeberger et al. demonstrated
that exogenous ET-1 causes peripheral insulin resistance in healthy humans [142]. Insulin
itself can regulate vascular tone through the increase in ET-1 synthesis and release among
other mechanisms [143]. Strong evidence regarding the role of ET-1 in the pathogenesis of
diabetic microangiopathy showcases the potential of endothelin receptor antagonists in
the treatment of DR. Studies on animal models support this presumption. The use of en-
dothelin receptor A antagonist, atrasentan, in streptozotocin-induced diabetic mice showed
attenuation of microvascular changes in the retina [144]. Chou et al. also examined the
effects of atrasentan on diabetic mice with similar results, additionally noting significantly
reduced retinal pericyte loss [145]. The application of endothelin receptor antagonists via
intravitreal administration showed decreased vascular leakage and expression of VEGF
and inflammatory factors [146]. Topical administration of bosentan, a dual endothelin
receptor antagonist, appeared to prevent neurodegeneration induced by diabetes in mice
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by blocking and downregulating ETB receptors and shows a viable alternative route to oral
administration [147]. There is a clear limitation to extrapolating results of animal studies
to human subjects, and more investigation needs to be conducted to fully understand the
potential of using ET-1 receptor antagonists as novel therapeutic agents in the treatment
of DR.

5.5. Advanced Glycation End Products

One of the mechanisms connecting chronic hyperglycemia with diabetic retinopathy
is the formation and accumulation of advanced glycation end products (AGEs). Ad-
vanced glycation end products are heterogeneous groups of molecules formed from post-
translational non-enzymatic modifications of proteins, lipids, or nucleic acids by saccha-
rides including glucose, fructose, and pentose through the Maillard reaction represented
by Figure 5 [148,149]. There are over 20 AGEs identified in human tissues, but some
of the most common ones are carboxymethyl-lysine (CML), carboxyethyl-lysine (CEL),
pentosidine, pyrraline, and methylglyoxal-derived hydroimidazolone (MG-H1) [150]. The
characteristic factor of AGEs that distinguishes them from early glycation products, such
as glycohemoglobin Alc (HbA1lc), is the lack of spontaneous reversion ability, which once
derived results in the accumulation in tissues over time [151]. Even though the discovery
of AGEs dates to the early 20th century, not until the 1980s, the role of AGEs in aging and
chronic diseases was recognized [152]. The first mention of AGEs and their accumulation
in human tissues and their potential role in diabetic complications appeared in 1988 in
a scientific article published by Helen Vlassara et al. [153]. Since then, AGEs and their
involvement in pathophysiological processes have been the subject of extensive research.
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Figure 5. Forming of AGEs through Maillard reaction.

Excessive accumulation of AGEs in tissues has been found in aging processes and var-
ious chronic oxidative-based diseases, such as cardiovascular disease, neurodegenerative
disorders, chronic renal failure, and most importantly in light of the following considera-
tions, diabetes mellitus [154,155]. While in normal physiological conditions, the production
of AGE:s is controlled and moderate; however, under persistent hyperglycemia in diabetic
patients, AGEs serum levels are much higher compared to the normal non-diabetic pop-
ulation. However, some endogenous factors such as oxidative stress and inflammation
can also contribute to AGE formation [156]. AGEs accumulation may be as well through
exogenous environmental and dietary sources. Only about 10-30% of AGEs present in food
are fully absorbed through gastrointestinal mechanisms [157]. Many foods (e.g., red meat,
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aged cheeses, highly processed, packaged foods, and food with added sugars) contribute
to increased AGEs levels in the body [158,159]. Besides, UV light, ionizing radiation, and
air pollution induce high AGE production [160]. Advanced glycation end products play a
significant role in the pathophysiology of diabetic retinopathy, one of the most common
complications of diabetes mellitus. Even though the precise pathomechanism of its impact
on the retina has not been already determined, it is associated with impairment of the
neurovascular units (NVUs) through reactive oxygen species, inflammatory reactions, and
cell death pathways [161]. AGEs can promote oxidative stress in retinal cells through
binding with the receptor for AGEs (RAGE)—ubiquitously expressed in various retinal
cells, including endothelial cells, pericytes, and neurons—leading to activation of various
pro-oxidant and proinflammatory signaling pathways. A couple of major RAGE signaling
pathways have been identified that can start key signaling cellular cascades to various
ligands: mitogen-activated protein kinases (MAPKSs) including p44/42 (ERK1/2), p38, and
c-Jun N-terminal kinases (JNK); Janus kinase (JAK), signal transducer and activator of
transcription (STAT); Ras-Rac-Cdc42; and phosphoinositide 3-kinase (P13-K)-Akt/PKB.
Activation of the above mechanisms can induce DNA-binding activity among nuclear
transcription factors such as STAT1/STAT3/STATS, nuclear factor kB (NF-kB), and acti-
vator protein 1 (AP-1). RAGE under the condition of persistent hyperglycemia is mostly
expressed in Miiller cells—the ones highly susceptible to damage during DR. AGEs acti-
vate Miiller cells, subsequently leading to increased production of VEGEF, responsible for
neovascularization, production of inflammatory cytokines, and monocyte chemoattrac-
tant protein-1 (MCP-1) [162-165]. Increased levels of AGEs lead to another pathological
pathway: cross-link formation with proteins, resulting in the reduction in energy produc-
tion, activation of endoplasmic reticulum (ER) stress, and macrophage activation [165].
AGE molecules have also been linked to the loss of pericytes and blood-retinal barrier
(BRB) breakdown. The exact understanding of the mechanisms induced by AGEs in the
pathophysiology of diabetic retinopathy is crucial for finding an effective treatment for this
condition and should be the subject of future research. Analytical methods for the identifica-
tion of AGEs include both instrumental and immunochemical methods. Spectrofluorometer,
high-performance liquid chromatography coupled with mass spectrometry (HPLC/MS),
gas chromatography coupled with mass spectrometry (GC-MS), liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS), HPLC with fluorescent detection,
and ultra-high-pressure liquid chromatography (UHPLC) are instrumental methods used
to detect AGEs. Immunochemical methods contain enzyme-linked immunosorbent assay
(ELISA) and Western blotting [166]. The measurement method is based on their chemical
structure and ability to emit fluorescence. There are four groups as follows: (1) fluorescent
and cross-linked (e.g., pentosidine); (2) fluorescent non-cross-linked; (3) non-fluorescent
protein cross-linked; and (4) non-fluorescent and non-cross-linked (CML, CEL, pyrraline).
These are especially important in vivo and may be used as biomarkers of pathological
conditions such as diabetes and its complications. CML is frequently used as the AGE
marker [160,167]. In recent years, research showed that it is more reliable to measure
AGEs accumulation in accessible tissue using non-invasive methods than interpret their
serum concentration since it does not necessarily reflect tissue AGE levels and depends
on the half-time of the molecules [168]. The best choice for an AGE measurement method
seems to be skin or lens autofluorescence since the lens crystallins and skin collagen are
long-lived proteins reflecting long-term hyperglycemia exposure. Meerwaldt et al. in
their research using the Autofluorescent Reader, measured the fluorescence of the skin in
patients with type 1 and type 2 diabetes, correlating results with skin biopsies [169]. Aut-
ofluorescence clearly correlated with CEL, CML, and pentosidine levels with values higher
than in control non-diabetic subjects. For comparison, Gerrits et al. during over 3 years
of follow-up research involving 973 type 2 diabetic patients showed that skin autofluores-
cence was significantly higher in patients with microvascular, neuropathy complications
developed but did not have predictive value for those with DR [170]. In the research of
Osawa et al. involving patients with type 2 diabetic patients, skin AF was significantly
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increased with neuropathy, nephropathy, and diabetic retinopathy unlike the patients in the
control non-diabetic group [171]. These findings suggest that skin autofluorescence may
be a useful tool in identifying patients who are at risk of developing diabetic retinopathy.
By measuring skin autofluorescence, it might be possible to identify patients with higher
levels of AGEs—biomarkers of diabetes retinopathy and who may be at a higher risk of
developing serious optic complications of persistent hyperglycemia. A deep understanding
of the mechanisms leading to diabetic retinopathy through AGEs involvement completed
via appropriate diagnostics could provide disease diagnosis, prognosis prediction, and
therapeutic strategies.

