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Editorial on the Research Topic
Advances in the research of diabetic retinopathy, volume llI

Diabetic Retinopathy (DR) is a major neurovascular disorder of the retina that causes
serious vision loss in the working-age population worldwide. The long-term effects of
diabetes mellitus initiate multiple dysregulated metabolic pathways in the retina.
Subsequently, the onset and progression of DR engage the simultaneous involvements of
early neurodegenerative events, oxidative stress, inflammation, and angiogenesis, finally
culminating in irreversible fibrotic changes (1, 2).

Surprisingly, the appearance of clinical manifestation of DR takes several years, making
the early detection and the diagnosis difficult for clinicians. In addition, current treatment
interventions for advanced proliferative DR (PDR) - including vitreous hemorrhage,
macular edema, formation of the epiretinal membrane, and retinal neovascularization -
are also limited. Among available treatment strategies, vitrectomy and laser
photocoagulation represent the traditional approach for managing PDR-associated
vision-threatening conditions (3). Moreover, breakthroughs in understanding the
starring role of major angiogenic mediator Vascular Endothelial Growth Factor (VEGF)
in the initiation and progression of DR-associated pathogenesis have led to the
development of anti-VEGF drugs (e.g., pegaptanib, bevacizumab, ranibizumab, and
aflibercept/VEGF Trap-Eye) as therapies for PDR management (1, 3). Indeed, VEGF is
considered a key players in the pathophysiological mechanisms underlying PDR.
Unfortunately, each treatment strategy has its limitations. Likewise, vitrectomy and laser
photocoagulation are invasive and destructive procedures. Similarly, anti-VEGF drugs or
corticosteroids are limited by short duration of action, a poor response in a significant
percentage of patients, and the presence of adverse side effects (4, 5). Additionally,
interventions for early-stage DR are also inadequate.

Thus, thinking outside the box to improve our knowledge of DR pathogenesis and
corresponding management strategies, future research should (i) re-evaluate existing and/
or explore new molecular and pathophysiological pathways, possibly at different stages of
the disease; (ii) develop innovative approaches for early detection and cost-effective
strategies, with the aim to manage DR at its earliest stage, rather than waiting for the
onset of non-manageable forms of vision-threatening lesions.
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Given the overwhelming success of the previous two editions of
the Research Topic Advances in the Research of Diabetic
Retinopathy (6, 7), and the ongoing research advancements in the
field, we launched Volume III of the edition. The goal was to
compile a dossier highlighting new and exciting experimental
evidence to advance the understanding of retinal vascular damage
and its underlying cellular and molecular mechanisms.

In response to this purpose, Volume III attracted numerous
exciting original articles and reviews. Notably, the volume includes
several contributions discussing emerging therapeutic strategies for
DR managing.

In this frame, a significant work by Sabeti et al. developed a
sensitive functional test to investigate the effects of early-stage DR
on visual function across the central and peripheral retina, using
two multifocal pupillographic objective perimetry (mfPOP)
stimulus methods. The results of this study demonstrate the
utility and advantage of mfPOP in detecting early changes in
visual function in type 2 diabetes (T2D) patients.

Other methods, including meta-analysis, multivariable
Mendelian randomization (MR) analysis, application of advanced
machine learning, and cross-sectional retrospective investigations,
represent alternative strategies for predicting correlations between
molecular variables and the degree of DR in T2D patients.

Using meta-analysis, Jiang et al. and Ouyang et al.
demonstrated significant associations between fibroblast growth
factor 21 (FGF21) or thyroid dysfunction and DR, respectively.
Fully characterizing their role may significantly contribute to
understanding the pathogenesis of DR.

In a study by Wang et al., the molecular complexity of PDR was
unveiled employing single-cell RNA sequencing (scRNA-seq),
AlphaFold 2, and machine learning methods. This study deepened
our understanding of oxidative stress-related genes - ALKBHI,
PSIP1, and ATP13A2 - which could serve as biomarkers and
enhance both diagnostic and therapeutic strategies for PDR.

Similarly, bioinformatic analysis of a public database may offer
another tool to gain novel insight into potential biomarkers that may
play a role in DR pathogenesis. For instance, Liu et al. identified three
genes (OSER1, HIPK2, and DDRGK]1) as potential biomarkers in
DR pathogenesis. The value of these types of studies lies also in their
potential to assist pharmaceutical companies in rapidly identifying
biomarker-targeting strategies for DR management.

Remarkably, researchers have also been working tirelessly to
identify correlations between novel molecular variables and DR
progression. In this context, a cross-sectional study led by Ding
et al.,, demonstrated that the HALP score obtained by measuring the
serum levels of hemoglobin, albumin, lymphocyte, and platelet, has
an L-shaped correlation with the risk of DR. In addition, based on
the well-known roles of Aspartate aminotransferase (AST) and
Alanine aminotransferase (ALT) in metabolic and inflammatory
processes, a study reported a positive association between the AST/
ALT ratio and presence of DR, suggesting that clinical scores may
contribute to early detection, risk stratification, and timely
interventions in DR patients (Li et al.).

Even though the retina is a highly metabolically active tissue,
there is still a significant gap in study about the relationship between
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metabolites and the initiation and progression of DR. In an attempt
to fill some gap in this area, Li et al. utilized open-access genome-
wide association studies (GWAS) database to identify potential
metabolites involved in the pathogenesis of DR. This Mendelian
randomization study suggests that 9 metabolites were negatively
associated with the risk of DR, while two metabolites, i.e., 5-
hydroxymethyl-2-furoylcarnitine and the glutamate-to-alanine
ratio, may be associated with an increased risk of DR.

A real-world study by Guo et al. investigated arginine pathway
metabolites by utilizing plasma and aqueous humor samples from
PDR patients. This study showed that among the arginine pathway
metabolites (L-arginine, asymmetric dimethylarginine (ADMA), L-
ornithine, and L-citrulline) ADMA levels were elevated both in
plasma and aqueous humor compared to the control patients,
positively correlating with the severity of fibrovascular
proliferation in PDR. These findings indicate that ADMA could
represent a risk factor for severe PDR. Thus, future research
assessing the impact of modulating ADMA levels on PDR
development is warranted.

Recent advances in scanning optical coherence tomography
angiography (OCTA), a non-invasive imaging technique, suggests
its potential as valuable clinical tool for detecting early diabetes-
induced retinal and choroidal microvasculature changes in DR
patients. In this frame, a review article by Zhang et al. discussed
in detail the OCTA’s imaging principles, its applications in
detecting DR lesions, and its diagnostic advantages over fundus
fluorescein angiography.

Further supporting the clinical usefulness of OCTA, Jing et al.
demonstrated that a decrease in the choroidal vascularity index
(CVI) over the course of diabetes correlates with visual impairment,
indicating that CVI could serve as a reliable imaging biomarker to
monitor the progression of DR. Similarly, He et al. showed a
decrease in retinal and choroidal thickness as well as vessel
density (VD), with a strong correlation between tissue thickness
and VD in patients with non-PDR. In conclusion, these and other
similar studies highlight the significance of OCTA-derived
parameters as a predictive indicator of the severity of DR,
providing a promising strategy for the early diagnosis and
intervention of DR.

As stated above, several therapeutic approaches have been
developed over the years to manage DR. In this context, Reddy et al.
critically reviewed the benefits and limitations of existing DR
management strategies. Among emerging treatments, cell-based
therapies, for instance transplantation or cell engineering, are
gaining interest as new approaches. For example, Pelusi et al.
evaluated the effects of mesenchymal stromal cells (MSCs)
derived from human amniotic fluids (hAFSCs) and recombinant
human nerve growth factor (thNGF), delivered via bioengineered
human corneal lenticule (hCL) in an ex vivo porcine neuroretinal
explant model exposed to high glucose (HG). Their findings suggest
that hAFSCs and rhNGF can modulate key molecular mechanisms
involved in DR, and that bioengineered hCLs may represent a
promising platform for ocular drug delivery. In addition, the use of
porcine neuroretinal explants treated with HG could be a useful
model to reproduce ex vivo DR pathophysiology.
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Finally, several studies have demonstrated that changes in the
environment around or lifestyle modifications can alter circadian
rhythm that could, in turn, accelerate diabetes-related complications.
Accordingly, data from a recent study by Wang et al. suggests that
maintaining a more regular sleep-activity cycle might mitigate the
risk of DR development. Thus, beyond conventional clinical
strategies, promoting a circadian rhythm stability and increasing
diurnal activity may effectively mitigate the risk of progression of
DR and diabetes-associated complications at large in a non-
pharmacological manner.

In conclusion, Volume III of this Research Topic offers new
insights and novel valuable data toward understanding the early
retinal vascular damage and the pathological mechanism
underlying the onset and progression of DR. The use of a high-
end predictive models could provide a wealth of knowledge into the
early assessment and pathological grading of DR. Furthermore,
contributions focused on the identification and characterization of
novel potential biomarkers could open new therapeutic avenues for
the management of DR.

The editors of this Research Topic believe that the collection of
articles presented in this volume represents a valuable addition to
the existing body of clinical and basic research on DR. However, as
scientific knowledge evolves without boundaries, the editors
encourage more interdisciplinary research aimed at improving
early diagnosis of the disease and developing of cost-effective
treatment strategies for the management of DR.
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Introduction: To prevent progression of early-stage diabetic retinopathy, we
need functional tests that can distinguish multiple levels of neural damage before
classical vasculopathy. To that end, we compared multifocal pupillographic
objective perimetry (mfPOP), and two types of subjective automated perimetry
(SAP), in persons with type 2 diabetes (PwT2D) with either no retinopathy (noDR)
or mild to-moderate non-proliferative retinopathy (mmDR).

Methods: Both eyes were assessed by two mfPOP test methods that present
stimuli within either the central +15° (OFA15) or +30° (OFA30), each producing
per-region sensitivities and response delays. The SAP tests were 24-2 Short
Wavelength Automated Perimetry and 24-2 Matrix perimetry.

Results: Five of eight mfPOP global indices were significantly different between
noDR and mmDR eyes, but none of the equivalent measures differed for SAP.
Per-region mfPOP identified significant hypersensitivity and longer delays in the
peripheral visual field, verifying earlier findings. Diagnostic power for
discrimination of noDR vs. mmDR, and normal controls vs. PwT2D, was much
higher for mfPOP than SAP. The mfPOP per-region delays provided the best
discrimination. The presence of localized rather than global changes in delay
ruled out iris neuropathy as a major factor.

Discussion: mfPOP response delays may provide new surrogate endpoints for
studies of interventions for early-stage diabetic eye damage.

KEYWORDS

multifocal, type 2 diabetes, diabetic retinopathy, objective perimetry, subjective
perimetry, multifocal methods
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Introduction

The incidence of type 2 diabetes (T2D) has been rising globally
(1), and diabetic retinopathy is a common microvascular
complication of this condition. It has been estimated that 10% of
persons with diabetes for 15 years or more will develop severe visual
impairment, which ultimately affects 90% of persons with diabetes
(2, 3). In light of the potential vision loss in the working population,
the ability to identify eyes at risk of progression in a clinical setting
gains significance (4). It has now been well established by our
laboratory and others that changes in visual function occur before
the onset of vasculopathy (5-15), suggesting that damage to the
neural retina may occur early in the progression to retinopathy,
possibly identifying at-risk eyes. This has also been confirmed
histologically, with degeneration of retinal glia and neurons
occurring before microvascular changes (16, 17). Possible
therapeutics, like fenofibrate (18, 19) or candesartan (20), might
be provided if we can quantify this early damage accurately enough
to manage treatment.

It has been reported that short-wavelength automated
perimetry (SWAP) can identify eyes with diabetic macular
oedema (DMO) and retinal vasculopathy (21, 22). Matrix
perimetry has also been shown to identify functional impairment
before the onset of retinopathy (23). The subjective nature of such
perimetry methods gives rise to high rates of fixation losses, false
positives, and false negatives (24, 25). Such problems reduce the
sensitivity and specificity of these methods, lowering their
diagnostic utility in the clinic. Standard perimetry also suffers
poor reproducibility, related to their tiny stimuli which only test
around 0.5% of the assessed visual-field area (26). Objective
methods that avoid these problems have been employed,
including multifocal electroretinograms (mfERGs) and visual-
evoked potentials (mfVEPs) (27, 28). However, these methods
require long setup times (29) and have exhibited high inter-
subject variability (30). Also, the diagnostic power of these
methods in diabetic persons who show no retinopathy is poor (31).

Multifocal pupillographic objective perimetry (mfPOP)
measures relative change in pupil responses to many concurrently
presented visual-field stimuli providing rapid, objective, and non-
invasive visual field testing. The method tracks the severity of retinal
dysfunction consistent with the degree of retinal vascular
abnormalities in persons with diabetes (9, 11, 32-34). Previously,
we have reported that per-region response delays were more
informative than per-region sensitivity in persons with T2D
(PwT2D), easily discriminating eyes with and without retinopathy
(9, 11, 32). mfERG studies have also indicated that abnormalities in
regional response delays are diagnostic (14). Delay mfPOP data
were also more informative than sensitivity data in persons with
type 1 diabetes who had early-stage DR (33). That study found a
strong association between metabolic and tissue injury factors such
as body mass index (BMI), glycosylated hemoglobin (HbAlc), and
creatinine. MfPOP delays are also a good marker of progression or
improvement of DMO, and better than Matrix perimetry (32, 34). A
recent review of 44 functional and structural measures from 23
studies indicates that mfPOP measures are significantly better at
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discriminating normal controls from persons with diabetes without
evidence of classical retinopathy (31).

In this study, we investigated the effects of early-stage diabetic
retinopathy on visual function across the central and peripheral
retina with two mfPOP stimulus methods. Secondary objectives
were to determine if changes in mfPOP responses could identify
severity of non-proliferative diabetic retinopathy (NPDR) among
PwT2D and compare the diagnostic capacity of mfPOP against
SWAP and Matrix perimetric testing. The strength of this study is
the evaluation of retinal dysfunction in early stages of DR before the
onset of retinal vasculopathy with a head-to-head comparison of
subjective and objective measures of retinal sensitivity measured on
the same patients on the same day.

Methods
Subjects

A total of 35 subjects (mean age + SD, 57.5 + 11.0 years, 14
female) with T2D were recruited from The Canberra Hospital
Endocrinology Department. Exclusion criteria included best
corrected visual acuity (BCVA) lower than 6/9; intraocular
pressure >21 mmHg; distance refraction outside +5D, cylinder
refraction >2D; pregnancy; medications that may affect retinal
sensitivity or iris function; and evidence of non-diabetes-related
systemic, ocular, or neurological disease that may influence retinal
responses. Ethics approval was given by the ACT Health Human
Research Committee (eth.7.07.667), and the study complied with
the Declaration of Helsinki. All subjects provided informed consent
in writing prior to experimentation.

Relevant medical information including duration of diabetes,
BMI, systolic and diastolic blood pressure, recent HbAlc, lipid
profile, and estimated glomerular filtration rate (eGFR) was
recorded. Additional diabetes complications testing included
measurement of skin autofluorescence, as a marker of tissue
advanced glycation end-product (AGE) accumulation using an
AGE reader (DiagnOptics, Groningen, The Netherlands) and
biothesiometer testing (Bio-Medical Instrument Company,
Newbury, Ohio, USA) to assess peripheral neuropathy. Blood
glucose levels (BGL) were measured by a finger-prick point-of-
care test after the ophthalmic testing was finished.

All patients underwent a single eye examination including a
detailed history, a series of eye tests including BCVA determined
using an ETDRS logMAR chart, 24-2 SWAP SITA Fast strategy
(Humphrey Field Analyzer; Carl Zeiss Meditec, Inc., Dublin, CA),
frequency doubling technology (Matrix) perimetry 24-2 ZEST
strategy (Carl Zeiss Meditec, Dublin, Calif.), and optical
coherence tomography (Spectralis, HRA+OCT; Heidelberg
Engineering, Heidelberg, Germany). Both SWAP and MATRIX
perimetry tested the central 24 degrees of the visual field with 54 test
stimuli presented to each eye centered on the same locations. Most
tests were conducted on the same day unless reasons like fatigue
suggested otherwise. When SWAP and Matrix were done on the
same day, SWAP was done first as subjects generally find it more
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taxing. When the tests were done on different days, the order was
randomized. Subjects also underwent fundus photography to
determine the presence and severity of NPDR based on the Early
Treatment of Diabetic Retinopathy Study (ETDRS) scoring system
(35). Grading was performed independently by a single
ophthalmologist who was masked to the participant’s identities.
The eyes of each diabetic patient were subsequently separated into
two groups: no NPDR (ETDRS 10; n = 42 eyes) and mild/moderate
NPDR (ETDRS 34 or 45; n = 28 eyes).

mfPOP stimuli and data acquisition

All subjects underwent mfPOP testing with a protype of the
FDA-cleared ObjectiveFIELD Analyzer (OFA; Konan Medical
USA, Irvine, CA) which produces perimetric measures of mean
defects (MD), pattern standard deviations (PSD), per-region total
deviations (TDs), and pattern deviations (PDs), all relative to the
OFA’s normative data. These measures are like those with the same
names in standard automated perimetry. The acronyms and their
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definitions those used on for SWAP and Matrix perimetry. Briefly,
the TDs are the differences (deviations) from normative data at each
visual field location. Negative decibel values indicate poor
sensitivity. The PDs are the TDs with the 86th percentile of the
TD values subtracted off to compensate for global biases in subject
performance. The MD is the mean of the TDs, and the PSD is the
standard deviation (SD) of the TDs. In fact, for the HFA and Matrix
perimeters, both have spatial weights applied before the mean or SD
are calculated. The weights give less emphasis to peripheral
locations. The OFA has TDs (and their derived measures) for
response delay, that is, the differences from normal delay at each
test region.

To compare central to peripheral response characteristics, two
OFA stimulus protocols were used to cover either the central +30°
(OFA30, Figures 1A, B) or £15° (OFAL15, Figure 1D) or of the visual
field. Both protocols had yellow stimuli with a maximum luminance
of 150 cd/m2 and 288 cd/m2 for OFA30 and OFAL1S5, respectively,
and were presented on 10 cd/m2 yellow backgrounds. The order of
OFA protocol testing was randomized. The exact luminance of each
test region was designed to elicit the same amplitude of response in

Stimulus and Report Arrays

Visual Field Azimuth (deg)

FIGURE 1

(A) Low luminance contours of the OFA30 stimuli showing their slightly overlapping five rings. (B) The left and right halves of rings 1,3,5 and 2,4 to

show the luminance balancing of the test stimuli. (C) OFA response data, sensitivity, and delay TDs and PDs were mapped onto a 30-2 pattern with
and extra four central regions to create six rings as a function of eccentric (color calibration bar at right). (D) Is similar to B but shows stimuli of the
OFA15 method illustrating its test regions are scaled by a factor of 0.5 compared with OFA30
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a normal person, so-called luminance balancing (36). The edges of
the individual stimuli were blurred to minimize the effects of mis-
refraction, but trial lenses were used (37). The pseudo-randomly
presented stimuli were each shown for a duration of 33 ms at an
average interval of 4 s per region, yielding an aggregate presentation
rate of 22/s. Each region was thus tested 90 times. Stimulus duration
was 6 min in total, divided into nine segments of 40-s duration with
brief resting periods between segments to minimize fatigue.

The stimuli were spatially and temporally sparse, meaning that
no overlapping regions were presented simultaneously (38). A
newer stimulus presentation method was employed in this study,
namely, the clustered volleys technique, which greatly enhances the
signal-to-noise ratio (39). This method has demonstrated greater
power in clinical experiments compared to older mfPOP methods
(40), and we have now updated our protocols to utilize these more
advanced techniques.

Subjects were asked to fixate on a central red cross, which was
adjusted to the patient’s habitual distance of eye deviation before
each test. The two different stimulus protocols were presented
dichoptically on two LCD screens at 60 frames/s. Fusion of the
displays into a cyclopean view was assisted by the presentation of a
dim starburst radial pattern in the background and a thin pale
vertical line passing through the point of fixation. The protocols
tested both eyes independently and concurrently, with both pupils
recorded. Therefore, both direct and consensual responses were
measured at 44 locations per visual field (Figure 1).

A circle was fitted in real time around the pupil to measure its
diameter. Parts of the pupil extending 3 mm above the center were
not measured to allow for mild ptosis. Blinks and fixation losses
were detected by continuous monitoring, and any data recorded
during these events was discarded. If the data loss exceeded 15%, the
40-s segment was repeated. This only occurs in around 1 in
200 tests.

Data analysis

Data analysis was performed using MATLAB (2020b
MathWorks Inc., Natick, MA). Pupil diameter was normalized to
the average pupil diameter during testing for each subject. We used
a non-linear regression method to estimate the pupil responses for
each region from the raw pupillary waveforms (9). The per-region
response amplitudes were then logarithmically transformed to
decibels (dB) to stabilize the variance. Time to peak responses for
each test region (per-region delays) were also recorded in
milliseconds (ms). Direct and consensual responses were recorded
from each eye producing 176 response estimates for each
participant (2 eyes x 2 responses per region x 44 regions = 176),
providing 176 per-region sensitivities and 176 delays. These were
further transformed to a 30-2 pattern for reporting purposes using a
method we have used before providing six rings of reported values
(Figure 1C) (41). As discussed above, the OFA software produced
summary statistics that are standard in perimetry, including MD,
PSD, TDs, and PDs.

We explored effects upon OFA TDs and PDs of factors like age,
sex, ETDRS severity, HbAlc levels, and visual field eccentricity. We
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used linear mixed effects models (the MATLAB fitlme function) to
account for factors like the multiple regions within-eye, or eyes
within subject, as required. For these models, the intercept
(reference value) was the response of male subjects with ETDRS
severity 10 (no retinopathy). When age was fitted, it was in decades
(10 years) and was referenced to the mean age so it would not affect
the intercept. Similar models examined determinants of MD and
PSD data.