6. Discussion

Diabetic retinopathy is a crucial ocular complication of diabetes mellitus and the major
cause of vision deterioration among the working-age adult population, particularly in low-
and middle-income areas. Many factors, particularly the duration of diabetes, adversely
affect the development and progression of DR. In recent years, interest in identifying factors
that contribute to the development of diabetic retinopathy has increased significantly, as
well as a better understanding of their role and mechanisms in its further progression.
Moreover, the COVID-19 pandemic had a profound impact on the diagnostic and screening
protocols for patients with diabetic retinopathy (DR). The restrictions imposed during the
pandemic presented considerable challenges for both patients and healthcare professionals.
These challenges compelled us to innovate and develop novel telemedicine solutions. Even
though the COVID-19 pandemic has subsided, it is crucial that we continue to leverage
modern tools and technologies, as they can prove invaluable for patients residing in
remote or underserved areas, ensuring better access to quality healthcare. In this cross-
sectional survey, we found molecular pathways and biomarkers important in diagnostic
and therapeutic processes as well as in the prevention of DR. VEGF is one of the most
crucial pro-angiogenic factors, which plays an important role in PDR. Ischemia and hypoxia
stimulate VEGF production, and through its many tyrosine kinase receptors, they accelerate
the angiogenesis and vascular remodeling in the retina. According to current PDR studies,
understanding the complex mechanisms of VEGF signaling pathways is necessary to
indicate targets for biological treatment, which can be a milestone in DR therapy. VEGF
seems to be an appropriate biomarker, helpful in diagnosing and differentiating the severity
of DR. Samples for VEGF level measurements might be taken from blood, vitreous or
aqueous fluid, and tears as well. Especially tear VEGF levels might be used as a non-
invasive tool to expedite screening programs and assess the severity of DR in patients
with diabetes. Using VEGF as a predictive factor of DR development or as a marker of
therapeutic management notably in anti-VEGF therapy needs further analysis in dedicated
studies. Other factors affecting VEGF levels should be investigated.