We compared the diagnostic performance of the perimetric
tests utilizing receiver operating characteristic (ROC) analysis. For
that, we took eyes of severity ETDRS 10 to be the control eyes
(noDR) and examined discrimination of those eyes from eyes
scored as ETDRS 34 and 45 (mild-to-moderate NPDR, mmDR).
Our earlier studies of early-DR (11) have provided standardized
effect sizes around 1.47. Using that and G*Power 3.1.9.7 (University
of Kiel, Germany) showed that for an unequal t-test and a target p-
value of 0.01, we had a power of 0.99 for a study group size of 22.
For each perimeter type, the normative template was the median of
the threshold values at each location across control eyes. We felt
that more complex normative models that might consider factors
like age and sex were not justified given our sample size. In any case,
our main interest was the relative diagnostic performance of the
different methods. We compared the area under the ROC curves
(AUROC) calculated for each of the means of the first- to twentieth-
worst deviations from normal fields for both amplitudes and delays
(9). Here, we report the AUROC values for the six worst regions,
since that provided close to the highest AUROC for all methods. For
OFA results, we also compared discrimination of 85 matched
normal controls of the OFA database (54.8 + 12.2 years, 49
females) with eyes of the 35 PwT2D subjects (57.5 + 11.0 years,
14 females).

Results
Participant data

A summary of the subject demographics is presented in Table 1.
Between diabetes patient subgroups (noDR and mmDR), the only
significant demographic difference was duration of diabetes. There
was no significant difference in blood test parameters, biomarkers of
diabetic tissue damage (eGFR, AGE, Biothesiometry), or basic
optical coherence tomography parameters like the mean macular
thickness or retinal nerve fiber layer (RNFL) thickness.

Mean defects and pattern
standard deviations

Table 2 examines the mean defect (MD) and pattern standard
deviations (PSD) for each perimetry test. There were more values
for OFA given the two tests, OFA15 and OFA30, had MD and PSD
data for both sensitivities and delays. We examined differences
using unpaired t-tests. The only significant differences were for both
the OFA15 and OFA30 sensitivities and delays.
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TABLE 1 Clinical and demographic information of the persons with
diabetes (mean + SD).

No NPDR

Measure Mild/Mod NPDR

ou OD or OS

ETDRS 10 ETDRS 34, 45
Subjects 18 17
Age (years) 55.6 + 11.6 59.6 + 10.2
Sex (% male) 14/18 (77) 7/17 (41)
Duration of diabetes (years) 10.5 + 6.2 18.1 + 9.0
HbA, ¢ current (mmol/mol) 83+ 17 87+19
HbA, ¢ 5-year mean (mmol/mol) 82+ 12 89+ 17
BMI 343 +49 314 +55
Systolic BP 1339 £ 17.1 1309 + 12.1
Diastolic BP 81.3 £ 11.0 764 +99
Total cholesterol (mmol/L) 412 +0.93 473 + 0.9
Triglycerides (mmol/L) 225+ 143 259+ 14
HDL-cholesterol 1.09 + 0.4 1.04 £ 0.9
LDL-cholesterol 2.09 +0.8 239+ 1.1
Biothesiometry 16.8 +12.4 224+ 145
AGE reading 2.60 + 0.7 2.80 + 0.6
BVCA (LogMAR) 0.00 + 0.1 0.10 £ 0.2
OCT central 1 mm 280 + 27.1 279 £31.2
Macular thickness (um)
OCT peripapillary 0.94 + 10.4 1.01 +22.9
Mean RNFL thickness (um)

*Refers to statistically significant difference (p < 0.05) between DR groups.

TABLE 2 Mean defect (MD) and pattern standard deviations (PSD) of the
eyes of the PwT2D (mean + SD).

No NPDR  Mild/Mod NPDR
ETDRS 10  ETDRS 34 or 45
Eyes 42 28
Matrix MD (dB) -0.63 +2.7 -1.12 £ 3.0
Matrix PSD (dB) 2.88 £0.9 3.00 0.8
SWAP MD (dB) -2.37 +3.8 —2.44 + 3.7
SWAP PSD (dB) 319+0.7 331+1.0
OFA OFA15 Sensitivity MD (dB) -6.52 + 7.7 -10.7 £ 9.0*
OFA OFA30 Sensitivity MD (dB) —-4.46 £ 7.7 -9.19 £ 6.3**
OFA OFA15 Sensitivity PSD (dB) 6.70 + 1.4 6.52 + 1.6
OFA OFA30 Sensitivity PSD (dB) 6.60 + 1.6 628 + 1.7
OFA OFA15 Delay MD (ms) 39.8 +27.4 59.9 + 7.4*
OFA OFA30 Delay MD (ms) 46.3 + 28.8 70.7 £ 24.5*
OFA OFA15 Delay PSD (ms) 29.4 +27.5 275+74
OFA OFA30 Delay PSD (ms) 27.9 + 5.84 34.1 + 15.8%

Statistically significant differences between DR groups: *p < 0.02, **p < 0.002.
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We used the demographic data of Table 1 to examine which of
those variables might determine OFA mean defects (MDs) using
multivariate mixed effect models (fitting eyes within subjects). We
examined both the OFA for sensitivity and delay data. The results
for OFA15 and OFA30 were very similar, so we only present the
model data for OFA30 variables reporting some significant
independent effects (Table 3). Only BGL and ETDRS 43 were
significant for sensitivity MDs. For delay MDs, the BGL on the
day, 5-year mean HbAlc, BMI, and biothesiometry were significant.
Biothesiometry was not significant for the OFA15 data.

OFA total deviations and pattern deviations

We next examined how the OFA data varied across the visual
field. As an initial analysis, we simply took the means of the TDs
across eyes in each of the two categories: noDR and mmDR
(Figure 2). In these plots, the yellow background corresponds to
the expected TD levels for normal controls, i.e., 0, cooler/darker
tones represent abnormality as shown on the calibration bars. On
average, the more severe eyes showed more extreme changes
relative to normal. Peripheral damage was more evident for
OFA30 fields (e.g., Figure 2H).

With that information in mind, we examined the independent
effects determining the TDs using linear mixed effects models
(Methods). Table 4 shows the results for the sensitivity TDs for
OFAL1S5 (Table 4A) and OFA30 (Table 4B). We fitted the six rings of
the 30-2 report (Figure 1C) as factors to examine the effect of visual
field eccentricity, as indicated by Figure 2. For both models, the
intercept combines the central ring 1 (Figure 1C), of male eyes (of
the average age) and retinopathy level ETDRS 10 (noDR).

For OFA15, this was —6.90 + 0.97 dB (relative to the OFA
normative data), indicating some global suppression. Response
sensitivity was more suppressed in females (-2.57 + 0.27 dB);
however, it increased with age by 2.10 + 0.12 dB/decade. ETDRS 35
and 43 further suppressed global sensitivity by around -3 dB to —6 dB.
The outer rings 4 and 5 showed significant relative hypersensitivity of
1.6 to 1.8 dB (both p < 0.033). Ring 6 was marginally significantly
hypersensitive (p = 0.071). For OFA30, there were no significant effects
of eccentricity but the outcomes for age, and ETDRS levels 35 and 45
were like those of OFA15.

Table 5 shows the same model fitted to the OFA delay TDs. The
intercepts for OFA15 and OFA30 indicated that ETDRS 10 had
mean delays of 42.9 + 3.97 ms and 35.5 * 3.17 ms, respectively
(relative to the OFA normative data). Female responses were slower
than males in both tests at 11.1 + 1.24 and 24.1 + 1.1 ms slower,
respectively (p < 0.001). Age was only significant for OFA30,
increasing by 2.56 + 0.44 ms/decade of age (p < 0.001). ETDRS
35 eyes were 22 to 27 ms slower relative to ETDRS 10 (both p <
0.001). ETDRS 43 eyes produced faster than average delays (-5.98 +
1.73 ms) for OFA15 and slower than average for OFA30 (4.06 +
1.51 ms), both p < 0.007. The peripheral rings 5 and 6 of OFA30
were slower by 15 ms to 23 ms relative to central ring 1 (both p
<0.001).

We fitted the same models to the PDs. These showed few
interesting significant effects except for OFA30 delays whose PDs

frontiersin.org


https://doi.org/10.3389/fendo.2023.1333826
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Sabeti et al.

TABLE 3 Demographic variables determining OFA30 sensitivity and delay mean defect (MD) data.

A. Sensitivity MDs (db)

10.3389/fendo.2023.1333826

Name Estimate SE t-stat p-value
(Intercept) -8.05 6.073 -1.33 0.190
ETDRS 35 =271 2.155 -1.26 0.214
ETDRS 43 =7.74 2.905 -2.66 0.010*
BGL —-0.65 0.265 —2.44 0.018*
HbAIc 5yr 0.99 0.819 121 0.233
BMI 0.04 0.179 0.21 0.831
Biothesiometry 0.10 0.068 1.44 0.154

B. Delay MDs (ms)

Name Estimate SE t-stat p-value
(Intercept) 55.9 16.61 3.36 0.001*
ETDRS 35 9.45 6.125 1.54 0.128
ETDRS 43 -16.2 8.826 -1.83 0.072
BGL 2.86 0.716 4.00 0.000*
HbAlc 5yr -5.04 2.248 -2.24 0.028*
BMI 224 0.514 -4.35 <0.001*
Biothesiometry 0.62 0.191 3.25 0.002*

Statistically significant (p < 0.05) differences are denoted with *.

showed very similar results to the TD results for rings 5 and 6 of
Table 5 (to within 0.5 ms for each).

Diagnostic power

To investigate the diagnostic performance of the total deviations
(TDs) from the various stimulus protocols across diabetic groups,
we utilized ROC analysis (Methods). Figure 3 shows that response
delay TDs (blue) were more diagnostic than those for sensitivities
(yellow) especially when the discrimination was between noDR and
mmDR: labeled as (noDR ¢f mmDR) on the x-axis. SWAP, Matrix,
and OFA sensitivity-based TDs performed similarly poorly with
AUROCs around 60%. OFA15 and OFA30 delays performed
similarly well for the noDR/mmDR comparison at 84.0 + 3.98%
and 82.9 * 4.06%, respectively. That was remarkable given such
early disease stages were being compared. When mild/moderate
eyes were compared with 85 normal control eyes from the OFA
normative data (Cont ¢f mmDR in Figure 3 x-axis labels),
performance improved somewhat for delays at 86.1 + 2.59% and
84.9 + 3.00% and for OFA15 and OFA30, but more so for
sensitivities at 80.0 + 3.77% and 79.3 * 3.81%. Interestingly
sensitivities performed best for the Cont c¢f. mmDR comparisons
relative to noDR eye comparisons.

Frontiers in Endocrinology

Discussion

To our knowledge, this study is the first report of a head-to-
head comparison of both subjective and objective measures of
PwT2D against structural changes in the retina and optic nerve.
Our results showed significant differences between the NPDR sub-
groups for OFA MDs and PSDs but not for SWAP or Matrix
perimetry MDs or PSDs. Except for duration of disease, there were
no differences in the clinical and demographic data of our two
subgroups (Table 1). An earlier study using older mfPOP methods
found correlations with complications screening variables like those
of Table 1 (33).

The results for OFA and Matrix are consistent with progression
analysis of persons with mild DMO, where OFA metrics, but not
Matrix, tracked changes in macular thickness (32, 34). A study by
Montesanto et al. (15) showed significant loss relative to normal
controls using Matrix; however, in our calculation using the
published data, the AUROC was only around 60% (31). Other
reports have shown no significant change in SWAP mean
deviations in PwT2D (8, 42). A study with an achromatic
Medmont perimeter showed that persons with no to mild NPDR
but who had peripheral neuropathy showed statistically significant
peripheral visual field loss (43).
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FIGURE 2

The mean sensitivity and delay TD data for OFA15 (A-D) and OFA30 (E-H). The means were computed at each 30-2 field location across the ETDRS
10 eyes (noDR, A, C, E, G), and ETDRS 34 and 45 eyes (mmDR, B, D, F, H). From the top down, the rows alternate: sensitivities, delays, sensitivities,
delays (n.b. the calibration bar units of dB and ms). Before taking the means, right-eye data were flipped to left eye format; hence, the figures have
the nasal field on the right. The four small central locations are magnified and presented at the bottom left of each panel. Generally, mmDR eyes
(B, D, F, H) showed more severe changes than those with noDR. Peripheral damage appeared to be more evident for OFA30 fields.
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As in previous OFA studies of diabetes (9, 11, 32, 44), peripheral
retinal features like peripheral hypersensitivity and delay changes
were evident (Tables 4, 5). Strictly, the hypersensitivity for rings 4 to
6 for OFA15 (Table 4) were relative to the intercept, but in those
rings of OFA15 an average of 1.28 regions/field were flagged as
hypertensive at p < 0.05, but only for ETDRS 10 and 35 eyes. The
TDs in those regions averaged +15.0 + 1.9 dB. These features are
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seen in both early-stage diabetic eye damage and age-related
macular degeneration (AMD) when measured by multifocal VEPs
and mfPOP on the same day in diabetes and AMD (44). Modestly
hypersensitive regions have also been observed in three OFA studies
of early-stage AMD (40, 45, 46). In exudative AMD, those OFA
peripheral measures can also predict good outcomes from (47), or
the need for (43), anti-vascular endothelial growth factor (anti-
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TABLE 4 Outcomes of linear mixed effects models showing the significant determinants of the OFA sensitivity total deviations (TDs) for: A) the OFA15
test, B) the OFA30 test.

OFA15 sensitivities

Name Estimate SE t-stat p-value
(Intercept) -6.90 0.696 -9.92 <0.001*
Female -2.57 0.269 -9.54 <0.001*
Age 2.10 0.116 18.1 <0.001*
Ring 2 0.45 0.970 0.47 0.640
Ring 3 127 0.792 1.60 0.109
Ring 4 1.80 0.767 2.35 0.019*
Ring 5 1.60 0.751 2.14 0.033*
Ring 6 1.34 0.741 1.80 0.071
ETDRS 35 -3.23 0.293 -11.0 <0.001*
ETDRS 43 -6.42 0.400 -16.0 <0.001*

OFA30 sensitivities

Name Estimate SE t-stat p-value
(Intercept) -3.21 0.792 -4.06 <0.001%
Female -0.22 0.269 -0.80 0.422
Age 1.77 0.118 15.0 <0.001*
Ring 2 -1.33 1.103 -1.21 0.227
Ring 3 -1.27 0.901 -1.42 0.157
Ring 4 -1.38 0.872 -1.58 0.113
Ring 5 -1.07 0.854 -1.26 0.209
Ring 6 ~0.66 0.842 -0.79 0.432
ETDRS 35 ~4.07 0.295 -138 <0.001*
ETDRS 43 -7.13 0.404 -17.7 <0.001*

Statistically significant (p < 0.05) differences are denoted with *.

The units are dB except for Age in dB/decade. The Intercept is for males of the mean age and ETDRS 10 and central Ring 1 of the 30-2 pattern (Figure 1C). Negative sensitivities are lower than for

ETDRS 10.

VEGF) treatment. Thus, peripheral hypersensitivity may be a
feature of the early development of retinal diseases more
generally. PwT2D have been reported to have MD values around
3 to 4 dB on SWAP perimetry (8). Unfortunately, unlike OFA, no
form of standard automated perimetry reports the significance of
any regions of hypersensitivity. In addition, the patchy distribution
of damage is consistent with the observed per-region changes being
afferent defects as we have shown before (9). Previous OFA studies
of diabetes had reported features suggestive of peripheral
hypersensitivity (9, 11, 32, 44) due to observation of faster than
normal delays peripherally (32). Both may be markers for earlier-
stage disease.

An interesting feature of the per-region delays was that the
more peripheral rings of the larger OFA30 stimuli showed delays
that were 15 to 22 ms slower (p < 0.001) than the inner rings. The
inner rings of OFA30 correspond to the whole of the OFAI5
stimulus, and OFA15 showed no significant delays as a function
of stimulus ring. Iris neuropathy would mimic a global change in

Frontiers in Endocrinology

delay, i.e., the same change for all test regions. The slower responses
to stimuli applied to rings 5 and 6 of OFA30 cannot therefore be due
to iris neuropathy given that OFA15 and OFA30 were tested on the
same day and in randomized order. It is possible that some of the
effects of ETDRS 35 and 43 could be attributed to iris neuropathy
but in the case of OFA15, ETDRS 43 eyes were 5.98 = 1.73 ms
quicker than the normative data (p = 0.001), whereas in the same
eyes on the same day, they were slower for OFA30 by 4.06 + 1.51 ms
(p = 0.007). Here, we report (Table 5) that for the two stimuli,
female PwT2D produced longer response delays than males by 11. 1
+ 1.24 ms (p < 0.001) and 24.1 + 1.12 ms (p < 0.001). This may be
attributed to the small sample size. Among the 85 control subjects,
we took the per-subject means (giving one delay per subject) and a
simple linear model indicated that males had 19.9 + 5.09 ms (mean
+ SE) longer response delays (p = 0.0002). Thus, this may be a real
effect that requires further study.

For OFA30, biothesiometry was mildly associated with an
increased delay MD (p = 0.002, Table 3B) but was not associated

15 frontiersin.org


https://doi.org/10.3389/fendo.2023.1333826
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Sabeti et al.

10.3389/fendo.2023.1333826

TABLE 5 Outcomes of linear mixed effects models showing the significant determinants of the OFA Delay Total Deviations (TDs) for: A) the OFA15

test, B) the OFA30 test.

OFA15 delays

Name Estimate SE t-Stat p-Value
(Intercept) 429 3.97 10.8 <0.001*
Female 111 1.24 8.95 <0.001*
Age -0.27 0.50 -0.55 0.584
Ring 2 -6.29 5.49 -1.15 0.252
Ring 3 -6.10 4.48 -1.36 0.173
Ring 4 -6.11 4.34 ~1.41 0.159
Ring 5 -7.12 4.25 ~1.67 0.094
Ring 6 -7.16 419 -1.71 0.088
ETDRS 35 27.6 127 21.7 <0.001%
ETDRS 43 -5.98 173 -3.45 0.001*

OFA30 delays

Name Estimate SE t-stat p-value
(Intercept) 35.3 3.17 11.1 <0.001*
Female 24.1 1.12 21.7 <0.001*
Age 2.56 0.44 5.86 <0.001*
Ring 2 -2.17 4.39 -0.49 0.621
Ring 3 -2.82 3.59 -0.79 0.431
Ring 4 2.65 3.47 0.76 0.446
Ring 5 153 3.40 4.48 <0.001%
Ring 6 227 3.35 6.78 <0.001*
ETDRS 35 223 1.10 20.2 <0.001*
ETDRS 43 4.06 1.51 2.69 0.007*

Statistically significant (p < 0.05) differences are denoted with *.

The units are ms except for Age in ms/decade. The Intercept is as for Table 2. Positive delays are longer than for ETDRS 10.

with changed sensitivity (Table 3A). Biothesiometry readings were
not associated with either sensitivity or delay MD changes for
OFA15 (not shown). BMI similarly reduced delay by —2.24 ms per
BMI unit (p < 0.001). eGFR was not significant for sensitivity or
delay for either test (not shown). Overall, metabolic/tissue-damage
variables that might be linked to iris neuropathy tended not to add
to global delays. By contrast, large changes in global sensitivity and
delay were associated with ETDRS 10 (the intercept in Tables 3-5).

As in previous OFA studies of early-stage diabetic eye damage,
AUROCs were high (9, 11) and focal changes in response delays
were among the most informative measures. Those are correlated
with changes in retinal thickness in DMO (32). Here, none of the
SWAP, Matrix, or OFA sensitivities produced useable diagnostic
power when the noDR and mmDR groups were compared
(Figure 3). When compared with normal controls, sensitivities
were almost as effective as delays. A recent review of 44
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functional and structural measures from 23 studies, which
examined diagnostic power for discriminating noDR eyes from
control eyes using a range of structural and functional methods,
found median AUROCs around 89% for OFA and 60% to 70% for
the other methods (p < 0.0001). That review included a recent OFA
study of young persons with type 1 diabetes, and the overall median
value across nine measures from four OFA studies was 89% (31).
That included a recent study using new fifth-generation OFA
stimuli which test both eyes in <90 s (48). Similar results using
the same method have been published for early-stage AMD (49).
That rapid test is ideal for testing children and infirm persons.
The high diagnostic power of OFA methods may mean they
could be useful for managing DR with newer treatments.
Candesartan shows promise in the prevention of earlier-stage
retinopathy in T2D patients (20). Fenofibrate is also gaining
recognition as a therapy with potential to prevent progression and
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Areas under receiver operating characteristic (AUROCs) expressed as percentages for different comparisons of Total Deviations outputs. Blue bars
are for delay data, and yellow are for sensitivity data (legend). AUROC of 50% represents chance classification, and an AUC of 100% represents
perfect discrimination. The x-axis labels of each plot give the test: SWAP 24-2, Matrix 24-2, OFA15, or OFA30 for Sensitivities (Sens) or Times-to-
peak (Delay). The leftmost four comparisons were for discriminating ETDRS 10 eyes from the Mild to Moderate NPDR eyes (ETDRS 34 and 45):
(noDR cf mmDR). The rightmost four comparisons were between normal control eyes (Cont) and ETDRS 34 and 45 eyes (mmDR), or Control cf.
ETDRS 10 (noDR). The leftmost pair of yellow and blue bars give AUROCs for SWAP and Matrix 24-2 tests. The SAP versus OFA15 (A) and OFA30 (B)
methods performed similarly, with delays performing better except for the (Cont cf noDR) comparison where sensitivity was better. The error bars

represent SEM.

even reverse earlier stages of DR in T2D (18, 19). Clearly, additional
new treatments that target earlier stages of diabetic eye disease are
needed and these will need monitoring tools for preclinical early-
stage disease and new clinical endpoints. Functional measures are
more likely than structural to be able to provide surrogate endpoints
that are acceptable to regulatory authorities.