ADMA inhibits the activity of NOS, which results in decreased levels of NO and
leads to vasoconstriction and endothelial dysfunction. Increased ADMA levels may be
considered an early prognostic factor of diabetes complications such as PDR. The use of
ADMA as a biomarker may help in early diagnosis, monitoring, and effective therapeutic
management of the disease. Reducing ADMA levels in patients with diabetes may be a
new therapeutic target to prevent the development of diabetic retinopathy. Endothelin-1 is
another factor with an undoubted relationship to diabetic retinopathy. Increased serum
and aqueous humor levels are observed in patients with ET-1 elevation dependent on
the severity of the progression of the disease. This, juxtaposed with promising results
of ET-1 receptor antagonist animal studies, showcases the potential of ET-1 as a possible
target for future therapy. It is important to note that miRNAs are not only supposed
to be an innovative predictive biomarker and progression indicator in DR but also a
potential therapeutic target. Different miRNAs can be found in TIDM and T2DM as
well depending on sample type, moreover, some of them differ depending on DR type.
The variety of miRNAs and frequently high amounts of particles involved in several
pathogenesis pathways can be at the same time the advantage and disadvantage of that
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prospective novel biomarkers group; hence, miRNAs panels are more adequate than a
single biomarker rating. Finally, advanced glycation end products play a significant role in
the pathophysiology of diabetic retinopathy causing impairment of the neurovascular units
through reactive oxygen species, inflammatory reactions, and cell death pathways. All the
above mechanisms play a significant role not only in diabetic retinal disorders, but also other
chronic oxidative-based diseases; therefore, a thorough understanding of their properties
and mechanisms will allow advances in the diagnosis and treatment of chronic diseases
and most importantly diabetic retinopathy. The above factors and signaling pathways can
help to create multimodal and highly specified therapies for patients suffering from DR. It
is crucial to investigate molecular agents participating in DR pathogenesis. Hopefully, it
will provide the ability to inhibit this progressive disease at its early stage.

7. Conclusions

DR as a serious complication of DM needs an advanced diagnostic and therapeutic
process. We pointed out the vital biomarkers, which can be helpful in DR investigation.

VEGEF is an important pro-angiogenic factor in DR progression. Amid all analyzed
techniques, tear VEGF level especially seems to be a promising innovative diagnostic
method, mainly because of its non-invasiveness, high sensitivity, and specificity. How-
ever, studies suggest that VEGF levels should not be considered as a predictive factor of
DR development.

ADMA has significant clinical relevance, and it seems to be reasonable to investigate
all possible factors responsible for its level in the organism. Elevated ADMA levels are
associated with endothelial dysfunction, oxidative stress, and may contribute to the de-
velopment and progression of DR. Further research is warranted to explore medications
aimed at lowering ADMA, and additional clinical studies are essential to assess whether
reducing ADMA levels can effectively decelerate the progression of diabetic microvascular
complications and yield improved prognoses.

MiRNAs are promising biomarkers, however, their numerousness may be their dis-
advantage according to the number of results that would be needed to obtain as well as
an advantage. Thanks to this there is a possibility to distinguish various miRNAs panels
accurate for specific DM types.

ET-1 is a multifaceted hormone with a crucial role in vascular regulation and endothe-
lial dysfunction, particularly in the context of DR. Elevated ET-1 levels in diabetic patients,
especially those with advanced DR, suggest its involvement in the pathogenesis of this
condition. While promising findings from animal studies and early human trials indicate
the potential therapeutic value of ET-1 receptor antagonists in mitigating DR-related mi-
crovascular changes and neurodegeneration, further research is needed to validate their
efficacy and safety for clinical use.

Using the biochemical properties of AGEs, which play a significant role in the patho-
genesis of DR, as a biomarker is a promising direction in the diagnosis of diabetic retinopa-
thy. A method based on skin autofluorescence testing would provide an easy, acces-
sible, non-invasive, and relatively rapid way to identify patients at risk of developing
diabetic retinopathy:.

8. Limitations

Our study has several limitations. The results of some of the publications used in the
process of writing the above paper present outcomes based on small groups of patients
or homogeneous populations, which raises the need for studies on groups both more
numerous and diverse in age, gender, and ethnicity. There is a lack of studies focused on a
practical clinical approach rather than on the biochemical characteristics of the molecules
presented. Further systematic review and meta-analysis should be conducted to confirm
the diagnostic value of the above biomarkers.
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Abstract: Diabetic retinopathy (DR) and age-related macular degeneration (AMD) are major causes
of blindness globally. The primary treatment option for DME and neovascular AMD (nAMD) is
anti-vascular endothelial growth factor (VEGF) compounds, but this treatment modality often yields
insufficient results, and monthly injections can place a burden on the health system and patients.
Although various inflammatory pathways and mediators have been recognized as key players in
the development of DR and AMD, there are limited treatment options targeting these pathways.
Molecular pathways that are interlinked, or triggers of multiple inflammatory pathways, could
be promising targets for drug development. This review focuses on the role of inflammation in
the pathogenesis of DME and AMD and presents current anti-inflammatory compounds, as well
as a potential multitarget anti-inflammatory compound (dazdotuftide) that could be a candidate
treatment option for the management of DME and AMD.

Keywords: diabetic retinopathy; diabetic macula edema; age related macular degeneration;
anti-inflammatory compounds; anti-vascular endothelial growth factor; dazdotuftide

1. Introduction

Diabetic retinopathy (DR), and age-related macular degeneration (AMD) are the major
causes of blindness in the developed world [1]. The international diabetes federation
estimates that the global population with diabetes mellitus will approximately double
between 2019 and 2045 [2]. The global prevalence of DR and clinically significant diabetic
macular edema (DME) amongst diabetic patients is estimated to be 22.27% and 4.07%,
respectively [3]. In DME, macular thickening and exudation of lipids alter the macular
structure and are associated with vision loss. AMD is the leading cause of central vision
loss in people age over 50 years in developed countries [4]. Since age is a major risk factor
for AMD, with a rapidly aging population and increasing lifespan, the prevalence of AMD
is also expected to rise [5]. In 2020, it was estimated that 196 million people live with AMD,
and these numbers were projected to rise to 288 million by 2040. AMD accounts for 8.7% of
all blindness worldwide [5,6]. It is classified into non-neovascular/atrophic or “dry” AMD
(aAMD) and neovascular AMD (nAMD). In aAMD, atrophy is defined as complete retinal
pigment epithelium and outer retina atrophy, which is referred to as geographic atrophy
once it becomes confluent. In nAMD, macular neovascularization develops, leading to
exudation and subsequent scaring and atrophy.

Anti-vascular endothelial growth factor (VEGF) compounds are the main treatment
modality used for DME and nAMD, while suppressing complement activation is the
only available treatment modality for aAMD. While anti-VEGF therapy proved to be
efficient for DME and nAMD, insufficient response is common in these conditions [7,8]. In
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aAMD, available complement inhibitors achieve only modest inhibition of atrophy growth.
Thus, an important need for additional more effective therapies exists for these conditions.
Inflammation is a major pathway involved in the pathogenesis of DME and both forms of
AMD. Here, we describe the rational for anti-inflammatory treatment in these conditions
as well as available and future potential treatments.

2. Inflammation in the Pathogenesis of DME

Hyperglycemia in diabetic patient triggers several biochemical processes leading to
inflammation, ischemia, and a pro-angiogenic state in the retina, with subsequent com-
plications of vascular leakage, edema, neovascularization, and neurodegeneration [9,10].
Several pathways have been involved in the process.

2.1. Toll-Like Receptor Activation

Hyperglycemia enhances the expression and activation of Toll-like receptor 4 (TLR4)
in human endothelial cells that may play an important role in DR. TLR4 is a pattern
recognition receptor normally found in different types of cells in the retina, such as RPE,
photoreceptors, microglial cells, astrocytes, Miiller cells, and retinal vascular endothelial
cells [11,12]. Hyperglycemia also upregulates endogenous TLR4 ligands, including the
high-mobility group box 1 (HMGB1) [13-15]. TLR4 activation contributes to increased
leukostasis through myeloid differentiation factor 88 (MyD88)-dependent pathways in
leukocytes, with subsequent adhesion to retinal vessel walls [16]. Such adhesion triggers
further inflammation, leading to endothelial cell death, pericyte loss, and vascular occlusion;
all of which will lead to ischemia, hypoxia, and neovascularization [16,17]. The HMGBI1-
TLR4 signaling cascade also leads to translocation of nuclear factor kappa-light-chain
enhancer of activated B cells (NF-«B) into the nucleus, resulting in the release of pro-
inflammatory and pro-angiogenic cytokines, such as VEGF, basic fibroblast growth factor
(bFGEF), tumor necrosis factor (TNF)-c, interleukin (IL)-1, IL-6, and IL-8 [18]. Upregulation
of these cytokines has multiple pro-inflammatory consequences including macrophage and
endothelial cell activation. Upregulation of TLR4 has also been associated with increased
levels of biomarkers of oxidative stress such as malondialdehyde, over-production of
reactive oxygen species (ROS), and diminished antioxidant activities of super-oxide dismu-
tase, catalase, and glutathione peroxidase [19-21]. TLR4 is also involved in glia (astrocyte
and Miiller cells) activation, contributing to neovascularization in hypoxic retina [22-24].
These glial cells have been shown to secrete VEGF [25]. Interestingly, TLR4 and its ligand
HMGBY, are in a positive feedback loop, possibly perpetuating a chronic inflammatory and
angiogenic state in the retina [26].

2.2. Polyol Pathway and Advanced Glycation End Products

Excess glucose is metabolized by the polyol pathway through aldose reductase which
produces sorbitol. Sorbitol is impermeable to the cellular membrane, it accumulates in cells
and induces osmotic damage [27,28]. Sorbitol can be metabolized into fructose-3-phosphate
and deoxyglucosone via the sorbitol dehydrogenase-mediated pathway. These bi-products
are glycolyzing agents that will lead to the deposition of advanced glycation end prod-
ucts (AGEs) [29-31]. The biochemical process involved in the sorbitol dehydrogenase-
mediated pathway, and the upregulation of the polyol pathway, result in increased ROS
and oxidative stress. Accumulated AGEs might crosslink proteins, altering their func-
tion, and affecting blood vessel wall components, the basement membrane, and cellular
receptors [30]. AGEs could further induce damage by activating the cognate receptors
to induce pro-inflammatory and pro-oxidant events that will drive oxidative stress and
leukocyte adhesion in DR [30], leading to pericyte and capillary loss, and microaneurysm
formation [32,33].
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2.3. Protein Kinase C Pathway

The increased flux of glucose via the glycolytic pathway leads to elevated diacylglyc-
erol levels that activate the protein kinase C (PKC). Apart from the plethora of biochemical
processes triggered by this pathway that drives overexpression of nicotinamide adenine
dinucleotide phosphate oxidase and NFkB in a number of vascular cells, exacerbating
oxidative stress and inflammatory processes [34], the PKC-{3 isoform also drives VEGF
expression [34].

2.4. RAAS System

The expression of the angiotensin-converting enzyme (ACE) in the retina has been
reported to adversely affect capillary perfusion and vascular structure, and mediate VEGF
upregulation. The accumulation of glucose and its metabolite, succinate, has been shown
to activate the renin-angiotensin—aldosterone system in DR eyes [35]. Treatment with
fosinopril (an ACE inhibitor) was found to improve the pathological and biochemical
markers of DR in streptozotocin-induced diabetes in rats. Moreover, the upregulation of
ACE in their serum and TGF-f1 in their pathological outer and inner nuclear layers of the
retina were reduced. Hence, ACE-mediated TGF-{31 activation seem to play a role in the
destruction of the blood-retina barrier during DR [36]. Moreover, high ACE concentrations
were recently found in the blood serum of both DME and PDR patients by Neroev et al. [37].