The limitations of our study were the relatively small number
of subjects with mild/mod NPDR. Also, patients may have been
fatigued during SAP testing due to the series of tests that were
conducted at each visit, which may have affected reliability of
those tests. Furthermore, OFA test reproducibility was not
examined in this study; however, good reproducibility of
mfPOP has been demonstrated previously in T2D (9) and
glaucoma (50).

The results of this study demonstrate the utility and advantage
of mfPOP in detecting changes in visual function in T2D. This
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study is the first to complete a direct comparison between objective
vs. subjective measures of visual field sensitivity corresponding to
varying retinopathy severities. Small-scale longitudinal studies
suggest the findings of our cross-sectional studies translate into
ability to track disease progression (32, 34), with similar results in
AMD (43). With the advent of novel interventions in early DR,
more sensitive methods for identifying eyes at risk of progression to
the sight threatening stages of DR are needed. The ability to test
children with the same rapid tests that adults use (48) might assist in
the management of T1D.
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Vascular changes of the choroid
and their correlations with visual
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Objective: To investigate changes in the choroidal vasculature and their
correlations with visual acuity in diabetic retinopathy (DR).

Methods: The cohort was composed of 225 eyes from 225 subjects, including
60 eyes from 60 subjects with healthy control, 55 eyes from 55 subjects without
DR, 46 eyes from 46 subjects with nonproliferative diabetic retinopathy (NPDR),
21 eyes from 21 subjects with proliferative diabetic retinopathy (PDR), and 43 eyes
from 43 subjects with clinically significant macular edema (CSME). Swept-source
optical coherence tomography (SS-OCT) was used to image the eyes with a 12-
mm radial line scan protocol. The parameters for 6-mm diameters of region
centered on the macular fovea were analyzed. Initially, a custom deep learning
algorithm based on a modified residual U-Net architecture was utilized for
choroidal boundary segmentation. Subsequently, the SS-OCT image was
binarized and the Niblack-based automatic local threshold algorithm was
employed to calibrate subfoveal choroidal thickness (SFCT), luminal area (LA),
and stromal area (SA) by determining the distance between the two boundaries.
Finally, the ratio of LA and total choroidal area (SA + LA) was defined as the
choroidal vascularity index (CVI). The choroidal parameters in five groups were
compared, and correlations of the choroidal parameters with age, gender,
duration of diabetes mellitus (DM), glycated hemoglobin (HbAlc), fasting blood
sugar, SFCT and best-corrected visual acuity (BCVA) were analyzed.

Results: The CVI, SFCT, LA, and SA values of patients with DR were found to be
significantly lower compared to both healthy patients and patients without DR
(P < 0.05). The SFCT was significantly higher in NPDR group compared to the No
DR group (P < 0.001). Additionally, the SFCT was lower in the PDR group
compared to the NPDR group (P = 0.014). Furthermore, there was a gradual
decrease in CVI with progression of diabetic retinopathy, reaching its lowest
value in the PDR group. However, the CVI of the CSME group exhibited a
marginally closer proximity to that of the NPDR group. The multivariate
regression analysis revealed a positive correlation between CVI and the
duration of DM as well as LA (P < 0.05). The results of both univariate and
multivariate regression analyses demonstrated a significant positive correlation
between CVI and BCVA (P = 0.003).
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Conclusion: Choroidal vascular alterations, especially decreased CVI, occurred
in patients with DR. The CVI decreased with duration of DM and was correlated
with visual impairment, indicating that the CVI might be a reliable imaging
biomarker to monitor the progression of DR.

KEYWORDS

diabetes mellitus, diabetic retinopathy, optical coherence tomography, choroidal
vascular index, visual acuity

1 Introduction

By 2045, it is expected that the number of adults worldwide with
diabetes mellitus (DM) will exceed 700 million (1). Diabetic
retinopathy (DR), which is the most prevalent microvascular
complication of DM, remains a leading cause of blindness among
the working population (2, 3). It has been reported that
approximately one-third of DM patients suffer from DR (4).

The deterioration of vision caused by DR is a prevalent risk
factor for permanent blindness in patients with DM (5).
Nonproliferative diabetic retinopathy (NPDR) is characterized by
asymptomatic microvascular changes or retinal microleakage,
which can eventually progress to proliferative diabetic retinopathy
(PDR) or diabetic macular edema (DME) as DM advances (6, 7).
Therefore, the importance of early diagnosis of DR and the study of
its risk factors cannot be ignored.

There was a certain relationship between DR and choroidal
thickness (CT) (8). Research conducted by Wang et al. (9) revealed
that CT plays a crucial role in the development of DR. Optical
coherence tomography (OCT), widely recognized as a valuable non-
invasive imaging technique, can be utilized for choroid imaging
(10). OCT-derived CT has been proposed as a quantitative index for
evaluating choroidal structure and function. Several studies
conducted in the past decade have analyzed changes in CT
thickness in patients with DR, but the results obtained vary.
Some reports showed thinning of CT, while others show no
change or even thickening. However, these studies were limited to
investigating only CT (11-15). Recently, other choroidal vascular
parameters such as the choroidal vascular index (CVI) and the
choroidal luminal area (LA) have been reported in age-related
macular degeneration (AMD), pathological myopia (PM), and
other diseases related to the choroid (16-19). There were also
studies that showed a relationship between CVI and the
progression of DR, but all of them had limitations. Kim et al.
only focused on studying CVI in the 1,500 um area of the fovea,
while Gupta et al. utilized spectral domain optical coherence
tomography (SD-OCT) (20, 21).

In this study, we employed the residual U-Net deep learning
algorithm, which has been previously reported, to automatically
segment and quantify CT and choroidal vasculature in swept source
optical coherence tomography (SS-OCT) images (16, 22, 23). We
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analyzed the correlation between choroidal vascular changes and DR
to provide new insights into the prevention and treatment of DR.
Headings: CVI correlations with visual acuity in DR.

2 Methods
2.1 Study design

This was a retrospective study approved by the Ethics Review
Committee of the Central Hospital affiliated with Shandong First
Medical University, which followed the basic principles of the
Declaration of Helsinki. As this was a retrospective study, written
informed consent was waived by the Ethics Review Board. All
analytical data has been anonymized.

2.2 Patients

This study included a total of 165 patients (165 eyes) with type 2
DM and 60 healthy patients (60 eyes) who underwent SS-OCT
examination at the Department of Ophthalmology, Central Hospital
Affiliated to Shandong First Medical University from September
2022 to September 2023. The diagnosis of type 2 DM was based on
the criteria set by the American Diabetes Association (24).

Inclusion criteria: Age >18 years. Exclusion criteria: (1)
Refractive error > +3.0 D or refractive error < - 3.0 D (spherical
equivalent (SE)); (2) Hypertension; (3) Ocular trauma; (4) Retinal
laser photocoagulation; (5) Intraocular surgery; (6) Intravitreal
injection; (7) Presence of other retinal diseases, such as AMD,
retinal arteriovenous occlusion, or neurodegenerative disease; (8)
Glaucoma; (9) Hypertrophic choroidal pigment epitheliopathy,
such as central serous chorioretinopathy; (10) History of
inflammation; (11) Refractive media opacification affecting
fundus examination.

2.3 Ophthalmologic examination

Demographic information, comprehensive medical history, and
ophthalmic history were recorded during the initial visit. All
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patients underwent a comprehensive eye examination, which
included measurements of Snellen best-corrected visual acuity
(BCVA), intraocular pressure (IOP), autorefraction, slit lamp
biomicroscopy, dilated fundus examination, fundus photography,
and SS-OCT.

2.4 Acquiring and analyzing OCT images

The SS-OCT (VG200S; SVision Imaging, Henan, China) device
with a central wavelength of 1050 nm was used for OCT imaging.
The scanning speed was 100,000 A-scans/s. The axial optical
resolution was 3.8 um, and the axial digital resolution was 2.0
pm. The maximum scanning depth of the posterior segment was
9 mm. To obtain two transverse lines passing through the fovea, a
radial line scan measuring 12 mm in length was performed. In order
to thoroughly examine changes in choroidal vascular around the
macula, we analyzed cross-sectional images within a radius of 6 mm
centered on the fovea. The examinations were conducted by an
experienced ophthalmic technologist, with a minimum signal
strength requirement of 4 as recommended by the manufacture.

Before conducting image analysis, we used Bennett’s formula
(t=p x g x s) to correct the OCT image and eliminate the influence
of axial length (AL) on image size, based on previous studies
(25-27). Here, t represents the actual scan length, p denotes the
magnification factor of the OCT imaging system, g refers to the
eye-related magnification factor, and s represents the raw
measurement value of the OCT imaging system.

We utilized deep learning techniques to automatically quantify
choroidal parameters within a circular region with a diameter of
6.0 mm, using the macular fovea as the central point. The choroidal
boundary was automatically segmented in all images using deep
learning algorithms based on the modified residual U-Net method.

10.3389/fendo.2024.1327325

Residual U-Net, a residual unit used as a replacement for the
traditional convolution unit, was employed in deep networks. It
has been observed that residual U-Net can achieve better
performance with fewer parameters compared to traditional
methods. The thickness between the retinal pigment epithelium
(RPE) layer and the junction of the choroid and sclera is defined as
CT. After binarizing the OCT images, we applied Niblack’s
automatic local threshold algorithm to calibrate both the LA and
stromal area (SA). The choroidal vascular index (CVI) was defined
as the ratio of LA to the total choroidal area (SA + LA) (Figure 1).

2.5 Basic information and laboratory tests

The study collected data from medical records, including factors
such as age, gender, duration of DM, glycated hemoglobin (HbAlc),
fasting blood sugar, and body mass index (BMI). Age was defined as
the age at the first visit. The duration of DM was defined as the time
from the diagnosis of DM to the first eye examination. Fasting
blood sugar and HbA1c were recorded as the most recent results in
the case system, and BMI was calculated by dividing weight (kg) by
height squared (m).

2.6 Patient screening and grouping

Healthy patients were defined as controls. The DM patients
were initially classified into four groups (No DR, NPDR, PDR, and
CSME) by two retinal specialists independently (R. J. and X. L.)
based on the International DR Staging Criteria (28). In case of
disagreement between the two retinal specialists, a more senior
retinal specialist (Z. W.) made the final decision. One eye of each
patient was randomly selected for analysis during the study.

FIGURE 1

Progression of choroidal image segmentation. The original SS-OCT image (A). Segmentation of the choroidal area (B). Overlay of the region of
interest created after performing image binarization on the SS-OCT image (C).
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2.7 Statistical analysis

The Statistical Package for the Social Sciences (version 26.0,
IBM SPSS) was used for data analysis. When appropriate, study
data were reported as mean + standard deviation (SD), median
(interquartile range, IQR), frequencies, or percentages. The
Shapiro-Wilk test was employed to assess whether quantitative
variables followed a normal distribution. Data that adhered to a
normal distribution were described using mean + SD. Data that
exhibited a skewed distribution were presented as median (IQR).
Fisher’s exact test was utilized to analyze categorical variables. For
normally distributed data, one-way analysis of variance (ANOVA)
was applied. The Kruskal-Wallis test was used for analyzing skewed
data. Univariate and multivariate linear regression analyses were
conducted to investigate the factors influencing choroidal
characteristics. Results with a P value less than 0.05 were
considered statistically significant.

3 Results

3.1 Basic patient characteristics

A total of 225 eyes were included in this study, which were
divided into 5 groups: healthy controls (group 1, n=60), No DR
(group 2, n=55), NPDR (group 3, n=46), PDR (group 4, n=21), and
CSME (group 5, n=43). The demographic, ocular, and systemic

TABLE 1 Demographic and clinical characteristics of the eyes (n = 225).

10.3389/fendo.2024.1327325

characteristics of the patients were presented in Table 1. A total of
165 patients with type 2 DM were included in this study, including
101 females and 64 males, with a mean age of 56.67 + 6.22 years.
The mean duration of DM was 9.16 + 4.03 years. There were no
significant differences in age and gender within the study group.
DM duration (P < 0.001), BMI (P = 0.034), HbAlc (P < 0.001), and
fasting blood sugar (P < 0.001) showed significant differences
between each DR group. BCVA logMAR was significantly lower
in CSME compared to the other study groups (P < 0.001). BCVA
logMAR did not differ between No DR and NPDR (P = 0.041).
BCVA logMAR showed slight difference between NPDR and PDR
(P = 0.728). Systolic blood pressure, IOP, and SE did not show
significant differences among the study groups (P > 0.05).

3.2 Subfoveal choroidal thickness and CVI

The SFCT measurement results of each group were shown in
Figure 2B. The SFCT values for groups 1-5 were 331.67 + 58.43um,
27836 + 41.48um, 326.57 + 45.12um, 291.29 + 48.94um, and
297.23 + 42.40um, respectively. The thickness of SFCT in the
eyes of patients with DM was found to be thinner compared to
that in healthy controls (P < 0.05). Notably, the SECT in the No DR
group was significantly lower than both the healthy controls group
(P < 0.001) and the NPDR group (P < 0.001). Additionally, the
SFCT in the PDR group was significantly lower than that in the
NPDR group (P = 0.014). These findings indicated that SFCT was

Variables Healthy controls

(n = 60)
No. of eyes 60 55 46 21 43
Age, years, median (IQR) 54.50 (46-69) 56 (46-49) 55 (47-69) 54 (47-69) 56 (47-69) 0.204*
Sex, n (%) 0.347"
Female 36 31 29 14 27
Male 24 24 17 7 16
BMI (Kg/m?), median (IQR) 21.55 (19.5-24.6) 224 (19.8-24.9) | 23.1(19.8-34.0) | 23.0 (19.7-24.6) 23 (19.6-25.6) < 0.001*
DM duration, year, median (IQR) 5 (1-12) 10 (7-15) 15 (9-18) 11 (6-15) < 0.001%
HbAlc, %, median (IQR) 6.1 (5.2-6.8) 7 (6.5-7.5) 7.8 (6.8-8.8) 7.2 (6.0-8.0) < 0.001*
Fasting blood sugar, mmol/L, median (IQR) 7.5 (7.0-9.1) 7.9 (7.0-9.0) 8.6 (7.6-9.0) 8.2 (7.1-10.2) < 0.001*
Systolic BP, mmHg, median (IQR) 117 (105-138) 1155 (106-135) | 123 (107-129) 118 (108-127) 0.595*
Diastolic BP, mmHg, median (IQR) 68 (62-76) 65.5 (60-76) 65 (63-72) 64 (60-71) < 0.001*
RAAS inhibitors, use, n, % 10.9% 17.39% 52.38% 34.88% <0.001
Ophthalmologic examination
BCVA, logMAR, median (IQR) 0.1 (0-0.3) 0.1 (0-0.4) 0.1 (0-0.4) 0.2 (0-0.5) 0.6 (0.4-0.8) < 0.001*
SE, diopter, median (IQR) 0.50 (-1.50-1.50) 0 (-1.50-1.50) 0 (-1.50-1.00) 0 (-1.25-1.25) 0.50 (-1.25-1.50)  0.066*
IOP, mmHg, median (IQR) 14 (12-17) 14 (12-17) 14 (13-17) 14 (12-17) 14 (12-17) 0.195*

DR, diabetic retinopathy; NPDR, nonproliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy; CSME, clinically significant macular edema; IQR, interquartile range; BMI, body
mass index; DM, diabetes mellitus; HbA1c, glycated hemoglobin; BP, blood pressure; RAAS, renin-angiotensin-aldosterone system; BCVA, best-corrected visual acuity; logMAR, logarithm of the
minimum angle of resolution; SE, spherical equivalent. IOP, intraocular pressure; *Kruskal-Wallis test; *Fisher exact text; P with statistical significance is shown in boldface.
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FIGURE 2
Box-and-whisker plots comparing the choroidal parameters at the vertical meridian among the five groups: (A) CVI; (B) SFCT; (C) LA. The median is
represented by the middle line within each box, and the second and third quartiles are represented by the lower and upper segments of the
box, respectively.

significantly thinner in the eyes of DM patients and that PDR
patients have even thinner SFCT compared to other DR patients.
In the univariate regression analyses, there were no significant
associations observed between gender, duration of DM, fasting blood
sugar, HbAlc, systolic blood pressure, renin-angiotensin-aldosterone
system (RAAS) inhibitor use, spherical equivalent (SE), or intraocular
pressure (IOP) and SFCT (P > 0.05) (Table 2). However, age showed
a significant correlation with SFCT (P = 0.032), along with BMI
showing a significant correlation as well (P = 0.007), and diastolic
blood pressure demonstrating a highly significant association with
SECT (P < 0.001) (Table 2). Nevertheless, in the multivariate
regression analysis only diastolic blood pressure remained
significantly correlated with SECT (P = 0.001) (Table 2).

TABLE 2 Linear regression analyses of factors associated with SFCT.

The CVI measurement results of each group are presented in
Figure 2A. The CVI values for groups 1-5 were as follows: 66.93 +
1.14%, 64.85 + 1.33%, 63.53 + 1.04%, 61.25 + 1.32%, and 64.23 +
1.04%. Notably, the eyes of DM patients exhibited significantly
lower CVI compared to healthy controls (P < 0.001). Furthermore,
the PDR group demonstrated a significantly lower CVI than both
the healthy controls group (P <0.001) and NPDR group (P = 0.001).
These findings indicate a significant reduction in CVI among DM
patients, with even lower levels observed in PDR patients.

In the univariate linear regression analysis, gender, age, systolic
blood pressure, diastolic blood pressure, SE, IOP, and SA did not
show significant correlation with CVI (P > 0.05). However, BMI,
duration of DM, HbAlc, fasting blood sugar, use of RAAS

Variables Univariate Multivariate

Standardized 3 P value Standardized P value
Age, years -0.143 0.032 -0.110 0.171
Sex, n (%) -0.043 -0.521 - -
Female
Male
BMI (Kg/mz) -0.179 0.007 -0.121 0.137
DM duration, year 0.018 0.821 - -
HbAlc, % 0.029 0.701 - -
Fasting blood sugar, mmol/L 0.052 0.508 - -
Systolic BP, mmHg 0.026 0.742 - -
Diastolic BP, mmHg 0.290 < 0.001 -3.306 0.001
RAAS inhibitors, use, n, % -0.032 0.679 - -
Ophthalmologic examination
SE, diopter -1.09 0.102 - -
IOP, mmHg -0.071 0.292 - -

SFCT, Subfoveal choroidal thickness; BMI, body mass index; DM, diabetes mellitus; HbA1c, glycated hemoglobin; BP, blood pressure; RAAS, renin-angiotensin-aldosterone system; SE, spherical
equivalent. IOP, intraocular pressure; P with statistical significance is shown in boldface.
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TABLE 3 Linear regression analyses of factors associated with CVI.

Variables Univariate Multivariate

Standardized P value Standardized 3 P value
Age, years 0.022 0.735
Sex, n (%) 0.038 0.573
Female
Male
BMI (Kg/m?) -0.278 < 0.001 -0.03 0.650
DM duration, year -0.426 < 0.001 -0.212 0.016
HbAlc, % -0.391 < 0.001 -0.041 0.646
Fasting blood sugar, mmol/L -0.244 0.002 -0.036 0.576
Systolic BP, mmHg -0.046 0.554
Diastolic BP, mmHg 0.051 0.512
RAAS inhibitors, use, n, % 0.147 0.025 -0.081 0.197
Ophthalmologic examination
SE, diopter 0.094 0.160
IOP, mmHg 0.019 0.775
SECT, um 0.154 0.021 -0.080 0.221
SA (mm?) -0.003 0.968
LA (mm?) 0.25 < 0.001 -1.428 < 0.001

CVI, choroidal vascular index; BMI, body mass index; DM, diabetes mellitus; HbAlc, glycated hemoglobin; BP, blood pressure; SFCT, subfoveal choroidal thickness; RAAS, renin-angiotensin-

aldosterone system; SE, spherical equivalent. IOP, intraocular pressure; SA, stromal area; LA, luminal area; P with statistical significance is shown in boldface.

inhibitors, SECT, LA, and CVI were found to be significantly
correlated (P < 0.05) according to Table 3. The multivariate linear
regression analysis revealed that DM duration and LA remained
significantly correlated with CVI after adjusting for other variables
(P < 0.05) as shown in Table 3.

The LA measurement results of each group are presented in
Figure 2C. Notably, the PDR group exhibited a significantly lower
LA compared to the other DR groups, suggesting an inverse
relationship between LA and CVL

3.3 BCVA logMAR

The BCVA logMAR measurement results of each group were
presented in Figure 3. The BCVA logMAR for groups 1-5 were as
follows: 0.107 £ 0.107, 0.145 + 0.126, 0.160 + 0.134, 0.257 + 0.133, and
0.593 + 0.118 respectively. The BCVA logMAR of PDR patients was
significantly worse compared to that of healthy controls (P < 0.001).

The univariate linear regression analysis revealed a significant
association between worse BCVA logMAR and several factors in
patients with DR, including older age (P = 0.006), longer duration of
DM (P < 0.001), higher levels of HbAlc (P = 0.001), elevated fasting
blood sugar levels (P = 0.002), thinner SFCT (P < 0.001), and reduced
choroidal vascularity index values, as shown in Table 4. Eventually,
multivariate linear regression analysis revealed significant
correlations between BCVA logMAR and age (P = 0.011), duration
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of DM (P = 0.012), fasting blood sugar (P = 0.011), and CVI
(P =0.003) in patients with DR (Table 4).