2.5. Macrophage Polarization

Macrophages can progressively aggravate an inflammatory state under hyperglycemic
conditions. Sofia et al. found that under long-term hyperglycemic treatment, macrophages
secreted excessive inflammatory mediators while their phagocytosis and bactericidal func-
tions were damaged at the same time [38]. Castro et al. also showed that macrophages
exhibited a pro-inflammatory M1 phenotype after being exposed to high glucose both
in vitro and in patients with hyperglycemia [39]. Glucose transporter 1-mediated glucose
uptake in macrophages promotes glycolysis and ROS production, further inducing a pro-
inflammatory phenotype of macrophages [40]. In mouse peritoneal macrophages, exposure
to a high concentration of glucose (25 mM d-glucose) resulted in the increased levels of
mRNA transcription of IL-1b, TNF-«, IL-6, IL-12, and iNOS through JUN N-terminal
kinase/NF-«kB [41].

2.6. Oxidative Stress

Oxidative stress mediated by the production of superoxide has been proposed as the
unifying mechanism that links all the hyperglycemia-induced biochemical and molecular
pathways discussed above [42,43]. Parallel to its ability to induce VEGF expression, there
is evidence that oxidative stress can increase NF-kB, resulting in upregulation of genes
involved in the immune and inflammatory processes as well as cellular proliferation and
apoptosis; upregulate adhesion molecules (ICAM-1, VCAM-1, Integrins, and selectins);
activate microglial cells to secrete inflammatory mediators (IL-1, IL-2, IL-6, IL-8, TNF-
«); and increase expression of Monocyte Chemoattractant Protein 1 and Macrophage
Inflammatory Protein 1 o gene [44].

Inflammation and leukostasis, resulting from the above mentioned mechanisms, in-
duce capillary occlusion and hypoxia, which further stimulate VEGF expression and the
accompanying vascular abnormalities that characterize DR [45]. Indeed, the use of vari-
ous anti-inflammatory drugs, such as Nepafenac and triamcinolone, have all been shown
to reduce VEGF expression, diminish leukostasis, reduce vascular permeability, inhibit
retinal cell death, and improve VA [46—48]. Although VEGF expression and breakdown
of the blood-retinal barrier has been well documented as a cause of DR and DME, there
are other pathways through which retinal inflammatory mediators can affect vascular
hyperpermeability and leakage, such as TLR4, interleukin-1f3, and TNF« [11,49,50].
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3. Inflammation in the Pathogenesis of AMD
3.1. Complement Activation

Inflammation is a major pathway in the pathogenesis of aAMD and nAMD. Sev-
eral lines of evidence implicate the complement cascade and mononuclear cells in AMD.
Components of the complement system were identified in AMD eyes, particularly in the
retinal pigment epithelium (RPE) and drusen, the hallmark lesions of the disease. Sys-
temic activation of the complement cascade was also detected, and genetic variants in
complement genes which lead to accelerated complement activation are associated with
increased risk for developing AMD [51-53]. The excessive activation of complement can
lead to RPE and photoreceptor cell death, as well as chronic inflammation, oxidative stress,
and angiogenesis, which ultimately contribute to vision loss [54,55]. Thus, targeting the
complement cascade has emerged as a promising therapeutic approach for AMD, with
several drug and gene therapy strategies currently in development that aim to reduce
complement activation in AMD. Recently, the first compound based on complement inhibi-
tion (pegcetacoplan) was approved by the FDA for the treatment of aAMD. Monthly or
bi-monthly intravitreal injections of this compound are associated with approximately 20%
reduction of the progression of atrophy [56,57].

3.2. Mononuclear Cells

Mononuclear cells, such as macrophages and microglia, were also implicated in AMD.
Macrophages accumulate in the vicinity of AMD lesions, where they can phagocytose
debris and secrete pro-inflammatory and proangiogenic cytokines and chemokines. These
cells can also interact with the complement system and modulate its activity, further
exacerbating the immune response and tissue damage [58,59]. M1 macrophages are known
to promote inflammation and angiogenesis, while M2 macrophages are associated with
the resolution of inflammation and tissue repair [60]. Studies have suggested that a shift
from M1 to M2 macrophages is anti-inflammatory. In vitro M2 macrophages have been
shown to reduce the production of pro-inflammatory cytokines, such as IL-1f3 and TNF-«,
and promote the production of anti-inflammatory cytokines, such as IL-10 and TGF-f, in
response to RPE cells and choroidal endothelial cells [61,62]. In addition, M2 macrophages
can inhibit the proliferation, migration, and tube formation of choroidal endothelial cells,
which are critical for the development of CNV, the hallmark of nAMD [63]. In vivo, a shift
from M1 to M2 macrophages also demonstrated anti-inflammatory properties, for example,
the intravitreal injection of IL-4, a cytokine that promotes the activation of M2 macrophages,
resulted in reduced CNV lesion size and vascular leakage in a mouse model of nAMD [64].
Similarly, the depletion of M1 macrophages or the polarization of macrophages towards an
M2-like phenotype resulted in a reduction in CNV lesion size and vascular leakage in mouse
models of nAMD [63,65]. Polarized macrophages can excrete cytotoxicity and/or increase
abnormal neovascularization (CNV) and may thus be targeted to treat AMD [66-71].

3.3. TLR4

TLR was reported to be expressed in many cells, including RPE, photoreceptors, as-
trocytes, microglia, and retinal vascular endothelial cells [72]. RPE cells are activated to
secrete pro-inflammatory and pro-angiogenic cytokines [73,74]. TLR activation in the retina
induces cell death, and degenerating retina cells further stimulate TLR cells [75-78]. This
leads to a vicious cycle of TLR activation, pro-inflammatory and angiogenic signaling, cell
death, and further activation. In a systematic review by Klettner et al., the potential role of
TLR activation of RPE in the development of AMD was summarized into the following:
complement activation, pro-inflammation and pro-angiogenesis, neuronal degeneration, re-
duced RPE cell functions (barrier function, phagocytosis, function in visual cycle), and RPE
cell degeneration leading to more TLR4 activation [79]. Amyloid-f3, a component of drusen,
can upregulate TLR4 and NF-«B expression and lead to progression of AMD [80,81]. TLR4
inhibition could attenuate expression of inflammatory and angiogenic factors, particularly
IL-6, IL-8, IL-33, bFGEF, and VEGEF [82]. Moreover, a VEGF and CNV suppressive effect of
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calcium supplementation has been reported and associated to its ability to decrease the
expression of TLR4, NF-kB, and Hif-1a in RPE cells [83].

3.4. Additional Factors

Other factors exacerbating inflammation in AMD are oxidative injury and smok-
ing [84-86]. The components of drusen, A2E, oxidative stress, and VEGF-A expression, have
been shown to activate NLRP3, leading to the activation of caspase-1 cascade [80,87-89].
Caspase-1 activates IL-18 and IL-1f [90]. IL-1f3 is a potent activator and mediator of inflam-
mation, it is also a strong pro-angiogenic factor that drives VEGF production [91]. II-18 has
also been implicated in several inflammatory conditions [92]. Oxidative stress, and ROS,
NLRP3, complement cascade, Ang2, macrophage recruitment and polarization, hypoxia of
the RPE are all factors that promote the production of VEGF, angiogenesis, and the pro-
gression in nAMD. VEGF-A strongly induces vascular proliferation and migration of the
endothelial cells essential for both physiological and pathological angiogenesis [93]. Cur-
rently the mainstay of treatment for nAMD is anti-VEGF therapy. However, more efforts
in the development of therapies targeting the upstream triggers of VEGF and additional
pro-angiogenic factors could complement and supplement current therapies for nAMD.

4. Anti-Inflammatory Compounds for the Treatment of DME and AMD
4.1. Anti-Inflammatory Effect of Anti-VEGF Compounds

Intravitreal injection of anti-VEGF compounds is the standard of care treatment of
DME. Pivotal studies have demonstrated the efficacy and safety of several biologic anti
VEGF compounds among them aflibercept [7], ranibizumab [94], and faricimab [95], as well
as more recently biosimilar compounds such as Formycon and Bioeq’s FYB201, MYL-1701,
Razumab, ranibizumab-nuna, and ranibizumab-eqrn [96-98]. Interestingly, many studies
have demonstrated that anti-VEGF compounds were not only anti-angiogenic, but also
possess anti-inflammatory properties which may contribute in part in their success in the
management of retinal pathologies [99-101]. By inhibiting VEGF, anti-VEGF compounds
can reduce the recruitment of immune cells and the production of pro-inflammatory
cytokines, thereby exerting their anti-inflammatory effects [102]. Additionally, VEGF
has been shown to enhance the permeability of blood vessels, which can contribute to
the accumulation of inflammatory cells and fluid in tissues. By inhibiting VEGF, anti-
VEGF compounds can reduce vascular permeability and thereby limit the accumulation of
inflammatory cells and fluid in tissues [103].

4.2. Corticosteroids

Corticosteroids have long been recognized as a potential treatment option for DME.
Dexamethasone, triamcinolone, and fluocinolone have been used in many forms, including
particulate suspension, viscoelastic mixtures, and solid slow-release devices [46,104-106].
The enthusiasm was initially high using different dosages and treatment intervals [107].
However, while protocol B trial of the DRCR network proved that focal laser led to higher
VA gains at three years compared to intravitreal triamcinolone injections, protocol I com-
pared the effectiveness of intravitreal ranibizumab, intravitreal triamcinolone acetonide,
and focal/grid laser photocoagulation for the treatment of diabetic macular edema, and it
concluded that intravitreal ranibizumab and intravitreal triamcinolone acetonide were both
superior to focal/grid laser photocoagulation for improving visual acuity in patients with
DME. However, the study also found that the use of intravitreal triamcinolone acetonide
was associated with a higher risk of complications, including increased intraocular pressure
and cataract progression [47,108,109]. The protocol U of the DRCR network demonstrated
that combining a dexamethasone implant with anti-VEGF therapy (ranibizumab) resulted
in moderate gains in VA compared to continuous anti-VEGF treatment alone, in the short
term [110]. A literature review of articles comparing dexamethasone implants to anti-VEGF
therapy in DME also reported similar VA outcome in observational studies, and superior
VA gains in the dexamethasone implant group, in real life studies, although the authors

230



Biomedicines 2023, 11, 1562

argue that these differences could be due to differences in the baseline VA and the number
of anti-VEGF injections in different studies [111]. However, according to the findings
reported in a recent meta-analysis, intravitreal steroid treatment for DME was associated
with no significant difference in BCVA compared to anti-VEGEF treated eyes, although with
a significantly lower retinal thickness [112]. Corticosteroid therapy has also been shown to
be potentially useful in DME eyes that respond poorly to anti-VEGF [113-115].

Intravitreal injections of triamcinolone (as off-label use) were demonstrated to yield a
two-step reversal in the DR severity score compared to focal/grid laser at three years [116].
The DR-Pro-DEX study and others also indicated that dexamethasone and fluocinolone
implants significantly delayed the progression and reduced the severity of DR [117,118].
The anti-inflammatory effect of steroids is thought to be due to their ability to reduce the
levels of several pro-inflammatory cytokines, including IL-1f3, IL-6, IL-8, tumor TNF-«, and
VEGEF in the vitreous of patients with DR [104,119]. In addition to reducing cytokine levels,
steroids have also been shown to modulate several other molecular pathways involved
in the pathogenesis of DR, including the regulation of extracellular matrix proteins, the
suppression of ROS production, and the modulation of cellular apoptosis and survival
pathways [120,121].