4 Discussion

In the present study, SS-OCT was used to evaluate the choroidal
structural changes in eyes with DR. The thinning of the choroid
found was consistent with previous findings (20, 29). Alterations of
the choroidal vasculature in patients with DR was further
quantified. We investigated the alterations in choroidal vascular
parameters, including CVI, SA, and LA, in both healthy people and
patients with DM. In patients with DM, we observed a significant
decrease in CVI, LA, and SA in the presence of DR. However, no
correlation was found between these parameters and CSME.
Furthermore, CVI showed a strong negative association with
BCVA, suggesting that patients with lower CVI exhibited poorer
visual acuity, which was consistent with previous research findings
(30). Consequently, CVI may serve as a reliable biomarker for
monitoring the progression of DR; thus, preserving CVI could
emerge as a novel clinical objective.

Importantly, the SFCT was found to be thinner in the group
without DR compared to healthy controls (P < 0.001). However, it
was thicker in the NPDR group compared to both the without DR
and PDR groups (P = 0.014). This suggests that the SFCT initially
increases in the early stages of DR and then decreases as the disease
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FIGURE 3
Box-and-whisker plots comparing the BCVA logMAR at the vertical meridian among the five groups. The median is represented by the middle line
within each box, and the second and third quartiles are represented by the lower and upper segments of the box, respectively.

progresses. These findings were consistent with the study conducted
by Wang et al. (19). The CVI exhibited a gradual decline with the
progression of DR (P < 0.05). Nevertheless, multivariate linear
regression analysis revealed no significant difference between SFCT
and CVI, which contrasted with the findings reported by Kim et al.
(20). One possible reason for the discrepancy in research results was
the difference in the proximity of the CVI studied. While our study
focused on CVI within 6 mm of the fovea, their study examined
CVI within 1,500 um of the fovea. Additionally, they grouped
patients with NPDR, whereas we did not. This difference in
grouping may also had an impact on the research outcomes.

The influence of HbA1lc on CT was still in discussion, which has
not been adjusted in most previous CT studies. Unsal et al. (31) and

TABLE 4 Linear regression models based on BCVA.

Kim et al. (32) found a significant correlation between HbAlc and
CT, indicating that HbAlc may be a confounding parameter. This
study found no correlation between HbAlc and SFCT, which is
consistent with the findings of Wang et al. (33). However, our study
revealed a significant association between age and BMI with CT.
Shao et al. (34) reported that SECT was significantly associated with
BCVA after adjusting for age, sex, AL, and corneal curvature in the
normal population. This study further demonstrated that thicker
CT was independently associated with better BCVA in DR patients.
Therefore, the CT may be a biomarker for visual function in
DR patients.

In this study, we observed a significant impact of HbAlc on CVI
(P < 0.001). However, after adjusting for age, gender, duration of

Variables Univariate Multivariate

Standardized 3 P value Standardized P value
Age, years 0.182 0.006 0.188 0.011
Sex, n (%) 0.005 0.08 - -
Female
Male
DM duration, year 0.333 < 0.001 0.255 0.012
HbAlc, % 0.262 0.001 0.153 0.117
Fasting blood sugar, mmol/L 0.241 0.002 0.190 0.011
SECT, um -0.246 < 0.001 -0.116 0.101
LA (mm?) 0.083 0.231 - -
CVI (%) 0.199 0.003 0.239 0.003

BCVA; best-corrected visual acuity; DM, diabetes mellitus; HbAlc, glycated hemoglobin; SFCT, subfoveal choroidal thickness; LA, luminal area; CVI, choroidal vascular index; P with statistical

significance is shown in boldface.
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DM, fasting blood glucose, and using multivariate regression
analyses, we discovered that there was no significant correlation
between HbAlc and CVI. This finding was inconsistent with the
results of Temel E et al. (35), who reported a negative correlation
between Hbacl and CVI. The reason for this difference may be that
they did not consider factors such as age, gender, duration of DM.

Previous studies have reported significantly lower CVI in patients
with DM and DR (20, 21, 36). However, Kim et al. (20) and Tan et al.
(36) did not specifically analyze the changes of CVI in patients with
DME. Our study analyzed the changes in CVI in patients with DME
as did the study by Gupta et al. (21). Both studies observed a
statistically significant decrease in CVI among the DME group
when compared to healthy controls. However, our results revealed
a higher CVI in the DME group compared to the NPDR and PDR
groups, which was not analyzed in their study. Cao et al. (37) found
that the loss of choroidal capillaries in the eyes of patients with DM
was four times greater than that in nondiabetic patients. The
reduction of the choroidal capillary layer (resulting in a decrease in
CVI) may contribute to hypoxia in the RPE and outer retinal layer,
leading to an upregulation of vascular endothelial growth factor (38).
This could also contribute to the deterioration of vision in DR.

In the present study, we found a significant association between
worsening BCVA and CVI in DR patients. Multivariate regression
analyses revealed that a decrease in CVI was the most relevant
factor for visual impairment. Previous studies have not examined
the relationship between BCVA and CVI (20, 21). The choroid
primarily supplied nutrients and oxygen to the photoreceptors (39).
Previous studies have indicated that CT influenced visual
impairment caused by photoreceptor degeneration (25). However,
our findings showed no significant correlation between BCVA and
CT, which was inconsistent with their findings. One possible reason
for this discrepancy was that their subjects were patients with PM,
who were younger in age, whereas we studied patients with type 2
DM, who were older. In the future, prospective studies with large
sample sizes will be needed to investigate whether visual
impairment in patients with type 2 DM is influenced by CT.

In this study, CVI was found to be correlated with BCVA, and
multivariate regression analyses revealed that a decrease in CVI was
the factor most strongly associated with visual impairment.
Therefore, we hypothesize that monitoring changes in CVI may
provide a reliable parameter for predicting future loss of visual
acuity and could serve as a novel target for intervention aimed at
preventing the progression of visual impairment in DR.

There were some limitations to this study. Firstly, choroidal
parameters were only measured within a 6 mm radius around the
macular fovea, but studying larger zones may provide more
representative information about CVI. Secondly, some studies
have reported diurnal variations in CT obtained by OCT,
however, the diurnal variations of choroidal vascular are currently
unknown, which may have influenced our results. Thirdly, we
included only 21 patients with PDR because we specifically
focused on pre-treatment PDR patients, which might have
influenced our results. Fourthly, our study of NPDR was not
conducted in a graded manner, which may have also influenced
our results. Finally, it was important to note that this study was a
small retrospective analysis with a limited sample size. The smaller
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sample size in this study may have implications on the statistical
significance of the analysis results, potentially leading to insufficient
power. Furthermore, the generalizability of the findings might be
constrained due to the limited sample size. Moreover, a smaller
sample size can introduce bias and hinder adequate control for
potential confounding factors, thereby impacting the accuracy and
reliability of the results. The aforementioned limitations need to be
addressed in future research.

5 Conclusions

In conclusion, this study demonstrated that patients with DM,
even without DR, exhibited significantly lower CVI compared to
healthy controls. Furthermore, alterations in choroidal structure were
found to be significantly associated with visual impairment in DR.
CVI can be used as a quantitative parameter to evaluate choroidal
damage in patients with DR. CVI may serve as a reliable quantitative
biomarker for monitoring the progression of DR. Clinicians should
closely monitor changes in choroidal vasculature in patients with DR
and recognize that preventing a decline in CVI may be an important
clinical goal for preventing the progression of DR.
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Objective: This study aimed to explore the association between the aspartate
aminotransferase to alanine aminotransferase ratio (AST/ALT ratio) and diabetic
retinopathy (DR) in patients with type 2 diabetes.

Methods: In this cross-sectional study, clinical data from 3002 patients with type
2 diabetes admitted to the Department of Endocrinology of our hospital between
January 1, 2021, and December 1, 2022, were retrospectively collected.
Measurements of AST and ALT were conducted and diabetes-related
complications were screened. The association between AST/ALT ratio and
diabetic retinopathy was assessed using multivariate logistic regression, and a
generalized additive model (GAM) was used to investigate nonlinear
relationships. Subgroup analyses and interaction tests were also conducted.

Results: Among the 3002 patients, 1590 (52.96%) were male and 1412 (47.04%)
were female. The mean AST/ALT ratio was 0.98 + 0.32, ranging from 0.37 (Min) to
2.17 (Max). Diabetic retinopathy was present in 40.47% of the patients. After
multivariate adjustments, for each 0.1 unit increase in AST/ALT ratio, the risk of
DR increased by 4% (OR = 1.04, 95% Cl: 1.01-1.07, p=0.0053). Higher AST/ALT
ratio quartiles were associated with Higher prevalence of DR (OR vs. Ql:
Q4 = 1.34 (Cl: 1.03-1.75, p=0.0303).The GAM and smoothed curve fit
indicated a linear relationship between AST/ALT ratio and DR risk, with no
significant interaction effects across different subgroups.

Conclusion: Our study demonstrates a positive correlation between the AST/ALT
ratio and diabetic retinopathy risk in type 2 diabetes, suggesting its potential role
in assessing DR risk.

KEYWORDS

aspartate aminotransferases, alanine transaminase, diabetic retinopathy, diabetes
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1 Introduction

Type 2 diabetes mellitus (T2DM) represents a significant global
health challenge, affecting nearly half a billion people worldwide (1).
Its prevalence is projected to increase dramatically, marking an
escalating public health concern (2, 3). A prevalent microvascular
complication of T2DM, diabetic retinopathy (DR), stands as a
leading cause of blindness globally (4, 5). In China, the
prevalence of DR among diabetic individuals exhibits
considerable variation, with estimates ranging from 18.45% to
31.8%. This variation may reflect differences in study
methodologies or demographic variations across regions,
highlighting the complexity of managing DR within diverse
populations (6, 7). Despite advancements in the understanding of
DR, significant challenges in its early diagnosis and treatment
remain (8, 9).

Liver enzymes, particularly Alanine aminotransferase(ALT)
and Aspartate aminotransferase (AST), are emerging as
significant markers (10, 11). The AST/ALT ratio, introduced by
De Ritis in 1957, is a known indicator of liver function and has been
associated with various systemic diseases, including cardiovascular,
renal, and oncological conditions (12-15). Recent studies have also
linked AST/ALT ratio with gestational diabetes and metabolic
syndrome in children, expanding its relevance beyond liver
diseases (16, 17). However, the relationship between AST/ALT
ratio and DR in T2D patients remains under-explored.

Considering the roles of AST and ALT in metabolic and
inflammatory processes (18-21), investigating their relationship
with DR may unveil new proxies for early diagnosis and risk
stratification. This is particularly crucial for patients with T2DM,
where early detection and accurate risk assessment of DR are
essential to prevent severe vision loss (22, 23). Moreover, given
the predictive value of the AST/ALT ratio in other systemic diseases
(15, 24, 25), exploring its potential association with DR could offer
fresh insights into the complexity of T2DM complications and
facilitate personalized patient management strategies.

This study aims to address this gap by examining the
association between the AST/ALT ratio and DR in T2DM
patients. By understanding this relationship, we seek to contribute
to the early detection and risk stratification of DR, a crucial step
towards improving patient outcomes in T2DM.

2 Methods
2.1 Research setting and population

This single-center, cross-sectional study was conducted at the
Endocrinology Department of Qingdao University Affiliated
Hospital, between January 1, 2021, and December 1, 2022.
Inpatients aged 18 and above, diagnosed with Type 2 Diabetes
Mellitus (T2DM) as per the American Diabetes Association’s 2021
guidelines, were included. Exclusion criteria were meticulously
defined to mitigate potential confounding factors, including:
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Presence of severe systemic or ocular conditions (e.g., uveitis,
glaucoma) that could affect the study outcomes.

Recent ocular treatments or surgeries within the past
three months.

Significant liver diseases or unexplained AST and ALT
elevations exceeding 2.5 times the upper limit.

Use of medications known to affect liver function significantly.

Malignant neoplasms, due to their profound systemic health
impact and potential confounding effect.

Figure 1 illustrates the inclusion and exclusion criteria application.

2.2 Ethics statement

Adhering to the Declaration of Helsinki, informed consent was
obtained from all participants. The study received ethical approval
from the Ethics Committee of Qingdao University Affiliated
Hospital (Approval No. QYFY WZLL 28254).

2.3 Measurement of AST and ALT

Blood samples were collected following an overnight fast to
ensure accuracy. AST and ALT were quantified using the Hitachi
7600 analyzer, a method based on kinetic enzyme assay techniques.
The established reference ranges were 15-40 U/L for AST and 9-50
U/L for ALT, aligning with clinical standards.

2.4 Diagnosis of diabetic retinopathy

The diagnosis of diabetic retinopathy (DR) in our study was
rigorously conducted using a multi-modal imaging approach. Initial
assessments involved slit lamp microscopy and optical coherence
tomography to identify retinopathy changes during funduscopic
examinations. This was followed by confirmatory diagnosis using
45° four-field stereoscopic digital photography with a Carl Zeiss

3,423 type 2 diabetes patients (Jan 1,
2021 -Dec 1, 2022)

Excluded: 348 withou
t (AST or ALT)
3075 patients left

Excluded: 73 patients with
liver enzymes > 2.5x norm
al (AST or ALT)

Final analysis: 3002 patients
FIGURE 1

Flowchart of study population
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Fundus Camera, which allowed for the detailed capture of images
from both eyes across designated fields, eliminating the need for
mydriasis (26).

Experienced ophthalmologists then evaluated these images,
classifying DR according to the International Clinical Diabetic
Retinopathy Disease Severity Scale into four severity levels. The
identification of any severity lesion based on this scale was
considered diagnostic of DR (26), ensuring an accurate and
comprehensive diagnostic process (27).

2.5 Covariates

2.5.1 Demographic and Clinical Data
Included variables were gender, age, diabetes duration,
and complications.

2.5.2 Anthropometrics

Measurements of height, weight, and body mass index (BMI)
were conducted, with BMI calculated as weight in kilograms divided
by height in meters squared. In aligning with specific regional
considerations, we applied the WHO BMI Asian cutoffs to classify
participants: <23 as underweight or normal, 23-25 as overweight,
and >=25 as obese (28).

2.5.3 Lifestyle Factors

Smoking and alcohol consumption were evaluated, with alcohol
consumption defined as intake of 30 g or more weekly for over a
year, and smoking defined by a history of 100 or more cigarettes
smoked in one’s lifetime (29).

2.5.4 Biochemical Analyses

Fasting blood samples enabled creatinine, fasting plasma glucose,
liver function tests, HbAlc.All assessments, apart from HbAlc,
utilized the Hitachi 7600 analyzer. Fatty liver diagnosis was
ultrasound-based (30). Hypertension was identified through blood
pressure measurements, following established criteria (31). The eGFR
calculation employed the Andrew S. Levey formula (32), with diabetic
nephropathy confirmed per KDIGO guidelines when urinary ACR >
30 mg/mmol or eGFR < 60 mL/min/1.73mA” (33). Diabetic
Peripheral Neuropathy (DPN) Diagnosis: A comprehensive
assessment integrated clinical, neurological examinations, and nerve
conduction studies, adhering to recognized guidelines (34). DPN
diagnosis utilized a structured approach: Clinically Evident DPN:
Required at least two positive findings among sensory symptoms,
signs, or reflex abnormalities consistent with distal symmetrical
polyneuropathy. Abnormal Nerve Conduction Studies: Mandated
at least one abnormal parameter (amplitude, latency, F-wave, or
nerve conduction velocity) in two or more specific nerves.

2.6 Statistical methods

Continuous variables were reported as means and standard
deviations if normally distributed, and medians with interquartile
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ranges (IQRs) for skewed distributions. Categorical variables were
expressed as percentages. We utilized the Chi-square (2) test for
categorical variables, Student’s t-test for normally distributed
continuous variables, and the Mann-Whitney U test for skewed
continuous variables to evaluate differences in diabetic retinopathy
status among participants. Additionally, differences among AST/
ALT ratio quartiles were analyzed using the x/2 test for categorical
variables, One-Way ANOVA for normally distributed variables,
and the Kruskal-Wallis H test for variables with
skewed distributions.

The AST/ALT ratio was treated both as a continuous variable,
assessed in increments of 0.1 units for a detailed examination of its
relationship with diabetic retinopathy (DR) risk, and as a
categorical variable through quartile conversion to facilitate
group comparisons.

To identify variables potentially associated with diabetic
retinopathy (DR), we initially conducted univariate logistic
regression analysis. Following this, we employed logistic
regression analysis, systematically adjusting for potential
confounders across distinct models: Non-adjusted model: No
adjustments were applied. Model I: Adjustments were made for
essential demographic and clinical factors, including Age, Sex, and
Body Mass Index (BMI).Model II: This model provided a
comprehensive adjustment for an extended set of variables: Age,
Sex, BMI, Duration of Diabetes, Fasting Blood Glucose (FBG),
Glycated Hemoglobin (HbAlc), Diabetic Nephropathy (DN), and
Diabetic Peripheral Neuropathy (DPN).

To assess non-linear relationships between the AST/ALT ratio
and DR risk, Generalized Additive Models (GAM) were utilized.
Additionally, subgroup analyses and interaction tests were
conducted to investigate the effects of the AST/ALT ratio across
different patient subgroups.

Statistical analyses were conducted using R software (The R
Foundation) and EmpowerStats (http://www.empowerstats.com,
X&Y Solutions, Inc., Boston, MA), ensuring the use of robust and
reliable tools. Significance was determined by a two-sided P-value of
less than 0.05, maintaining a standard criterion for
statistical significance.

3 Results

In Table 1, our cross-sectional study included 3002 type 2
diabetes patients, divided into 1787 without diabetic retinopathy
(Non-Diabetic Retinopathy group) and 1215 with the condition
(Diabetic Retinopathy group). Key differences emerged in
demographic and clinical measures.

Significantly, the Diabetic Retinopathy group was older and had
a higher proportion of females. The duration of diabetes was
notably longer in this group.

Clinically, the Diabetic Retinopathy group showed higher levels
of Glycated Hemoglobin (HbAIc) and a significant difference in the
AST/ALT ratio, reflecting a potential link to retinopathy severity.
Prevalences of hypertension and diabetic nephropathy were also
higher in the Diabetic Retinopathy group, underscoring the
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TABLE 1 Baseline characteristics of participants. TABLE 1 Continued
Non-Dia- Diabetic P-value Non-Dia- Diabetic P-value
betic Reti- Retinopathy betic Reti- Retinopathy
nopathy (n = 1215) nopathy (n = 1215)
(n = 1787) (n = 1787)
Age (years old) 57.20 (13.11) 61.77 (10.94) <0.001 Diabetic <0.001
] ] peripheral
Sex, n (%) 0.002 neuropathy
Male 988 (55.29%) 602 (49.55%) No ‘ 761 (42.59%) 239 (19.67%) ‘
Female 799 (44.71%) 613 (50.45%) Yes ‘ 1026 (57.41%) 976 (80.33%) ‘
BMI (kg/mz) 0.002 Table Results Format: (N) Mean(SD).
FBG, Fasting Blood Glucose; HbAlc, Hemoglobin Alc; AST/ALT, aspartate aminotransferase
<23 348 (19.58%) 290 (24.09%) to alanine aminotransferase; eGFR, Estimated Glomerular Filtration Rate.
23-25 398 (22.40%) 290 (24.09%)
>=25 1031 (58.02%) 624 (51.83%) comorbidity burden in these patients. In Supplementary Material 1,
) we present the baseline characteristics of patients with Type 2
Smoking 0.093 . . . .
History, n (%) Diabetes Mellitus (T2DM), stratified by quartiles of the AST/
ALT ratio.
Non-smokers 1282 (72.02%) 905 (74.79%) L. . . Lo . .
In our preliminary univariate logistic regression analysis
Smokers 498 (27.98%) 305 (25.21%) (Table 2), we observed a significant correlation between the AST/
Alcohol 0518 ALT ratio and the risk of diabetic retinopathy (DR) in patients with
Consumption Type 2 Diabetes Mellitus (T2DM). Notably, the AST/ALT ratio,
History, n (%) both as a continuous variable (OR: 1.98, 95% CI: 1.61 - 2.42, p <
Non-drinkers 1326 (74.41%) 913 (75.45%) 0.0001) and when categorized into quartiles, showed a strong,
Drinkers 456 (25.59%) 297 (24.55%) positive association with DR risk, escalating across quartiles (Q1
as reference: Q2 OR: 1.55, Q3 OR: 1.64, Q4 OR: 2.16; all p < 0.0001).
Diabetic <0.001

. Other factors, such as age, female sex, longer diabetes duration,
duration (years)

higher HbAlc levels, hypertension, fatty liver disease, diabetic

“ 795 (44.49%) 250 (20.58%) nephropathy, and diabetic peripheral neuropathy, were also

5-10 409 (22.89%) 240 (19.75%) significantly associated with increased DR risk.