The side effects of corticosteroids remain the main limitation to their use for the man-
agement of these ocular pathologies. Cataract in phakic eyes and intraocular pressure eleva-
tion regardless of lens status has been reported in varying degrees in all studies [122-127].
Studies indicate that up to 32% of eyes treated with corticosteroids may develop high
(>25 mmHg) intraocular pressure [127-129]. In addition, steroid treatments induce lens
opacification. The Score study [5] estimated the 12 month incidence of new onset lens
opacities or progression of lens opacities to be up to 33%, and by 24 months, over 33% of
patients required cataract surgery [130]. In addition, there are other less frequent complica-
tions of steroid use, such as non-infectious endophthalmitis, and pseudo-endophthalmitis,
activation of ocular and peri-ocular infections, and steroid-induced central serous chori-
oretinopathy [131].

4.3. Rho-Associated Protein Kinase Inhibition

Ripasudil is a Rho-associated kinase inhibitor developed originally for the treatment
of glaucoma and ocular hypertension. Rho-associated protein kinase (ROCK) 1 and 2
determine macrophage polarization into M1 and M2 subtypes. Aging is known to increase
ROCK?2 signaling, thereby leading to the over-expression of proangiogenic macrophages
associated with increased IL-4 production and angiogenesis. A recent study showed that
NLRP3, apoptosis-associated speck-like proteins containing a CARD (ASC), caspasel,
IL-1B, and IL-18 were inhibited by ripasudil [132].

4.4. None-Steroidal Anti-Inflammatory Drugs

NSAIDS are potent inhibitors of cyclooxygenase enzymes and therefore suppress the
synthesis of pro-inflammatory prostaglandins. Studies have also described the role of
pro-inflammatory prostaglandins in the pathogenesis of DR and AMD, with recent studies
searching for the therapeutic role of NSAIDs for these disorders [133]. Moreover, NSAIDS
have been detected and measured in the vitreous cavity after topical application, making
them more attractive as a convenient route of intravitreal drug administration [134].

In AMD, the use of NSAIDS has been mentioned in the management of nAMD, but
only in combination with anti-VEGF. For example, in 2015, a pilot study described higher
efficacy in terms of visual acuity improvement when a topical NSAID (bromfenac) was
associated to aflibercept injection (EYLEA®, 2 mg, Regeneron Pharmaceuticals, Inc., New
York, NY, USA) compared with a single anti-VEGF therapy (EYLEA®, 2 mg), although the
anatomical outcome was the same. Cox-2 has been detected in human CNV membranes
and there is scientific evidence that it is a promoter of CNV [135,136]. Hence, the pharma-
cological inhibition of COX appears to reduce VEGF expression in mice models [137].
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In DR, scientific evidence indicates that retina cells consistently upregulate COX and
prostaglandins [138,139], hence the potential place of NSAIDS in their management. The
therapeutic potential of NSAIDS was first suspected a century ago, when rheumatoid arthri-
tis patients on salicylates had reduced incidence of DR [140], since then, several studies
have examined the clinical benefit of NSAIDS given both systemically [141], topically [142],
and even intravitreally [143]. However, most of these studies are small, retrospective, un-
controlled studies [144]. Despite the considerable scientific rational, Protocol R of the DRCR
network examined the effect of topical NSAIDS for non-central DME in a multi-center
double-masked randomized trial, and concluded that, at one year, there was no meaningful
effect on OCT measured retinal thickness [145]. Due consideration must also be given to
the potential side effects associated with the long term use of NSAIDS, especially amongst
patients whose corneas are compromised by diabetes, ocular surgery, or auto-immune dis-
ease. For example, although rare, corneal melting secondary to NSAIDS use is a potential
complication in this patient population and could be sight threatening [146].

5. Dazdotuftide

Dazdotuftide is a novel, small synthetic molecule. It is a peptide conjugate comprised
of tuftsin and phosphorylcholine that are covalently attached. The phosphorylcholine
(PPC) moiety is based on a sequence from helminths’ secretory molecules which has been
shown to be responsible for their immunoregulatory functions [147]. Tuftsin is a naturally
occurring endogenous immunomodulatory tetra-peptide (Thr-Lys-Pro-Arg) produced in
the spleen by enzymatic cleavage of the Fc-domain of the heavy chain of IgG. The peptide is
coupled to diazotized 4-aminophenyphosphorylchloride to form an azo bond between the
tuftsin and PC [148]. Extensive research has been done on Tuftsin and PPC separately, and
the activities of each of them towards immune regulation. Dazdotuftide has been suggested
to provide a strong synergistic effect, far surpassing the efficacy of the compounds given
separately [149].

5.1. Dazdotuftide In Vivo and In Vitro Studies

Dazdotuftide and its components demonstrated in various autoimmune animal mod-
els and in vitro test systems its inhibitory effect on TLR-4 (inhibition of NfKb cascade),
NRP-1 (inhibition of VEGF 165), and ACE2. In vivo studies have demonstrated Daz-
dotuftide to be effective in the treatment of inflammation in autoimmune animal models:
rheumatoid arthritis [150], lupus nephritis [148], and colitis [151]. Dazdotuftide” ability
to prevent and treat the disease in these models was accompanied by reduction of pro-
inflammatory cytokine levels and an increase of anti-inflammatory cytokine expression,
as well as expansion of T and B regulatory cells. It is proposed that the dual functionality
of dazdotuftide is due to its binding to different receptors via its two moieties: the PPC
targeting TLR4 [152], and leading to NF-«B inhibition and suppression of inflammatory cy-
tokine synthesis, and the tuftsin end of Dazdotuftide targeting neuropilin-1 [153], leading to
inhibition of VEGF 165 activity [154] and macrophage shift towards M2 anti-inflammatory
macrophages that secrete IL-10 and induce Treg activation [155].