10 583 (32.62%) 725 (59.67%) In 01:1r loglst1F regression anal}lsm, as detailed in Table 3, we
systematically adjusted for potential confounders to evaluate the

FBG (mmol/L) 737 (2.29) 7.50 (2.84) 0.165

association between the AST/ALT ratio and the risk of diabetic
HbAlc (%) 8.46 (2.07) 8.77 (1.94) <0.001 retinopathy (DR) across several models. Analyzing the AST/ALT
ratio as a continuous variable, the unadjusted model revealed a

AST/ALT 0.94 (031) 1.03 (0.33) <0.001

significant association (OR: 1.09, 95% CI: 1.07 - 1.12, p < 0.0001).
SGF:{;;]L/;)“i" 9638 (41.94) 9495 (45.38) 0-383 The association’s strength was slightly attenuated upon adjusting
per 1.73 m

for age, sex, and BMI in Model I (OR: 1.05, 95% CI: 1.03 - 1.08, p <
Hypertension <0.001 0.0001). Further adjustments in Model II, incorporating variables
%) such as duration of diabetes, fasting blood glucose, HbAlc, diabetic
No 858 (48.01%) 507 (41.73%) nephropathy, and diabetic peripheral neuropathy, continued to
Yes 929 (51.99%) 708 (58.27%) show a positive association, albeit reduced (OR: 1.04, 95% CI:
1.01 - 1.07, p = 0.0053). These findings suggest that the AST/ALT

Fat 0.001
o ) ratio was consistently associated with higher odds of DR in type 2

Liver Disease

diabetes, even after accounting for various confounding factors.
Ne sl i When analyzing the AST/ALT ratio as a variable categorized
Yes 952(53.27%) 470(38.68%) into quartiles, we observed that higher AST/ALT ratio quartiles

were associated with an increased prevalence of DR in Model II,

Diabetic <0.001
nephropathy illustrating a gradient of risk across quartiles (OR vs. Q1: Q2 = 1.19,
0, . _ . — 0, . _ . —
No 1363 (76.27%) 750 (61.73%) 95% CI: 0.92-1.55; Q3 = 1.09, 95% CI: 0.84-1.42; and Q4 = 1.34,
95% CI: 1.03-1.75).
Yes 424 (23.73%) 465 (38.27%)

In our study, we utilized generalized additive models (GAM) to

(Continued)  explore the potential non-linear relationship between the AST/ALT
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TABLE 2 Univariate logistic regression analysis: factors correlated with
diabetic retinopathy.

Diabetic Retinopathy

1.03 (1.03, 1.04) <0.0001

Age (years old)

10.3389/fendo.2024.1361707

TABLE 3 Relationship between AST/ALT and DR in different models.

Non-
adjusted

Variable Adjust |
OR (95%

Cl) Pvalue

Adjust Il
OR (95%
OR (95% Cl) Pvalue

Cl) Pvalue

Sex, n (%)
AST/ALT(per 1.09 (1.07, 1.05(1.03, 1.08) 1.04 (1.01,
Male 1.0(Ref) 0.1 change) 1.12) <0.0001 <0.0001 1.07) 0.0053
Female 1.26 (1.09, 1.46) 0.0020 AST/ALT subgroups
BMI categorical Q1 1.0(Ref) 1.0(Ref) 1.0(Ref)
<23 1.0(Ref) Q2 1.55(1.25,1.92) 1.34(1.08,1.68) 1.19(0.92,1.55)
<0.0001 0.0090 0.1781
23-25 0.87 (0.70, 1.09) 0.2258
Q3 1.64(1.32,2.03) 1.28(1.02,1.60) 1.09(0.84,1.42)
>=25 0.73 (0.60, 0.87) 0.0007
<0.0001 0.0340 0.4999
Smoking History, n (%)
9 y ° Q4 2.16(1.75,2.67) 1.55(1.23,1.95) 1.34(1.03,1.75)
Non-smokers 1.0(Ref) <0.0001 0.0002 0.0303

Smokers 0.87 (0.73, 1.02) 0.0935
Alcohol Consumption History, n (%)
Non-drinkers 1.0(Ref)
Drinkers 0.95 (0.80, 1.12) 0.5185

Diabetic duration (years)

<5 1.0(Ref)
5-10 1.87 (1.51, 2.31) <0.0001
>=10 3.95 (3.31, 4.73) <0.0001

HbAlc (%) 1.08 (1.04, 1.12) 0.0001

FBG (mmol/L) 1.02 (0.99, 1.05) 0.1654

eGFR (mL/min per 1.73 m?) 1.00 (1.00, 1.00) 0.3830

AST/ALT (per 1 change) 1.98 (1.61, 2.42) <0.0001

AST/ALT quartile
Q1 1.0(Ref)
Q2 1.55 (1.25, 1.92) <0.0001
Q3 1.64 (1.32, 2.03) <0.0001
Q4 2.16 (1.75, 2.67) <0.0001

Hypertension

No 1.0(Ref)

Yes 1.29 (1.11, 1.49) 0.0007

Fatty Liver Disease

No 1.0(Ref)

Yes 0.55 (0.48, 0.64) <0.0001
Diabetic nephropathy

No 1.0(Ref)

Yes 1.99 (1.70, 2.34) <0.0001
Diabetic peripheral neuropathy

No 1.0(Ref)

Yes 3.03 (2.56, 3.59) <0.0001

OR (95%CI) Pvalue.
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Non-adjusted model adjust for: None.
Adjust I model adjust for: Age; Sex; BMI.
Adjust IT model adjust for: Age; Sex; BMI; Diabetic duration; FBG; HbAlc; DN; DPN.

ratio and diabetic retinopathy (DR), given the continuous nature of
the AST/ALT ratio as depicted in Figure 2. Our analysis, however,
identified a linear relationship between the AST/ALT ratio and DR
risk. This finding was determined after comprehensive adjustments
for a range of critical variables, including age, sex, body mass index
(BMI), duration of diabetes, fasting blood glucose (FBG),
Hemoglobin Alc (HbAlc), diabetic nephropathy (DN), and
diabetic peripheral neuropathy (DPN).

In our investigation, depicted in Figure 3, we performed
stratified analyses to examine the association between the AST/
ALT ratio and diabetic retinopathy (DR) risk across diverse
subgroups. These subgroups were defined by several key
characteristics. The results, illustrated in a forest plot, indicated a
consistent association between the AST/ALT ratio and diabetic
retinopathy across our subgroups. Notably, this association was

ey

oo omSE

Risk of Diabetic Retinopathy (DR)

05 1.0 15 20

ASTIALT

FIGURE 2

The Linear Relationship Between the AST/ALT Ratio and the Risk of
Diabetic Retinopathy. Image Annotation: The generalized additive
model plot delineates the association between AST/ALT Ratio (X-
axis) and Risk of Diabetic Retinopathy (DR) (Y-axis).
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Subgroup P interaction \ Estimate
Sex 0.75 |
Male —— 1.54 (1.01 to 2.35)
Female e 1.50 (1.00 to 2.24)
\
Age 0.82 H
Low e ———+182(0.99103.34)
Middle —_——— 1.41 (0.83 to 2.40)
High | — — 1.56 (1.01 to 2.42)
BMI 0.8 \
<23 ————e&——— 1.51(0.87 t0 2.63)
23-25 —_——— 1.23 (0.67 to 2.24)
=25 I———e———  1.59(1.04t02.44)
I
History of diabetes mellitus 0.7 !
<5.0 ———e———— 1.59(0.88 t0 2.86)
|
5.0-10.0 }———————e——»1.94 (1.01 to 3.70)
=10.0 [ — 1.38 (0.93 to 2.07)
Fasting Blood glucose Levels 0.62 H
<7 I— e 158(1.06t02.35)
I
=7 S e a— 1.38 (0.89t0 2.13)
Glycosylated hemoglobin 0.45 !
<6.5 e —»222(0.96t05.12)
=6.5 | ——— 1.47 (1.08 to 2.02)
Hypertension 0.6 1
Yes ————— 1.53 (1.04 t0 2.27)
No ————— 1.40 (0.90 to 2.18)
\
Fatty Liver Disease 0.99 !
Yes ———— 1.40 (0.87 to 2.27)
I
No H—— 1.41 (0.96 to 2.06)
Diabetic nephropathy 0.91 '
Yes — e 1.48(0.83t02.63)
No | ——— 1.52 (1.08 to 2.13)
h
Diabetic peripheral neuropathy 0.16 0
Yes o 1.69 (1.20 to 2.37)
h
No —_—l——— 1.07 (0.60 to 1.92)
t T J
1.0 2.0 3.0
FIGURE 3

The results of subgroup analyses. Analysis adjusted for age, sex, body mass index (BMI), duration of diabetes, fasting blood glucose (FBG),
Hemoglobin Alc (HbAlc), diabetic nephropathy (DN), and diabetic peripheral neuropathy (DPN), excluding the variable specific to each subgroup

under investigation.

evaluated based on a per 1 unit increase in the AST/ALT ratio.
Despite variations in demographic and clinical characteristics, the
interaction p-values all exceeded 0.05, suggesting a stable and robust
relationship between AST/ALT ratio and diabetic retinopathy risk
that is not significantly influenced by these stratifying factors.

4 Discussion

Our study’s primary findings indicate a positive correlation
between the AST/ALT ratio and the risk of diabetic retinopathy
(DR) in patients with type 2 diabetes. This suggests that patients
with higher AST/ALT ratios should be promptly screened for
diabetic retinopathy, aiding in the improved management of type
2 diabetic retinopathy. These results provide novel insight into the
relationship between liver enzymes and diabetic complications,
highlighting the importance of the AST/ALT ratio in the clinical
assessment of diabetes patients.

The pathophysiology of DR encompasses oxidative stress,
chronic inflammation, and altered metabolic pathways.
Intriguingly, the AST/ALT ratio, indicative of changes in liver
enzyme levels, is associated with these same pathophysiological
factors, including oxidative stress, systemic inflammation, and
insulin resistance (35, 36). This association suggests that altered
AST/ALT ratios could play a role in the progression of DR.

Further, our findings are in line with other research that
highlights the significance of AST/ALT ratios in various diabetic
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complications like peripheral neuropathy and nephropathy. These
studies underscore the systemic impact of altered liver enzyme
levels in diabetes (35, 37).

A notable strength of our study is the use of GAM, which
effectively demonstrates the linear relationship between AST/ALT
ratios and DR. Through rigorous statistical adjustments and
consistent findings across difterent subgroups, our study suggests
that each 0.1 unit increase in the AST/ALT ratio is associated with a
4% increase in the risk of DR.

Additionally, our comprehensive search of the PubMed database
did not reveal any similar studies, highlighting the originality of our
research. This study preliminarily suggests a potential association
between the AST/ALT ratio and diabetic retinopathy (DR), thereby
offering a new dimension in understanding possible biomarkers for
diabetes and its complications.

However, this study still has some limitations. Being a cross-
sectional analysis, it offers associative insights but cannot confirm
causality (38). Additionally, the applicability of our results may be
restricted to the Chinese population and might not extend to those
with AST/ALT ratios beyond the 0.37 to 2.17 range.

In conclusion, our research sheds light on the AST/ALT ratio as
a potential indicator associated with the risk of diabetic retinopathy
in type 2 diabetes patients. These initial findings suggest that the
AST/ALT ratio could be further investigated as a biomarker for
assessing DR risk. Such investigations are important to validate
these findings and explore the underlying biological mechanisms in
more diverse populations and through prospective studies.
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5 Conclusion

This study reveals a positive correlation between the AST/ALT
ratio and the risk of diabetic retinopathy in type 2 diabetes patients.
Further studies are essential to confirm these findings and
investigate the underlying mechanisms across diverse populations.
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scRNA-seq, AlphaFold 2,
and machine learning
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The First Affiliated Hospital of Shenzhen University, Shenzhen Second People’s Hospital,

Shenzhen, China, “Metalife Center, Shenzhen Institute of Translational Medicine, Guangdong,
Shenzhen, China

Background: Proliferative diabetic retinopathy (PDR), a major cause of blindness,
is characterized by complex pathogenesis. This study integrates single-cell RNA
sequencing (scRNA-seq), Non-negative Matrix Factorization (NMF), machine
learning, and AlphaFold 2 methods to explore the molecular level of PDR.

Methods: We analyzed scRNA-seq data from PDR patients and healthy controls
to identify distinct cellular subtypes and gene expression patterns. NMF was used
to define specific transcriptional programs in PDR. The oxidative stress-related
genes (ORGs) identified within Meta-Program 1 were utilized to construct a
predictive model using twelve machine learning algorithms. Furthermore, we
employed AlphaFold 2 for the prediction of protein structures, complementing
this with molecular docking to validate the structural foundation of potential
therapeutic targets. We also analyzed protein—protein interaction (PPI) networks
and the interplay among key ORGs.

Results: Our scRNA-seq analysis revealed five major cell types and 14 subcell
types in PDR patients, with significant differences in gene expression compared
to those in controls. We identified three key meta-programs underscoring the
role of microglia in the pathogenesis of PDR. Three critical ORGs (ALKBH1, PSIP1,
and ATP13A2) were identified, with the best-performing predictive model
demonstrating high accuracy (AUC of 0.989 in the training cohort and 0.833 in
the validation cohort). Moreover, AlphaFold 2 predictions combined with
molecular docking revealed that resveratrol has a strong affinity for ALKBH1,
indicating its potential as a targeted therapeutic agent. PPl network analysis,
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revealed a complex network of interactions among the hub ORGs and other
genes, suggesting a collective role in PDR pathogenesis.

Conclusion: This study provides insights into the cellular and molecular aspects
of PDR, identifying potential biomarkers and therapeutic targets using advanced
technological approaches.

KEYWORDS

diabetic retinopathy, single-cell analysis, oxidative stress, AlphaFold 2, NMF, PPI,
machine learning, ALKBH1

Introduction

Proliferative diabetic retinopathy (PDR), an advanced stage of
diabetic retinopathy, is a leading cause of irreversible blindness in the
productive-age population worldwide (1, 2). Characterized by retinal
neovascularization leading to severe complications such as
neovascular glaucoma, vitreous hemorrhage, and retinal
detachment, the pathogenesis of PDR has not been fully elucidated
(3, 4). Despite recent advances in imaging and management (5),
understanding the underlying molecular mechanisms is crucial for
developing effective therapies.

Oxidative stress, which is notably exacerbated in diabetes, plays a
pivotal role in PDR pathogenesis (6). It damages mitochondrial
structures and DNA in the retinal vasculature, impairing cellular
function (7). This stress is a key contributor to neovascular unit
insults, underpinning the core pathophysiology of PDR. Additionally,
diabetic patients are more susceptible to oxidative stress due to
impaired defense mechanisms, further emphasizing the role of
oxidative stress in the development and progression of diabetic
retinopathy, including PDR (8).

Single-cell RNA sequencing (scRNA-seq) has significantly
advanced disease research by providing detailed insights into the
cellular and molecular dimensions of various diseases (9, 10). Its
ability to dissect gene expression at the individual cell level reveals
the intricate cellular landscape of PDR, distinguishing between
diseased and healthy states (11). The study carried out by Hu
et al. provides valuable insights into the use of scRNA-seq in
studying PDR (12). These authors highlighted the application of
scRNA-seq for gene expression profiling, identifying cell
populations in fibrovascular membranes from PDR patients, and
revealing the novel role of microglia in the fibrovascular membrane
of PDR. These studies collectively emphasize the significance of
scRNA-seq in unraveling the molecular and cellular complexities of

Abbreviations: PDR, Proliferative diabetic retinopathy; scRNA-seq, Single-cell
RNA sequencing; NMF, Non-negative Matrix Factorization; ORGs, Oxidative
stress-related genes; PPI, Protein-protein interaction; CTD, Comparative

Toxicogenomics Database.
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PDR, offering a promising approach for further research and
potential therapeutic interventions.

Concurrently, the integration of machine learning algorithms,
particularly in predictive modeling, has introduced a new dimension
to biomedical research (13, 14). These algorithms, including LASSO,
Ridge, and Elastic Net, facilitate the development of predictive models
for PDR, thereby increasing the accuracy of diagnoses and informing
personalized treatment approaches.

In our study, we combined single-cell sequencing with advanced
machine learning methods, as well as Non-negative Matrix
Factorization (NMF), to uncover transcriptional and oxidative
stress signatures in PDR. Our goal was to pinpoint oxidative stress-
related genes (ORGs) that could serve as biomarkers, aiming to
enhance the diagnostic and therapeutic landscape of PDR.

Methods
Data processing

ScRNA-seq data from five proliferative diabetic retinopathy
(PDR) patients (GSE165784) (12) and three control samples (15)
were processed alongside two bulk RNA PDR patient cohorts from
the GEO database (cohort 1: GSE160306 (16), 76 samples; cohort 2:
GSE102485 (17), 25 samples). Oxidative stress-related genes (ORGs)
were identified from the Gene Ontology and PathCards databases.

Single-cell data analysis of PDR patients

The single-cell data of five PDR patients (12) and three healthy
controls (15) were analyzed via Seurat (18). We filtered cells based
on mitochondrial content (<10%), cell count (>300), and gene
number (1000-5000). The t-distributed stochastic neighbor
embedding (t-SNE) (19) and ‘RunHarmony’ functions (20)
facilitated visualization and batch effect correction. Cell subtypes
were annotated according to cell markers from the original study
(12, 15). In the differential expression analysis between microglia
and mesenchymal cells in PDR versus control samples, the
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mitochondrial and ribosomal genes were removed. We used the
Wilcoxon signed-rank test to identify significant genes (adjusted P
value <0.05, absolute log,FC >1).

Non-negative matrix factorization and
meta-program detection of microglia in
PDR patients

NMF analysis, specifically consensus NMF (cNMF), was
applied to microglia in PDR samples, standardizing negative
values to zero. After more than 100 iterations, we explored the
components (k) ranging from 2 to 10 signatures, determining the
optimal component number via a diagnostic plot from the provided
tutorial (https://github.com/dylkot/cNMF) (21). A two-step gene
ranking algorithm was used to identify nonoverlapping gene
modules, which were further analyzed for expression patterns
using Pearson correlations and hierarchical clustering, revealing
three distinct meta-programs.

Establishment of a machine learning-
driven predictive ORG model for
PDR patients

Twelve machine learning algorithms, including (1) Least
Absolute Shrinkage and Selection Operator (LASSO), (2) Ridge,
(3) Elastic network (Enet), (4) Stepglm, (5) Support Vector
Machines (SVM), (6) GlmBoost, (7) Linear Discriminant Analysis
(LDA), (8) Partial Least Squares Regression for Generalized Linear
Models (plsRglm), (9) Random Forest (RSF), (10) Generalized
Boosted Regression Models (GBMs), (11) XGBoost, (12) Naive
Bayes, were utilized to develop a predictive ORG model for PDR.
We constructed 109 model combinations, trained initial models
with the GSE160306 cohort and validated them with the
GSE102485 cohort. Model performance was assessed using
the AUC.

Prediction of the structure of proteins

We utilized AlphaFold 2, a tool that has achieved remarkably
accurate levels comparable to those obtained through human
observation via advanced techniques such as cryoelectron
microscopy, for the prediction of protein structures (22). For our
specific study objectives, we used AlphaFold 2 to predict the
structures of select proteins relevant to our research. We focused
on the proteins ALKBH1, PSIP1, and ATP13A2, which play
significant roles in the context of PDR. The sequences of these
proteins were meticulously retrieved from the NCBI database (23).

Molecular docking analysis

To investigate the binding affinities and interaction patterns of the
drug candidates with their targets, we utilized AutoDock Vina 1.2.2, a
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software designed for in silico protein-ligand docking (24). The
molecular structure of resveratrol was obtained from the PubChem
Compound database (https://pubchem.ncbi.nlm.nih.gov/) (25).
AlphaFold 2 was used to generate the 3D coordinates for ALKBHI.
Before docking analysis, all proteins and ligand files were prepared by
converting them into PDBQT format. This preparation involved the
removal of water molecules and the addition of polar hydrogen atoms
to ensure accurate docking simulations. The docking grid box was
strategically positioned to encompass the target protein’s domain,
allowing for unhindered molecular movement within the simulation.
The dimensions of the grid box were set to 30 A x30A x30A, witha
grid point spacing of 0.05 nm to capture detailed interaction data. The
molecular docking studies were conducted using AutoDock Vina 1.2.2
(http://autodock.scripps.edu/).

Protein interaction network analysis of
key ORGs

In our study, we investigated protein interactions involving
three pivotal ORGs. The use of the STRING database (https://
string-db.org/) (26), a comprehensive resource, enabled us to
compile and amalgamate data on protein—protein interactions
(PPIs). Our focus was directed toward interactions with
confidence scores surpassing 0.7, a threshold set to ensure the
biological relevance and significance of these interactions.

To deepen our analysis and improve its visualization, we
transferred the relevant data into Cytoscape (version 3.8.2) (27).
Within the Cytoscape environment, we leveraged the capabilities of
the cytoHubba plugin. This allowed us to pinpoint and rank the top
10 nodes in the PPI network. The ranking process utilized seven
distinct algorithms, each contributing a unique perspective to the
analysis. These algorithms included the following: Radiality, which
measures the centrality of a node; Maximum Neighborhood
Component (MNC), which assesses the largest connected
component around a node; Maximum Clique Centrality (MCC),
which focuses on the largest clique a node belongs to; Edge
Percolated Component (EPC), which evaluates the connectivity
and clustering; DMNC, which is the Maximum Neighborhood
Component Centrality, a derivative of the MNC; Degree, which
counts the number of edges linked to a node; and Closeness, which
measures the average distance to other nodes. To synthesize and
present our findings, we utilized an UpSet diagram.

Identification of hub genes associated
with PDR

To identify the hub genes associated with PDR, we used the
Comparative Toxicogenomics Database (CTD, http://ctdbase.org/)
(28). Utilizing the CTD, we conducted an in-depth analysis to
unravel the connections between potential key genes and a
spectrum of relevant conditions. This included not only PDR but
also a broader scope of related health issues, such as other eye
diseases, retinal disorders, vascular diseases, complications arising
from diabetes, and diabetes mellitus itself.
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Statistical analysis

All the statistical analyses of single cells were performed with R
(version 4.3.1). A P value less than 0.05 was considered to indicate
statistical significance if not explicitly stated.

Results

Analysis of single-cell RNA
sequencing data

In this study, we conducted an in-depth analysis of single-cell
RNA sequencing data from five patients with proliferative diabetic
retinopathy (PDR) (GSE165784) (12) and three healthy controls
(15), implementing t-distributed stochastic neighbor embedding (t-
SNE) for visualization post-quality control and data normalization.
This approach effectively distinguished between cellular clusters of
the PDR and control cohorts.

Figure 1A displays the range and individual RNA counts per
cell, reflecting successful quality control measures for our sample
analysis. We highlighted the 2000 genes with the highest variability
across samples in Figure 1B. To further dissect this complexity, we
applied linear dimensionality reduction to compute principal
components (PCs), as illustrated in Figure 1C. The determination
of significant PCs was aided by the integration of both ElbowPlot
(Figure 1D) and JackStrawPlot (Figure 1E), setting the stage for
more nuanced analyses. The distribution of cells across the PDR
and control groups is presented in Figure 1F, with the study
encompassing 5 PDR and 3 control samples, as depicted in
Figure 1G. A total of 26 clusters were identified across the
samples (Figure 1H). Through marker analysis from the original
study (12), we classified cells into five primary types: microglia,
lymphocytes, myeloid cells, endothelial cells, and mesenchymal cells
(Figure 1I). This categorization was further refined, resulting in the
identification of 14 distinct subcell types (Figure 1J).

Analysis of gene expression variations and
cell-cell interactions in PDR

Our investigation of differential gene expression and
intercellular communication within the retinal microenvironment
of PDR patients highlighted important findings. We observed
pronounced ligand-receptor interactions among various cell types,
with notable interactions between microglia and mesenchymal cells,
as well as between microglia and endothelial cells (Figures 2A, B).
These interactions shed light on the intricate signaling pathways
that could be instrumental in the development and progression of
PDR, suggesting potential therapeutic targets.

In a detailed analysis of gene expression between microglia and
mesenchymal cells in PDR versus control samples, 40 genes were
upregulated, and 111 genes were downregulated in both cell types
(Figures 2C, D; Supplementary Tables 1-4). The upregulated genes,
including FN1, ATP5F1E, B2M, MALATI, and ATP5MG, and
downregulated genes, such as ATP5E, ALDOA, ATP5L, ATP5],
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and Cl4orf2, indicate a complex regulatory landscape.
Furthermore, we revealed nuanced gene expression patterns:
GLUL, DAB2, SELENOP, and ALDH1AI were downregulated in
mesenchymal cells but upregulated in microglia (Figure 2E;
Supplementary Tables 5, 6), while C120rf75, ITM2C, and CCND1
showed the opposite pattern (Figure 2F; Supplementary Tables 7, 8).

Identification of transcriptional programs in
PDR microglia cells using non-negative
matrix factorization

In our detailed investigation of specific microglia within PDR
samples, we employed the sophisticated technique of NMF to
determine the unique transcriptional landscape of these cells. This
advanced approach allowed us to systematically catalog various gene
modules, which are fundamentally crucial in defining the distinct
states of cells. Through this meticulous process, we were able to
identify and analyze patterns of gene coexpression within individual
PDR samples.

Our comparative analysis across multiple PDR samples was
instrumental in revealing recurring gene modules. This aspect of
our study was particularly significant because it effectively
minimized the impact of technical variations, thereby enhancing
the reliability and accuracy of our findings. By focusing on these
gene modules, we gained valuable insights into the transcriptional
intricacies inherent in PDR microglia.

One of the most noteworthy outcomes of our analysis was the
identification of three distinct meta-programs. These meta-programs
were discerned and clustered based on their correlation coefficients,
providing a clear representation of the transcriptional synergy within
microglia. The top-scoring genes of these meta-programs were
characterized, as depicted in Figure 3A. Notably, Meta-Program 1
emerged as particularly prominent, exhibiting the highest level of
correlation among the three. These results suggest that the genes
within Meta-Program 1 are potentially central to the transcriptional
identity and function of microglia in the context of PDR.

Elucidation of these meta-programs is important to our
understanding of PDR. This study provides a novel perspective
on the transcriptional dynamics of microglia, a critical component
of disease pathology. This insight not only enhances our
understanding of the molecular mechanisms underlying PDR but
also opens up new directions for targeted therapeutic strategies
aimed at modulating these specific transcriptional programs.

Development and validation of the
oxidative stress-related gene predictive
model for PDR

To develop a predictive model for PDR based on ORGs, we
examined a subset of 15 genes that notably intersected within Meta-
Program 1, as illustrated in Figure 3B. We constructed ORG models
by twelve diverse machine learning algorithms, including (1) Least
Absolute Shrinkage and Selection Operator (LASSO), (2) Ridge, (3)
Elastic network (Enet), (4) Stepglm, (5) Support Vector Machines
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(SVM), (6) GlmBoost, (7) Linear Discriminant Analysis (LDA), (8)
Partial Least Squares Regression for Generalized Linear Models
(plsRglm), (9) Random Forest (RSF), (10) Generalized Boosted
Regression Models (GBMs), (11) XGBoost, (12) Naive Bayes
(Figure 4A). Among the 109 models constructed, the cream of
the crop emerged in the form of models based on a sophisticated
Stepglm [backward]+RF approach. These standout models
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prominently featured three key ORGs, ALKBHI, PSIPI, and
ATP13A2, as delineated in Figure 4B. The importance of this
model was unmistakably demonstrated in the training cohort
(GSE160306), in which an outstanding area under the curve
(AUC) of 0.989 was achieved. This exceptional level of predictive
accuracy underlines the model’s formidable potential as a tool for
diagnosing PDR.
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To further validate the model’s applicability in a clinical setting,
we undertook a validation study using an external cohort
(GSE102485). The results were encouraging, as the model
retained a significant level of diagnostic accuracy, as evidenced by
an AUC of 0.833. This performance in an external cohort not only
reinforces the model’s robustness but also underscores its potential
utility as an early detection and ongoing monitoring tool for PDR.

Structural prediction and molecular
docking analysis

In our study, we harnessed the ability of AlphaFold 2
technology to predict the complex structures of three pivotal
ORGs, ALKBHI, PSIP1, and ATP13A2, as shown in Figure 4C.
The predictive confidence for ALKBHI and ATP13A2 was notably
high, whereas PSIP1 demonstrated lower confidence levels and was
subsequently not included in further analysis.

Frontiers in Endocrinology

Furthermore, to assess the binding affinity of potential therapeutic
agents for these targets, we conducted a molecular docking analysis.
Specifically, we explored the interaction between ALKBH1 and the
candidate drug resveratrol utilizing AutoDock Vina v.1.1.2 for this
purpose. The analysis provided insights into the binding modes and
calculated the binding energies for the interactions (Figures 5A-C).
The derived binding energy for the ALKBH1-resveratrol complex was
-6.471 kcal/mol, suggesting a highly stable interaction. This strong and
stable binding affinity further underscores the potential therapeutic
relevance of targeting ALKBH1 with resveratrol in the context of
oxidative stress-related conditions.

Protein interaction analysis of key ORGs
in PDR

Next, we explored the protein-protein interactions (PPIs) of
these ORGs. For this purpose, we utilized the STRING database,
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which is renowned for its extensive protein interaction data. Our
focus was on interactions with confidence scores exceeding 0.7,
ensuring that only biologically significant and reliable interactions
were considered. This selective approach was instrumental in sifting
through vast data to identify meaningful connections that could be
crucial in the context of PDR.

The PPI network enriched with these curated data was then
intricately analyzed using Cytoscape. This platform enabled us to
visualize and dissect the complex web of interactions. Using the
cytoHubba plugin within Cytoscape, we systematically identified
the top 10 nodes in the network utilizing a suite of seven
sophisticated algorithms. These included Radiality, Maximum
Neighborhood Component (MNC), Maximum Clique Centrality
(MCC), EPC (Edge Percolated Component), DMNC (Maximum
Neighborhood Component Centrality), Degree, and Closeness, each
offering a unique lens to view and understand the network’s
structure. Figures 6A, B depict these findings, revealing a
comprehensive map of the interactions.

Furthermore, to emphasize the interconnected nature of these
interactions, we constructed an UpSet diagram (Figure 6C). This
visualization succinctly highlighted the convergence of hub genes
across different algorithms, revealing key proteins such as H2ACS,
H2BC12, H2AC13, and H2AC16 that were consistently central
across all algorithms, as detailed in Supplementary Table 9. This
representation was instrumental in highlighting the core genes
within the network, thereby elucidating their potential collective
role in the pathophysiology of PDR.
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Integrating comparative toxicogenomics
database analysis with PDR research

To complement our protein interaction analysis, we utilized
CTD as an instrumental resource. The CTD facilitated the
expansion of our study to investigate the connections between
our identified hub ORGs and a range of conditions associated
with PDR, such as diabetic retinopathy, various eye and retinal
diseases, vascular complications, and diabetes mellitus itself.
Figures 7A-F display these connections, emphasizing the marked
correlation between genes ALKBHI, PSIP1, ATP13A2, and the
aforementioned conditions, validated by substantial reasoning
scores within the CTD. Additionally, we incorporated a “negative
control” gene, PXDNL, an unrelated ORG, to bolster the
conclusiveness of our analysis.

Discussion

Proliferative diabetic retinopathy (PDR) poses a significant
challenge in diabetes management and often leads to irreversible
blindness. Current treatments such as panretinal photocoagulation
have limitations, including potential adverse effects on visual acuity
(29). Novel approaches such as CD40-TRAF6 inhibition (30) and
anti-IL17A therapy (31) show promise in mouse models but require
further clinical validation. These limitations underscore the
pressing need for more effective and precise therapeutic strategies.
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Development of machine learning-derived predictive models. (A) AUC results for combinations of machine learning algorithms in the training and
validation cohorts. The training cohort was GSE160306, and the validation cohort was GSE102485. (B) Description of the three hub ORGs included
in the highest-performing model. (C) Protein structures of three hub ORGs predicted using AlphaFold 2.

In our study, the integration of single-cell sequencing and Non-
negative Matrix Factorization (NMF) was pivotal in revolutionizing
our understanding of the transcriptional intricacies in PDR. This
advanced methodological approach facilitated in-depth analysis of
the disease transcriptional landscape, revealing the existence of
specific gene modules and delineating three crucial meta-programs.

Our focused analysis, through the lens of NMF, allowed us to
dissect the intricate patterns of gene expression, revealing how
different gene modules interact and contribute to the
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pathophysiology of PDR. This nuanced understanding of gene
modules and their interplay is critical, as it sheds light on the
underlying mechanisms that drive the disease. In particular, the
discovery of oxidative stress-related genes (ORGs), which are key
players within these meta-programs, has been illuminating. This
highlights the significant role that oxidative stress, a known factor in
diabetic complications, plays in the progression of PDR.

In the context of oxidative stress and its implications for disease
pathogenesis, the identification and study of ALKBH enzymes,
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particularly ALKBHS, have been pivotal. Previous research has
elucidated the role of these enzymes in the intricate regulation of
reactive oxygen species (ROS) production and oxidative stress,
which are crucial processes in cellular homeostasis and disease
development. For example, studies have highlighted the role of
ALKBHS in the development of human bladder cancer, where it
contributes to the disease process by downregulating NAD(P)H
oxidase-1 (NOX-1) and subsequently activating pathways such as
the c-jun NH2-terminal kinase (JNK) and p38 pathways, which are
involved in NADPH oxidase 1-dependent ROS production and
apoptosis induction (32). Additionally, ALKBH8 has been
implicated in the reduction of ROS production through similar
mechanisms and in the regulation of selenocysteine protein
expression, which serves as a defense against ROS damage in
response to oxidative stress (33). These findings collectively
underscore the substantial role of ALKBH, particularly ALKBHS,
in the regulation of oxidative stress and its relevance to various
disease processes.

Similarly, ATP13A2 has been extensively studied for its role in
the regulation of cellular responses to oxidative stress. This gene is
implicated in protective mechanisms against mitochondrial toxins
such as rotenone, which is an environmental risk factor for
Parkinson’s disease (34). The function of ATP13A2 in mitigating
oxidative stress is multifaceted. PSP not only aids in reducing levels
of intracellular oxidative damage but also enhances the clearance of
oxidatively damaged macromolecules (35). This finding suggested
that ATP13A2 plays a significant protective role against oxidative
stress, underscoring its importance in maintaining cellular health
and preventing damage. Furthermore, the impaired function of
ATP13A2 has been directly linked to increased oxidative stress in
human neuroblastoma cells, highlighting its critical role in cellular
defense mechanisms against oxidative damage (36).
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These insights into ALKBH and ATP13A2 provide a deeper
understanding of the molecular mechanisms by which oxidative
stress influences disease progression and pathology. The significant
relationship of these genes with the regulation of oxidative stress
emphasizes their potential as therapeutic targets. In the context of
PDR, where oxidative stress plays a central role, understanding
these mechanisms is crucial. This approach opens potential avenues
for targeted therapies that modulate oxidative stress pathways,
potentially offering more effective treatment options for
conditions such as PDR and beyond.

Therefore, elucidating the roles of ALKBH and ATP13A2 in
oxidative stress regulation not only enhances our understanding of
the cellular response to oxidative challenges but also positions these
genes as key players in the development of novel therapeutic
strategies for diseases where oxidative stress is a contributing factor.

Incorporating the AlphaFold 2 technology (22) into our
research represents an innovation in our study. AlphaFold 2, an
advanced protein structure prediction tool developed by DeepMind,
has revolutionized the field of structural biology. Its ability to
predict protein structures with unprecedented accuracy provides
invaluable insights into the functional mechanisms of proteins at
the molecular level.

In the context of our study on PDR, the application of
AlphaFold 2 allowed us to predict the structures of key ORGs,
namely, ALKBH1, PSIP1, and ATP13A2. This capability is crucial
because it provides a deeper understanding of protein
configurations and their potential interactions, which are often
pivotal in determining their functional roles in cellular processes.
The structural insights gained from AlphaFold 2 significantly
augmented our understanding of protein—protein interactions
(PPIs) and the molecular pathways in which these ORGs are
involved. The ability to visualize the precise structure of these
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FIGURE 6

Construction of the protein-protein interaction (PPI) network and functional enrichment analysis of the three hub ORGs. (A) The PPl network was
constructed based on 50 genes closely related to the three hub ORGs. (B) The top ten hub genes in the PPl network were identified using seven
analytical algorithms. (C) UpSet plot displaying overlapping genes identified by all algorithms.

proteins aids in elucidating their functional domains, interaction
sites, and potential binding mechanisms, which are essential for
elucidating their roles in the pathogenesis of PDR. Furthermore, the
application of the AlphaFold 2 in our study sets a precedent for
future research on diabetic retinopathy and other related diseases.
By enabling a more accurate prediction of protein structures, new
possibilities are available for the development of targeted
therapeutic interventions, as structural insights are crucial for
drug design and discovery.
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Our findings resonate with and build upon existing related
research in the field, such as the notable work of Hu et al., which
focused on the involvement of microglia in PDR (12). This
alignment with the findings of previous studies not only validates
our findings but also adds a new dimension to our collective
understanding of the disease. By contextualizing our results
within the broader scientific narrative, we underscore the
importance of oxidative stress in PDR pathogenesis and open
potential avenues for targeted therapeutic interventions.
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Interactions between three key ORGs and the negative control gene PXDNL across various disease conditions. The analysis was conducted with the
Comparative Toxicogenomics Database (CTD; http://ctdbase.org/). The inference scores between the three hub ORGs and (A) diabetic retinopathy,
(B) retinal diseases, (C) eye diseases, (D) vascular diseases, (E) diabetes complications, and (F) diabetes mellitus are shown in bar plots.

There are limitations to this study. While our bioinformatics
approach has provided significant insights into potential key players
in DR pathogenesis, we recognize that the identification of ALKBH,
ATP13A2, and PSIP1 as potential biomarkers or therapeutic targets
is preliminary and necessitates further experimental validation.

In conclusion, our study marks progress in molecular biology and
disease research through the application of technologies such as
AlphaFold 2, single-cell sequencing, machine learning and NMF.
This methodological synergy has not only enriched our
understanding of the molecular landscape of PDR but also
highlighted the importance of ORGs in its pathogenesis. Our
research underscores the value of harnessing advanced technologies
to explore disease mechanisms and therapeutic innovations.

Frontiers in Endocrinology

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Materials, further inquiries can be
directed to the corresponding author/s.

Ethics statement

Ethical approval was not required for the study involving
humans in accordance with the local legislation and institutional
requirements. Written informed consent to participate in this study
was not required from the participants or the participants’ legal

frontiersin.org


https://http://ctdbase.org/
https://doi.org/10.3389/fendo.2024.1382896
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Wang et al.

guardians/next of kin in accordance with the national legislation
and the institutional requirements.

Author contributions

JW: Writing - original draft, Writing - review & editing. HS:
Writing - original draft, Writing - review & editing. LM: Formal
analysis, Writing — original draft. YL: Formal analysis, Writing —
original draft. ZW: Formal analysis, Writing - original draft. ZP:
Conceptualization, Writing - review & editing. M-MY:
Methodology, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported in part by the Shenzhen Science and Technology
Program (No. JCYJ20220818102603007, GCZX2015043017281705)
and the General Project of the Shenzhen Natural Science Foundation
(No. JCYJ20210324113808023 and JCYJ20220530152813030).

References

1. Li H, Niu Y, Rong A, Yang B, Xu W, Cui H. Effect of adjunctive intravitreal
conbercept injection at the end of 25G vitrectomy on severe proliferative diabetic
retinopathy: 6-month outcomes of a randomised controlled trial. Ophthalmol Ther.
(2023) 12:1173-80. doi: 10.1007/s40123-023-00664-6

2. Gonzalez-Cortes JH, Gonzalez-Cantu JE, Sudhalkar A, Hernandez-Da Mota SE,
Bilgic A, Garza-Chavarria JA, et al. Treatment Algorithm in Proliferative Diabetic
Retinopathy - From Protocols to the Real World. (London, UNITED KINGDOM:
IntechOpen Limited) (2022). doi: 10.5772/intechopen.99843.

3. She X, Zou C, Zheng Z. Differences in vitreous protein profiles in patients with
proliferative diabetic retinopathy before and after ranibizumab treatment. Front Med.
(2022) 9:776855. doi: 10.3389/fmed.2022.776855

4. Nakao S, Kaizu Y, Horie ], Wada I, Arima M, Fukuda Y, et al. Volumetric three-
dimensional optical coherence tomography angiography of retinal neovascularization
in proliferative diabetic retinopathy. Retinal cases Brief Rep. (2023) 17:315-20.
doi: 10.1097/icb.0000000000001183

5. Pandit S, Ho AC, Yonekawa Y. Recent advances in the management of
proliferative diabetic retinopathy. Curr Opin Ophthalmol. (2023) 34:232-6.
doi: 10.1097/icu.0000000000000946

6. Liu$, JuY, Gu P. Experiment-based interventions to diabetic retinopathy: present
and advances. Int ] Mol Sci. (2022) 23:7005. doi: 10.3390/ijms23137005

7. Kowluru RA, Mohammad G. Mitochondrial fragmentation in a high
homocysteine environment in diabetic retinopathy. Antioxidants. (2022) 11:365.
doi: 10.3390/antiox11020365

8. Ozturk Kurt HP, Karagdz OzenDS, Geng¢ I, Erdem MA, Demirag MD.
Comparison of selenium levels between diabetic patients with and without
retinopathy. J Surg Med. (2023) 1:58-62. doi: 10.28982/josam.7673

9. Hwang B, Lee JH, Bang D. Single-cell RNA sequencing technologies and
bioinformatics pipelines. Exp Mol Med. (2018) 50:1-14. doi: 10.1038/s12276-018-
0071-8

10. Chen G, Ning B, Shi T. Single-cell rna-seq technologies and related
computational data analysis. Front Genet. (2019) 10:317. doi: 10.3389/fgene.2019.00317

11. Papalexi E, Satija R. Single-cell RNA sequencing to explore immune cell
heterogeneity. Nat Rev Immunol. (2018) 18:35-45. doi: 10.1038/nri.2017.76

12. Hu Z, Mao X, Chen M, Wu X, Zhu T, Liu Y, et al. Single-cell transcriptomics
reveals novel role of microglia in fibrovascular membrane of proliferative diabetic
retinopathy. Diabetes. (2022) 71:762-73. doi: 10.2337/db21-0551

13. Prelaj A, Miskovic V, Zanitti M, Trovo F, Genova C, Viscardi G, et al. Artificial
Intelligence for predictive biomarker discovery in immuno-oncology: a systematic
review. Ann Oncol. (2023) 35:29-65. doi: 10.1016/j.annonc.2023.10.125

Frontiers in Endocrinology

10.3389/fendo.2024.1382896

Conflict of interest

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

Publisher’'s note

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

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fend0.2024.1382896/
full#supplementary-material

14. Addala V, Newell F, Pearson JV, Redwood A, Robinson BW, Creaney J, et al.
Computational immunogenomic approaches to predict response to cancer
immunotherapies. Nat Rev Clin Oncol. (2023) 21:28-46. doi: 10.1038/s41571-023-
00830-6

15. Cowan CS, Renner M, De Gennaro M, Gross-Scherf B, Goldblum D, Hou Y,
et al. Cell types of the human retina and its organoids at single-cell resolution. Cell.
(2020) 182:1623-1640.34. doi: 10.1016/j.cell.2020.08.013

16. Becker K, Klein H, Simon E, Viollet C, Haslinger C, Leparc G, et al. In-depth
transcriptomic analysis of human retina reveals molecular mechanisms underlying
diabetic retinopathy . Sci Rep. (2021) 11:10494. doi: 10.1038/541598-021-88698-3

17. LiY, Chen D, Sun L, Wu Y, Zou Y, Liang C, et al. Induced expression of VEGFC,
ANGPT, and EFNB2 and their receptors characterizes neovascularization in
proliferative diabetic retinopathy. Invest Ophthalmol Vis Sci. (2019) 60:4084-96.
doi: 10.1167/i0vs.19-26767

18. Hao Y, Hao S, Andersen-Nissen E, Mauck WM, Zheng S, Butler A, et al.
Integrated analysis of multimodal single-cell data. Cell. (2021) 184:3573-3587.€29.
doi: 10.1016/j.cell.2021.04.048

19. Laurens van der M, Hinton G. Visualizing Data using t-SNE. Mach Learn Res.
(2008) 9:2579-605. Available at: https://jmlr.org/papers/v9/vandermaaten08a.html.