In vitro, dazdotuftide was tested on specimens of peripheral blood mononuclear cells
(PBMCs) and temporal artery biopsies (TABs) obtained from patients with giant cell arthritis
and age-matched controls. The PBMCs were activated by CD3/CD28 beads and tests
were conducted to depict inflammatory cytokine secession and IL-10 anti-inflammatory
cytokines. Upon treatment with dazdotuftide, there was a decrease in the production of
IL-1p3, IL-2, IL-5, IL-6, IL-9, IL-12(p70), IL-13, IL-17A, IL-18, IL-21, IL-22, IL-23, IFNy, TNF«,
and GM-CSF by activated PBMCs, with negligible effect on cell viability. Likewise, in
inflamed TABs, treatment with dazdotuftide reduced the production of IL-1f3, IL-6, IL-13,
IL-17A, and CD68 gene expression. The effects of Dazdotuftide were considered superior
to dexamethasone as a standard of care due to its greater reduction of IL-2, IL-18, and IFNy
in CD3/CD28-activated PBMCs, and CD68 gene in inflamed TABs [156]. Moreover, recent
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analysis by molecular docking has demonstrated the strong binding and inhibitory ability
of tuftsin on ACE2 and NRP1 [157].

5.2. Dazdotuftide Inhibition of TLR and NRP-1

TLR (inhibition of NfKb), NRP-1 (increase reactivity of VEGF 165), and ACE acti-
vation have been demonstrated to play key roles in the cascade of events that leads to
inflammation and contributes to the progression of DR and nAMD. In a diabetic retina,
hyperglycemia enhances the expression and activation of TLR4 in human endothelial
cells that may play an important role in DR [11] Cells exposed to high glucose had an
increased expression of downstream factors of TLR4 including myeloid differentiation
factor 88, an inflammatory cytokine inducer, and NF-«B [158,159], which may lead to the
secretion of more inflammatory cytokines like IL-13 [160]. TLR4 polymorphisms were
associated with a higher prevalence of retinopathy, further supporting the role of this gene
in DR [161,162]. In an oxygen-induced retinopathy model, the absence of TLR4 was seen to
be associated with low glial activation and low expression of HMGB-1, the endogenous
ligand for TLR4. The expression of HMGB-1 in ischemic retina was shown to promote
the production of pro-inflammatory factors and also initiate TLR4-dependent responses
that contribute to neovascularization [23]. In fact, TLR4 signaling was implicated in in-
flammation, leukostasis, angiogenesis, blood-retinal barrier breakdown, hypoxia, cellular
apoptosis, neurodegeneration, and oxidative stress in a diabetic retina. This is, therefore,
a potential therapeutic target for DR, that has stimulated research around several com-
pounds hypothesized to inhibit this receptor [10]. ACE activation has been implicated in
the pathogenesis of DR and DME, potentially causing a disruption of the blood-retinal
barrier in diabetic eyes [35-37]. Tuftsin, a component of dazdotuftide, has a strong binding
affinity to ACE2 [157]. This is therefore another pathological pathway to DR and DME that
could be inhibited by dazdotuftide (see Figure 1).
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In the context of nAMD, TLR inhibition could prevent complement activation, in-
hibiting RPE cell loss in aAMD and downplaying the RPE cell-driven BRB breakdown,
leukocyte recruitment, VEGF production, angiogenesis, and exudation in nAMD [79]. TLR
inhibition could also break the vicious cycle of retina cell death and degeneration that leads
to pro-inflammatory and angiogenic signaling and further TLR activation. In both DR and
nAMD, neovascularization is driven by VEGF, and this cytokine may be suppressed via
Dazdotuftide activity [75-78].

NRP1 functions as a co-receptor for VEGF and its inhibition would diminish VEGF
bioactivity [154]. For example, NRP1 has been found to be present, alongside VEGFR-2,
in the endothelial and RPE cells in nAMD eyes demonstrating subfoveal CNV [163], and
variations in the NRP1 gene were associated with treatment response to anti-VEGF therapy
in nAMD [164].

6. Conclusions

While anti-VEGF compounds are effective and useful for the treatment of DR/DME
and nAMD, many eyes experience an insufficient effect, and these compounds are ineffec-
tive for aAMD. Inflammation is a major pathway in the pathogenesis of DR/DME, aAMD,
and nAMD. Corticosteroids are the only anti-inflammatory compounds approved for the
treatment of DR/DME, and anti-complement biologics are the only approved therapy for
aAMD. While these therapies are effective, both are associated with significant side effects
and have limited efficacy. Dazdotuftide combines several functions including anti-VEGE,
anti-TLR, and M1 to M2 macrophage polarization which could be an added advantage in
the management of DME, DR, and nAMD. Dazdotuftide’s ability to inhibit NRP1, TLR,
and activate anti-inflammatory macrophages makes this multi-target new drug a potential
new therapeutic option for DR/DME and AMD. Targeting TLR, an upstream molecule
implicated in the pathogenesis of these posterior ocular pathologies, may also yield better
durability of the therapeutic effect, with a lower intra-vitreal injection frequency required
than the current anti-VEGF therapies. Additionally, dazdotuftide may be formulated as a
slow-release implant, thereby further reducing treatment burden and increasing patient
compliance, which is a crucial factor for successful treatment in chronic conditions such as
DR/DME and nAMD. Clinical trials should now test the hypothesis that this compound
may be useful for these indications.
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