20. Korsunsky I, Millard N, Fan J, Slowikowski K, Zhang F, Wei K, et al. Fast,
sensitive and accurate integration of single-cell data with Harmony. Nat Methods.
(2019) 16:1289-96. doi: 10.1038/s41592-019-0619-0

21. Kotliar D, Veres A, Nagy MA, Tabrizi S, Hodis E, Melton DA, et al. Identifying
gene expression programs of cell-type identity and cellular activity with single-cell
RNA-Seq. Elife. (2019) 8:¢43803. doi: 10.7554/eLife.43803

22. Tunyasuvunakool K, Adler J, Wu Z, Green T, Zielinski M, Zidek A, et al. Highly
accurate protein structure prediction for the human proteome. Nature. (2021) 596:590—-
6. doi: 10.1038/s41586-021-03828-1

23. NCBI Resource Coordinators, Agarwala R, Barrett T, Beck J, Benson DA, Bollin
C, et al. Database resources of the national center for biotechnology information.
Nucleic Acids Res. (2018) 46:D8-D13. doi: 10.1093/nar/gkx1095

24. Morris GM, Huey R, Olson AJ. Using AutoDock for ligand-receptor docking.
Curr Protoc Bioinf. (2008). doi: 10.1002/0471250953.bi0814s524

25. Wang Y, Bryant SH, Cheng T, Wang J, Gindulyte A, Shoemaker BA, et al.
PubChem bioAssay: 2017 update. Nucleic Acids Res. (2017) 45:D955-63. doi: 10.1093/
nar/gkw1118

26. von Mering C, Huynen M, Jaeggi D, Schmidt S, Bork P, Snel B. STRING: a
database of predicted functional associations between proteins. Nucleic Acids Res.
(2003) 31:258-61. doi: 10.1093/nar/gkg034

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2024.1382896/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2024.1382896/full#supplementary-material
https://doi.org/10.1007/s40123-023-00664-6
https://doi.org/10.5772/intechopen.99843
https://doi.org/10.3389/fmed.2022.776855
https://doi.org/10.1097/icb.0000000000001183
https://doi.org/10.1097/icu.0000000000000946
https://doi.org/10.3390/ijms23137005
https://doi.org/10.3390/antiox11020365
https://doi.org/10.28982/josam.7673
https://doi.org/10.1038/s12276-018-0071-8
https://doi.org/10.1038/s12276-018-0071-8
https://doi.org/10.3389/fgene.2019.00317
https://doi.org/10.1038/nri.2017.76
https://doi.org/10.2337/db21-0551
https://doi.org/10.1016/j.annonc.2023.10.125
https://doi.org/10.1038/s41571-023-00830-6
https://doi.org/10.1038/s41571-023-00830-6
https://doi.org/10.1016/j.cell.2020.08.013
https://doi.org/10.1038/s41598-021-88698-3
https://doi.org/10.1167/iovs.19-26767
https://doi.org/10.1016/j.cell.2021.04.048
https://jmlr.org/papers/v9/vandermaaten08a.html.
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.7554/eLife.43803
https://doi.org/10.1038/s41586-021-03828-1
https://doi.org/10.1093/nar/gkx1095
https://doi.org/10.1002/0471250953.bi0814s24
https://doi.org/10.1093/nar/gkw1118
https://doi.org/10.1093/nar/gkw1118
https://doi.org/10.1093/nar/gkg034
https://doi.org/10.3389/fendo.2024.1382896
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Wang et al.

27. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape:
a software environment for integrated models of biomolecular interaction networks.
Genome Res. (2003) 13:2498-504. doi: 10.1101/gr.1239303

28. Davis AP, Grondin CJ, Johnson R], Sciaky D, McMorran R, Wiegers J, et al. The
comparative toxicogenomics database: update 2019. Nucleic Acids Res. (2019) 47:
D948-54. doi: 10.1093/nar/gky868

29. Shahid MH, Rashid F, Taugeer S, Ali R, Farooq M, Aleem N. Change in central
macular thickness on OCT after pan retinal photocoagulation. PPMHS. (2022) 16:315-
7. doi: 10.53350/pjmhs22166315

30. Howell SJ, Lee CA, Zapadka TE, Lindstrom SI, Taylor BE, R. Taylor ZR, et al.
Inhibition of CD40-TRAF6-dependent inflammatory activity halts the onset of diabetic
retinopathy in streptozotocin-diabetic mice. Nutr Diabetes. (2022) 12:46. doi: 10.1038/
541387-022-00225-2

31. Zhou AY, Taylor BE, Barber KG, Lee CA, R. Taylor ZR, Howell S, et al. Anti-
il17a halts the onset of diabetic retinopathy in type I and II diabetic mice. Int ] Mol Sci.
(2023) 24:1347. doi: 10.3390/ijms24021347

Frontiers in Endocrinology

49

10.3389/fendo.2024.1382896

32. Shimada K, Nakamura M, Anai S, De Velasco MA, Tanaka M, Tsujikawa K, et al.
A novel human AlkB homologue, ALKBHS, contributes to human bladder cancer
progression. Cancer Res. (2009) 69:3157-64. doi: 10.1158/0008-5472.can-08-3530

33. Pilzys T, Marcinkowski M, Kukwa W, Garbicz D, Dylewska M, Ferenc K, et al.
ALKBH overexpression in head and neck cancer: potential target for novel anticancer
therapy. Sci Rep. (2019) 9:13249. doi: 10.1038/s41598-019-49550-x

34. Vrijsen S, Besora-Casals L, van Veen S, Zielich J, den Haute CV, Hamouda NN,
et al. ATP13A2-mediated endo-lysosomal polyamine export counters mitochondrial
oxidative stress. Proc Natl Acad Sci. (2020) 117:31198-207. doi: 10.1073/
pnas.1922342117

35. Covy JP, Waxman EA. Characterization of cellular protective effects of
ATP13A2/PARKY expression and alterations resulting from pathogenic mutants.
J Neurosci Res. (2012) 90:2306-16. doi: 10.1002/jnr.23112

36. Mukherjee AB, Appu AP, Sadhukhan T, Casey S, Mondal A, Zhang Z, et al.
Emerging new roles of the lysosome and neuronal ceroid lipofuscinoses. Mol
Neurodegeneration. (2019) 14:4. doi: 10.1186/s13024-018-0300-6

frontiersin.org


https://doi.org/10.1101/gr.1239303
https://doi.org/10.1093/nar/gky868
https://doi.org/10.53350/pjmhs22166315
https://doi.org/10.1038/s41387-022-00225-z
https://doi.org/10.1038/s41387-022-00225-z
https://doi.org/10.3390/ijms24021347
https://doi.org/10.1158/0008-5472.can-08-3530
https://doi.org/10.1038/s41598-019-49550-x
https://doi.org/10.1073/pnas.1922342117
https://doi.org/10.1073/pnas.1922342117
https://doi.org/10.1002/jnr.23112
https://doi.org/10.1186/s13024-018-0300-6
https://doi.org/10.3389/fendo.2024.1382896
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

? frontiers ‘ Frontiers in Endocrinology

@ Check for updates

OPEN ACCESS

EDITED BY
Mohd Imtiaz Nawaz,
King Saud University, Saudi Arabia

REVIEWED BY

Asad Ullah Jatoi,

Liaguat University of Medical & Health
Sciences, Pakistan

Adeola Onakoya,

University of Lagos, Nigeria

Junhao Tu,

The First Affiliated Hospital of Nanchang
University, China

*CORRESPONDENCE

Yi Zhang
zhayisn@163.com

Yan Ding
dyywzx@163.com

These authors have contributed equally to
this work

RECEIVED 16 January 2024
ACCEPTED 24 April 2024
PUBLISHED 10 May 2024

CITATION

Li B, Zhao X, Xie W, Hong Z, Cao Y, Ding Y
and Zhang Y (2024) Causal association of
circulating metabolites with diabetic
retinopathy: a bidirectional Mendelian
randomization analysis.

Front. Endocrinol. 15:1359502.

doi: 10.3389/fendo.2024.1359502

COPYRIGHT

© 2024 Li, Zhao, Xie, Hong, Cao, Ding and
Zhang. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Endocrinology

TvpPE Original Research
PUBLISHED 10 May 2024
D01 10.3389/fendo.2024.1359502

Causal association of
circulating metabolites with
diabetic retinopathy: a
bidirectional Mendelian
randomization analysis

Bo Li**, Xu Zhao*', Wanrun Xie®, Zhenzhen Hong", Ye Cao*®,
Yan Ding® and Yi Zhang™

tDepartment of Endocrinology, Quanzhou First Hospital, Affiliated to Fujian Medical University,
Quanzhou, Fujian, China, 2Hubei Key Laboratory of Embryonic Stem Cell Research, Biomedical
Research Institute, Hubei University of Medicine, Shiyan, Hubei, China, SEmergency and Critical Care
Center, Renmin Hospital, Hubei University of Medicine, Shiyan, Hubei, China, “Department of
Cardiology, Fujian Provincial Hospital, Shengli Clinical Medical College, Fujian Medical University,
Fuzhou, Fujian, China, *Department of Cardiology, Renmin Hospital, Hubei University of Medicine,
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Introduction: The retina is a highly metabolically active tissue, and there is a lack
of clarity about the relationship between metabolites and diabetic retinopathy
(DR). This study used two-sample bidirectional Mendelian randomization (MR)
analyses to identify causal relationships between metabolites and DR.

Methods: Genetic variants were selected from the open-access Genome-Wide
Association Studies (GWAS) summary database as proxies for the 1400 most
recently published metabolites. MR analysis was performed to examine
associations between these metabolite traits and DR. Single nucleotide
polymorphism (SNP) data that were significantly associated with exposure
were screened through association analysis. Validated instrumental variables
(IVs) were obtained by removing SNPs with linkage disequilibrium (LD) and F-
statistic values below 10. MR analyses were performed using the inverse variance
weighted (IVW) method as the primary approach. The robustness of the results
was verified by sensitivity analyses, including assessments of heterogeneity,
horizontal pleiotropy, and the leave-one-out method.

Results: In the IVW approach and in the primary analysis of several sensitivity
analyses, genetically determined glycolithocholate sulfate levels, androstenediol
(3 beta, 17 beta) monosulfate (1) levels, 1-stearoyl-2-arachidonoyl-GPE (18:0/
20:4) levels, 1-oleoyl-2-arachidonoyl-GPE (18:1/20:4) levels, 1-oleoyl-2-
linoleoyl-GPE (18:1/18:2) levels, X-26109 levels, N6-methyllysine levels, (N6,
N6-dimethyllysine levels), and (N2-acetyl,N6,N6-dimethyllysine levels) were
negatively associated with the risk of DR. 5-hydroxymethyl-2-furoylcarnitine
levels and the glutamate-to-alanine ratio were positively associated with the risk
of DR. No reverse causal association was found between DR and metabolites.
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Discussion: This MR study suggests that nine metabolites may have a protective
effect in DR, while two metabolites may be associated with an increased risk of
DR. However, further research is needed to confirm these findings.
Supplementation with beneficial metabolites may reduce DR risk and could
potentially be a novel therapeutic approach to DR treatment.

KEYWORDS

diabetic retinopathy, metabolites, causal relationship, diabetes mellitus, MR analysis

Introduction

DR is one of the common complications of diabetes mellitus
(DM), which seriously endangers human health and is the leading
cause of vision loss and blindness (1). DM is a systemic metabolic
disorder in which chronic hyperglycemic exposure causes
widespread damage to neurons and vascular cells. Diabetic vision
hazards primarily affect the retina (2). Structural and functional
changes occur in retinal neurons and blood vessels, along with
abnormalities in metabolic immunity, which further disrupt the
blood-retinal barrier. Ultimately, these factors lead to neuronal
damage. Currently, DR lacks effective early treatment and
prevention measures. Exploring the pathogenesis and etiology of
the disease is beneficial for early intervention.

The retina is a metabolically highly active tissue that requires
the interaction of cells ranging from light-sensitive photoreceptors
to neurons that transmit electrochemical signals to the brain (2).
Currently, there is a lack of clarity about the relationship between
metabolites and DR. Meta-analyses of DR studies have shown that
blood pressure, serum total cholesterol, and glycosylated
hemoglobin levels are associated with retinopathy. However, these
factors account for only 9% of DR progression (3). Metabolomics is
an emerging scientific field that has gained popularity in the
biomedical community. It is used to diagnose diseases,
understand disease mechanisms, and identify new drug targets. It
has had a profound impact on unraveling the underlying causes of
complex diseases, drug discovery, and precision medicine (4).
Approximately 50% of phenotypic differences at metabolite level
are attributed to genetic variation (5). This provides an opportunity
to make causal inferences from metabolites to diseases. Alleles are
randomly assigned at conception, and this randomization process
helps eliminate the confounding effect of most risk factors, reducing
confounding bias (6).

The Mendelian randomization approach is an epidemiological
method that uses genetic variation as an instrumental variable to
evaluate causality, while accounting for confounding factors.
Genotyping can be a powerful tool for investigating causal
relationships between exposure factors and outcomes. To
investigate the mechanisms of DR, we hypothesized that there is a
correlation between metabolite traits and DR. In our study, we used
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a two-sample bidirectional MR analysis to establish the causal
relationship between metabolites and DR.

Materials and methods
Study design

We assessed the causal relationship between 1400 metabolite
traits and DR using a two-sample MR analysis. SNPs that were
significantly associated with exposure were used as exposure
proxies, while SNPs in linkage disequilibrium (LD) and weak IVs
were excluded from MR analysis. Effective causal inference IVs
must satisfy three essential assumptions: (1) IVs must have a direct
relationship with the exposure variable; (2) IVs must be
independent of potential confounding variables between exposure
and outcome; and (3) IVs must not affect outcome through any
other pathways than exposure. Ethical consent was previously
obtained for GWAS primary studies in each country, and current
analyses are based on publicly available summary-level data that do
not require additional approval (Figure 1).

GWAS data sources for DR

Summary GWAS data for the DR were obtained from the IEU
Open GWAS project (https://gwas.mrcieu.ac.uk/). The study
analyzed 190,594 European men and women (Ncase = 14,584,
Ncontrol = 176,010) and examined 16,380,347 genetic variants.

GWAS metabolites data source

Metabolite data were obtained from 8299 individuals in the
Canadian Longitudinal Study of Aging (CLSA) cohort study. The
GWAS summary study was performed by aggregating 1,091 blood
metabolites and 309 metabolite ratios. 850 Blood metabolites were
derived from known superpathways, while 241 metabolites were either
unknown or only partially known. Metabolite-gene and gene expression
information were integrated to identify genes with significant effects on
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Flowchart of bidirectional Mendelian randomization analysis of metabolites and DR.

traits and diseases. Genetic signatures of 109 metabolites and 48
metabolite ratios were ultimately identified as effector genes (6).

Selection of Vs

In the analysis of metabolite-DR associations, we established a
correlation threshold of 1x107° to identify SNPs that are
significantly associated with metabolites. The r* cutoff clustering
was set to 0.001, and the clustering window was set to 10,000 kb to
eliminate LD. F-statistics (F = % 1’};
IV (7), and any F value less than 10 was considered a weak IV and

) were calculated for each

therefore excluded. When exposure and outcome were harmonized,
palindromic SNPs with intermediate allele frequencies were
removed. For DR and metabolite MR analysis, we set the
correlation threshold at 5 x 10® to screen for SNPs significantly
correlated with DR. We applied the same criteria to screen for IVs.

Statistical analysis

To investigate the causal relationship between 1400 metabolite traits
and DR, we used five methods (MR Egger, weighted median, IVW,
simple mode, and weighted mode) from the TwoSampleMR package for
analysis. The IVW method was used as the primary statistic, and
sensitivity analyses were conducted using the weighted mode and
weighted median methods. IVW, weighted median, and weighted
mode were used to analyze and present the results. Heterogeneity was
assessed using funnel plots and Cochran’s Q p values from IVW and
MR-Egger tests, with p < 0.05 indicating heterogeneity. The horizontal
pleiotropy of the data and the robustness of the results were assessed
using MR-Egger intercepts. A p-value of less than 0.05 indicated that
horizontal pleiotropy was excluded (8). Horizontal pleiotropy was also
assessed using the MR-PRESSO global test, and peripheral SNPs were
excluded by the MR-PRESSO outlier test (9). Finally, leave-one-out and
single-SNP analyses were used to determine whether individual SNPs
influenced primary causality (10).

Frontiers in Endocrinology

In addition, the false positive rate increased due to the large
number of exposure factors and multiple exposure phenotypes in
GWAS derived from the same sample set. To address this, we
applied the false discovery rate (FDR < 0.2) to correct MR results.

Ethical consent was obtained prior to the initial GWAS studies
in each country, and the current analyses were based on publicly
available summary data, which did not require further approval.

TwoSampleMR (version 0.5.6) in R (version 4.2.3) were used for
MR analysis.

Results

A total of 34,843 SNPs were screened as IVs for 1,400
metabolites, using IV screening criteria. The association results
of 1400 metabolites with DR were obtained using five MR analysis
methods, and 94 metabolites were found to be causally associated
with DR according to IVW method. The MR results were filtered
using the following criteria: p < 0.05 and FDR < 0.2 in the IVW
method, consistency in the direction of B-value across five MR
methods, and p > 0.05 to account for horizontal pleiotropy.
Finally, 11 metabolites were found to be causally associated with
DR (Figure 2; Supplementary Figures S1, S2). Reverse MR analysis
did not reveal an association between DR and these
11 metabolites.

Effects of metabolites on DR

Glycolithocholate sulfate levels (IVW: = -0.0578, OR = 0.944, 95%
CI=0.911-0.987, p = 0.001), androstenediol (3 beta, 17 beta)
monosulfate (1) levels IVW: B= -0.109, OR = 0.897, 95%CI=0.839-
0.959, p = 0.001), 1-stearoyl-2-arachidonoyl-GPE (18:0/20:4) levels
(IVW: B= -0.067, OR = 0.935, 95%CI=0.899-0.971, p < 0.001), 1
—oleoyl-2-arachidonoyl-GPE (18:1/20:4) levels (IVW: B= -0.084,
OR = 0.920, 95%CI=0.882-0.960, p < 0.001), 1—oleoyl-2-linoleoyl
—GPE (18:1/18:2) levels (IVW: = -0.072, OR = 0.931, 95%CI=0.891-
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Circle plots of five MR analyses of 11 metabolites with significant causal effects with diabetic retinopathy. MR methods with p<0.05 are shown in red.

0973, p = 0.002), X-26109 levels (IVW: Bz -0.061, OR = 0.941, 95%
CI=0.907-0.976, p = 0.001), N6—methyllysine levels (IVW: B= -0.057,
OR = 0.944, 95%CI=0.913-0.977, p < 0.001), N6,N6—dimethyllysine

levels IVW: B= -0.081, OR = 0.922, 95%CI=0.888-0.957, p < 0.001),

N2-acetyl,N6,N6—dimethyllysine levels (IVW: B= -0.045, OR = 0.956,
95%CI=0.935-0.978, p < 0.001) were negatively associated with the risk
of DR. 5-hydroxymethyl-2-furoylcarnitine levels (IVW: = 0.100, OR =

1.105, 95%CI=1.043-1.170, p < 0.001) and the glutamate-to-alanine

ratio (IVW: 3= 0.132, OR = 1.142, 95%CI=1.054-1.237, p = 0.001) were
positively associated with the risk of DR (Figure 3).

Pleiotropy and sensitivity analysis

Sensitivity and pleiotropy analyses validated the robustness of
the IVW results. IVW and MR-Egger heterogeneity tests showed no
heterogeneity in glycolithocholate sulfate levels, androstenediol (3
beta, 17 beta) monosulfate (1) levels, 1-stearoyl-2-arachidonoyl-

GPE (18:0/20:4) levels, 1-oleoyl-2-arachidonoyl-GPE (18:1/20:4)
levels, 1-oleoyl-2-linoleoyl-GPE (18:1/18:2) levels, X-26109 levels,
N6-methyllysine levels, N6,N6-dimethyllysine levels, and N2-
acetyl,N6,N6-dimethyllysine levels in MR analysis with DR
(p>0.05) (Table 1; Supplementary Figure S3).

The MR-Egger intercept and MR-Presso tests showed no

Causal effects of DR onset on metabolites

No reverse causal association was found between metabolites
and DR (Figure 4).

Effects of metabolites on T2DM

To estimate the causal effect of metabolites with diabetes, we
performed MR analysis of 1400 circulating metabolites with T2DM
(nCase: 38841,nControl: 451,248, nSNP: 24167560, Dataset:ebi-a-
GCST90018926). 24 Metabolites showed a potential causal
association (Supplementary Figure S5). Further Venn intersection
analysis of DR and T2DM-related metabolites revealed that only 1-
oleoyl-2-linoleoyl-GPE (18:1/18:2) levels had a negative phase
causal effect with both DR and T2DM (Supplementary Figure S6).

Discussion

DR is a common chronic complication of diabetes that

evidence of horizontal pleiotropy (Table 1). The robustness and
reliability of the causal relationship between metabolites and DR

have been further confirmed using sensitivity analyses on leave-
one-out (Supplementary Figure S4).
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primarily affects the retina of the eye. The retina, which is part of

the central nervous system, is characterized by a high metabolism
and a demand matched by a large supply of metabolites (11).

Despite strict control of risk factors such as blood pressure and
glucose that reduce DR risk, many diabetic patients continue to
develop DR (12). Metabolic memory has been used to explain this

phenomenon, whereby persistent epigenetic modifications induced
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exposure nsnp method pval OR(95% CI)
Glycolithocholate sulfate levels 22 Weighted median 0.053 L] 0.954 (0.909 to 1.001)
Glycolithocholate sulfate levels 22 Inverse variance weighted 0.001 m 0.944 (0.911 to 0.978)
Glycolithocholate sulfate levels 22 Weighted mode 0.065 M 0.956 (0.913 to 1.000)
iol (3beta,17beta) (1) levels 32 Weighted median 0.013 o 0.880 (0.796 to 0.973)
iol (3beta,17beta) (1) levels 32 Inverse variance weighted 0.001 [ 2] 0.897 (0.839 to 0.959)
Andr iol (3beta,17beta) (1) levels 32 Weighted mode 0.009 ! 0.866 (0.782 to 0.958)
1-stearoyl-2-arachidonoyl-GPE (18:0/20:4) levels 31 Weighted median 0.007 »0-4 0.915 (0.858 to 0.975)
1-stearoyl-2-arachidonoyl-GPE (18:0/20:4) levels 31 Inverse variance weighted <0.001 lﬂf 0.935 (0.899 to 0.971)
1-stearoyl-2-arachidonoyl-GPE (18:0/20:4) levels 31 Weighted mode 0.002 L 2] 0.903 (0.850 to 0.959)
1-oleoyl-2-arachidonoyl-GPE (18:1/20:4) levels 28 Weighted median <0.001 oA . 0.902 (0.851 to 0.955)
1-oleoyl-2-arachidonoyl-GPE (18:1/20:4) levels 28 Inverse variance weighted <0.001 L ' 0.920 (0.882 to 0.960)
1-oleoyl-2-arachidonoyl-GPE (18:1/20:4) levels 28 Weighted mode <0.001 o 0.903 (0.857 to 0.952)
1-oleoyl-2-linoleoyl-GPE (18:1/18:2) levels 31 Weighted median 0.907 . 0.996 (0.937 to 1.059)
1-oleoyl-2-linoleoyl-GPE (18:1/18:2) levels 31 Inverse variance weighted 0.002 m 0.931 (0.891 to 0.973)
1-oleoyl-2-linoleoyl-GPE (18:1/18:2) levels 31 Weighted mode 0.208 o 0.960 (0.901 to 1.022)
5-hydroxymethyl-2-furoylcarnitine levels 23 Weighted median 0.008 e 1.115 (1.028 to 1.209)
5-hydroxymethyl-2-furoylcarnitine levels 23 Inverse variance weighted <0.001 : o 1.105 (1.043 to 1.170)
5-hydroxymethyl-2-furoylcarnitine levels 23 Weighted mode 0.136 07—0—4 1.108 (0.973 to 1.261)
X-26109 levels 27 Weighted median <0.001 L 0.926 (0.888 to 0.966)
X-26109 levels 27 Inverse variance weighted 0.001 l.1 0.941 (0.907 to 0.976)
X-26109 levels 27 Weighted mode <0.001 L] . 0.923 (0.886 to 0.961)
N6-methyllysine levels 32 Weighted median 0.005 mi 0.943 (0.905 to 0.982)
N6-methyllysine levels 32 Inverse variance weighted <0.001 .' 0.944 (0.913 t0 0.977)
N6-methyllysine levels 32 Weighted mode 0.008 o 0.944 (0.907 to 0.982)
N6,N6-dimethyllysine levels 26 Weighted median 0.003 o1l 0.937 (0.898 to 0.978)
N6,N6-dimethyllysine levels 26 Inverse variance weighted <0.001 - . 0.922 (0.888 to 0.957)
N6,N6-dimethyllysine levels 26 Weighted mode 0.004 o 0.934 (0.896 to 0.975)
N2-acetyl,N6,N6-dimethyllysine levels 24 Weighted median <0.001 lE 0.957 (0.934 to 0.981)
N2-acetyl,N6,N6-dimethyllysine levels 24 Inverse variance weighted <0.001 .E 0.956 (0.935 to 0.978)
N2-acetyl,N6,N6-dimethyllysine levels 24 Weighted mode 0.006 - 0.961 (0.936 to 0.986)
Glutamate to alanine ratio 20 Weighted median 0.008 : ——i 1.161 (1.040 to 1.295)
Glutamate to alanine ratio 20 Inverse variance weighted 0.001 ; —— 1.142 (1.054 to 1.237)
Glutamate to alanine ratio 20 Weighted mode 0.067 I—.—1 1.164 (0.999 to 1.356)
1
FIGURE 3
Results of MR analysis of the causal effects of 11 circulating metabolites on the risk of diabetic retinopathy (DR). Each line segment depicts the
association between a specific metabolite and DR risk. A line segment to the right of 1 indicates a possible positive association, while a line segment
to the left of 1 suggests a negative association. Finally, an intersection of this line segment with a vertical line at 1 indicates no association.

by early exposure to hyperglycemia predispose individuals to  enriched in purine metabolic signals. Adenosine, guanine and
diabetic complications even when good glycemic control is  inosine have higher sensitivity, specificity and accuracy for DR
achieved (13). Metabolites are closely associated with disease  prediction (14), suggesting that metabolic phenotypes (metabolites)
onset and progression. Han et al. identified 311 differential  associated with disease states may be related to disease mechanisms
metabolites by metabolite analysis of retinal tissues from diabetic ~ and pathophysiology, and could be used in individualized medicine
and nondiabetic mice, and DR metabolites were significantly = or public health (13). Metabolomic analysis of the vitreous

TABLE 1 Results of metabolite and DR heterogeneity and horizontal pleiotropy tests.

Heterogeneity Pleiotropy
Exposure _ Egger Egger MR-Presso
intercept P p
GCST90199811 Glycolithocholate sulfate levels 0.253 0.304 -0.001 0.927 0.396
GCST90199872 Androstenediol (3beta,17beta) monosulfate (1) levels 0.196 0.227 -0.002 0.729 0.266
GCST90200045 1-stearoyl-2-arachidonoyl-GPE (18:0/20:4) levels 0.634 0.509 0.012 0.078 0.428
GCST90200079 1-oleoyl-2-arachidonoyl-GPE (18:1/20:4) levels 0.305 0.350 -0.002 0.794 0.396
GCST90200082 1-oleoyl-2-linoleoyl-GPE (18:1/18:2) levels 0.254 0.236 -0.008 0.252 0.135
GCST90200244 5-hydroxymethyl-2-furoylcarnitine levels 0.865 0.890 0.004 0.662 0.902
GCST90200671 X-26109 levels 0.276 0.228 0.008 0.171 0.286
GCST90200689 N6-methyllysine levels 0.918 0.816 0.011 0.057 0.862
GCST90200696 N6,N6-dimethyllysine levels 0.381 0.417 0.005 0.568 0.459
GCST90200697 N2-acetyl,N6,N6-dimethyllysine levels 0.851 0.818 -0.007 0.223 0.857
GCST90200946 Glutamate to alanine ratio 0.952 0.966 -0.004 0.732 0.967

Q_p, Cochran’s Q p-values.
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exposure outcome nsnp method pval OR(95% ClI)
Diabetic retinopathy Glycolithocholate sulfate levels 9 Weighted median —e— 0.622 1.021 (0.941 to 1.106)
Glycolithocholate sulfate levels 9 Inverse variance weighted »—0—4 0.530 1.022 (0.956 to 1.092)
Glycolithocholate sulfate levels 9 Weighted mode —io—i 0.673 1.018 (0.940 to 1.102)
Androstenediol (3beta,17beta) monosulfate (1) levels 9 Weighted median »—o—« 0.029 0.926 (0.864 to 0.992)
Androstenediol (3beta,17beta) monosulfate (1) levels 9 Inverse variance weighted »—o—i 0.064 0.939 (0.879 to 1.004)
Androstenediol (3beta,17beta) monosulfate (1) levels 9 Weighted mode »—.—-1 0.176 0.944 (0.874 to 1.019)
1-stearoyl-2-arachidonoyl-GPE (18:0/20:4) levels 9 Weighted median —— 0.425 1.032 (0.955 to 1.116)
1-stearoyl-2-arachidonoyl-GPE (18:0/20:4) levels 9 Inverse variance weighted —— 0.805 0.988 (0.896 to 1.089)
1-stearoyl-2-arachidonoyl-GPE (18:0/20:4) levels 9 Weighted mode >——0—‘ 0.378 1.039 (0.959 to 1.127)
1-oleoyl-2-arachidonoyl-GPE (18:1/20:4) levels 9 Weighted median r—.—t 0.620 1.021 (0.941 to 1.107)
1-oleoyl-2-arachidonoyl-GPE (18:1/20:4) levels 9 Inverse variance weighted —t— 0.976 1.001 (0.925 to 1.084)
1-oleoyl-2-arachidonoyl-GPE (18:1/20:4) levels 9 Weighted mode ——i 0.647 1.021 (0.937 to 1.112)
1-oleoyl-2-linoleoyl-GPE (18:1/18:2) levels 9 Weighted median N — 0.783 1.011 (0.933 to 1.096)
1-oleoyl-2-linoleoyl-GPE (18:1/18:2) levels 9 Inverse variance weighted >—4—< 0.869 0.992 (0.906 to 1.087)
1-oleoyl-2-linoleoyl-GPE (18:1/18:2) levels 9 Weighted mode >—O—< 0.775 1.013 (0.930 to 1.103)
5-hydroxymethyl-2-furoylcarnitine levels 9 Weighted median .—.-.—4 0.628 1.025 (0.927 to 1.133)
5-hydroxymethyl-2-furoylcarnitine levels 9 Inverse variance weighted »—o—< 0.655 1.020 (0.936 to 1.111)
5-hydroxymethyl-2-furoylcarnitine levels 9 Weighted mode >——0—- 0.591 1.029 (0.932 to 1.136)
X-26109 levels 9 Weighted median —e— 0.141 0.942 (0.870 to 1.020)
X-26109 levels 9 Inverse variance weighted —— 0.102 0.943 (0.880 to 1.012)
X-26109 levels 9 Weighted mode '—0*-4 0.186 0.937 (0.859 to 1.023)
N6-methyllysine levels 9 Weighted median »—Q—- 0.979 1.001 (0.923 to 1.086)
N6-methyllysine levels 9 Inverse variance weighted >—0~—< 0.604 0.975 (0.888 to 1.071)
N6-methyllysine levels 9 Weighted mode »—0—« 0.618 1.022 (0.942 to 1.108)
N6,N6-dimethyllysine levels 9 Weighted median »—0—4 0.693 1.016 (0.938 to 1.101)
N6,N6-dimethyllysine levels 9 Inverse variance weighted >—0—< 0.614 0.976 (0.890 to 1.071)
N6,N6-dimethyllysine levels 9 Weighted mode »—4—4 0.536 1.029 (0.944 to 1.120)
N2-acetyl,N6,N6-dimethyllysine levels 9 Weighted median >—6—< 0.993 1.000 (0.921 to 1.085)
N2-acetyl,N6,N6-dimethyllysine levels 9 Inverse variance weighted —ei 0.483 0.969 (0.886 to 1.059)
N2-acetyl,N6,N6-dimethyllysine levels 9 Weighted mode »—6—‘ 0.919 1.004 (0.928 to 1.086)
Glutamate to alanine ratio 9 Weighted median n—b—c 0.720 1.014 (0.939 to 1.096)
Glutamate to alanine ratio 9 Inverse variance weighted H—< 0.977 1.001 (0.925 to 1.083)
Glutamate to alanine ratio 9 Weighted mode t—n—e 0.700 1.016 (0.941 to 1.096)

FIGURE 4

Causal effect analysis between DR and 11 metabolites. All lines intersect 1, indicating no reverse causal effect between them.

suggested increased lactate and glucose abundance in value-added
DR (PDR) and significant reductions in galactose-pure and ascorbic
acid (15). Plasma or serum remains the biofluid of choice in
metabolomics studies due to the invasive nature of vitreous
sampling limiting the replicable and translational potential of the
study (12). Analysis of plasma metabolomics from DR patients
showed that plasma metabolites complemented traditional risk
factors and facilitated risk stratification of patients in the early
stages of DR, and that the plasma metabolic phenotype of DR is
unique and not just a continuation of diabetic plasma metabolism
(12), and that studying DR metabolomics is valuable for DR
prevention and treatment and risk stratification.

DR is a chronic metabolic disease, and dysregulation of retinal
metabolism is a key factor in DR pathogenesis (16). Circulating
metabolomics analyses have significant translational value in the
study of DR mechanisms, risk stratification, and the development
of new therapeutic measures (12). Changes in the metabolome
represent the interaction of genetic and environmental factors and
provide information complementary to genomic, transcriptomic or
proteomic data (12). A recent 12-year follow-up on metabolites and
DR in Finnish men with type 2 diabetes showed that 17 metabolites
were significantly associated with incident DR, among which N-
lactoyl isoleucine, N-lactoyl valine, N-lactoyl tyrosine, N-lactoyl
phenylalanine, N-(2- furoyl) glycine, N,N,N-trimethyl-5-
aminovalerate,carboxylic acid maleate, 3-hydroxypyridine sulfate,
4-vinylphenol sulfate, 4-ethylcatechol sulfate, dimethyl sulfoneand
5-hydroxylysine were associated with an increased risk of DR, and

Frontiers in Endocrinology

citrulline, myristoleate (14:1n5), palmitoleate (16. 1n7),
Sphingomyelin (d18:2/24:2), and 5-dodecenoate (12:1n7) with a
decreased risk of DR (17). Another nested case-control
metabolomics study found 11 metabolites (1,5-Anhydroglucitol,
1,5-Gluconolactone, 2-Deoxyribonic acid, 3,4-Dihydroxybutyric
acid, Erythritol, Gluconic acid, Lactose/cellobiose, Maltose/
trehalose, Mannose, Ribose, Urea) was associated with DR, and
correction for metabolic risk factors and renal function did not
significantly affect the results (12). Our results showed that the
following metabolites were negatively associated with the risk of
DR: glycolithocholate sulfate levels, androstenediol (3 beta, 17 beta)
monosulfate (1) levels, 1-stearoyl-2-arachidonoyl-GPE (18:0/20:4)
levels, 1-oleoyl-2-arachidonoyl-GPE (18:1/20:4) levels, 1-oleoyl-2-
linoleoyl-GPE (18:1/18:2) levels, X-26109 levels, N6-methyllysine
levels, N6,N6-dimethyllysine levels, and N2-acetyl,N6,N6-
dimethyllysine levels. On the other hand, 5-hydroxymethyl-2-
furoylcarnitine levels and glutamate-to-alanine ratios were
positively associated with DR risk. No reverse causal effect was
found between metabolites and DR. MR analyses from UK Biobank
data showed no association of circulating metabolites with fasting
glucose and 2-hour glucose, and 19 circulating metabolites were
associated with a lower risk of type 2 diabetes (18). However, these
metabolites did not intersect with those associated with DR risk in
our analysis. This may be related to the different levels of refinement
and classificationbolites.

Metabolomics is the omics discipline closest to phenotype and
can be used not only to explore important biomarkers of disease,
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but also to identify metabolites that may alter the phenotype of a cell
or organism (19). The combination of metabolomics and systems
biology information can test endogenous metabolites for
phenotype-altering functions, and there is growing evidence that
metabolites regulate a variety of biological processes (19).
Metabolites are important bridges between genes, proteins and
phenotypes. They are downstream of gene transcription and
translation, and also support and regulate molecules in the
microenvironment where gene expression and environmental
exposure are regulated (20). Not only does it respond to the
health status of the organism, but it can also be an effective
window to regulate the state of the organism. Because metabolites
are often readily available, especially for multifactorial diseases, they
are considered a very powerful instrument with great potential for
clinical translation (20). Although there is an increasing number of
metabolomics studies in the eye, metabolomics research is still in its
early stages and there are still many questions to be solved. Our
study provides some theoretical support for DR mechanism
research, prevention and risk stratification.

MR analysis methods. Results were robust and unaffected by
horizontal pleiotropy or other confounding factors. Our studies have
some limitations. The study is based on an individual of European
ancestry, so conclusions cannot be extrapolated to the entire
population. MR studies of DR in GWAS cohorts from other
different ancestry groups (Africans, African Americans, Europeans,
Hispanics, and Asians) will provide insights into how different genetic
compositions resulting from inter-ethnic diversity and different
environments lead to varying degrees of causal effects of circulating
metabolites on DR development. Secondly, despite sensitivity analyses,
horizontal pleiotropy could not be completely eliminated. Finally, using
a lower threshold to assess the causal relationship between metabolite
traits and DR may increase the number of false positives, but it allows
for a more comprehensive assessment.

In addition, MR analysis predicts trends associated with DR risk
and does not reflect metabolite disorders at different stages of disease,
so more comprehensive, multimetric assessment strategies are needed
to analyze different aspects of metabolite change.

Conclusions

We confirmed a causal relationship between a variety of
metabolites and DR through bidirectional MR analysis,
highlighting the complex features of the interactions between the
metabolites and DR.

Our study significantly reduced the effects of reverse causality,
confounding factors that are difficult to exclude, and other factors,
providing new ideas for further exploration of the biological
mechanisms of DR and some guidance for early treatment and
prevention of DR.
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The L-shape relationship
between hemoglobin, alboumin,
lymphocyte, platelet score and
the risk of diabetic retinopathy
in the US population

Ranran Ding*?, Yusong Zeng"*!, Zhimei Wei“*, Zitong He'?,
Zhixin Jiang?®, Jinguo Yu® and Caiyun You™

‘Department of Ophthalmology, Tianjin Medical University General Hospital, Heping District,

Tianjin, China, ?Tianjin Medical University, Heping District, Tianjin, China, *Tianjin Eye Hospital, Nankai
University Affiliated Eye Hospital, Clinical College of Ophthalmology, Tianjin Medical University, Tianjin
Eye Institute, Tianjin Key Laboratory of Ophthalmology and Visual Science, Tianjin, China

Background: The primary aim of this study was to investigate the correlation
between diabetic retinopathy (DR) and the HALP score (hemoglobin, albumin,
lymphocyte, and platelet) in individuals with diabetes within the United
States population.

Methods: This cross-sectional investigation was based on the National Health
and Nutrition Examination Survey (NHANES) database from 2003-2018. The
following module calculated the HALP score: HALP score = [lymphocytes (/L) x
hemoglobin (g/L) x albumin (g/L)l/platelets (/L). By performing the receiver
operating characteristic (ROC) analysis, the optimal cutoff value of HALP was
ascertained. Restricted cubic splines (RCS), multivariable logistic regression
analysis, sensitivity analysis, and subgroup analysis were conducted to evaluate
the effect of the HALP score on DR patients. Finally, the decision curve analysis
(DCA) and clinical impact curve (CIC) were conducted to estimate the predictive
power and clinical utility of the HALP score with clinical indicators.

Results: According to the cutoff value (42.9) determined by the ROC curve, the
participants were stratified into a lower HALP group (HALP\x) and a higher HALP
group (HALPhigh). An L-shaped relationship between HALP score and DR risk was
presented in the RCS model (P for nonlinearity <0.001). The DR risk sharply
decreased with the increase of HALP, and the decline reached a plateau when
HALP was more than 42.9. After fully adjustment, the multivariate logistic
regression analysis found that HALP.,, was an independent risk factor for DR
(OR = 1.363, 95% CI: 1.111-1.671, P < 0.001). Besides, sensitivity analysis showed
consistent results. Furthermore, the combination of HALP score and clinical
indicators demonstrated predictive power and clinical utility, as shown by the
ROC curve, DCA, and CIC.
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Conclusion: The HALP score has an L-shaped correlation with the risk of DR, and
thus, the HALP score may contribute to the timely intervention of

diabetes patients.

KEYWORDS

HALP score, diabetic retinopathy, biomarker, NHANES, diabetes complication

Highlights

* Limited studies have focused on the relationship between
diabetic retinopathy (DR) and the hemoglobin, albumin,
lymphocyte, platelet (HALP) score. We were the first team
to demonstrate a negative association between lower HALP
score and the prevalence of DR.

* An L-shaped correlation between HALP and DR
occurrence was also initially observed in our findings.
Moreover, diabetic patients with HALP score <49.2 were
found to have a significantly increased risk of DR.

* We examined a large sample size, which represented 19.3
million residents in the United States.

Introduction

Diabetes mellitus (DM) is an escalating worldwide public health
concern projected to impact around 700 million individuals by 2045
(1). Diabetic retinopathy (DR), a visually impairing condition
associated with DM, remains the primary cause of avoidable
vision impairment in the working-age population. It is estimated
that approximately 160.5 million people with DM will suffer from
DR in 2045 (1). Therefore, exploring new predictors of DR
occurrence may help in the early identification and intervention
of DR, which will play a crucial role in mitigating the visual
impairment or loss associated with DM (2).

Abbreviations: HALP, Hemoglobin, albumin, lymphocyte, platelet score; DM,
Diabetes mellitus; DR, Diabetic retinopathy; NHANES, National health and
nutrition examination survey; NCHS, National Center for Health Statistics; CDC,
Centers for disease control; CBC, Complete blood count; BCP, Bromcresol
purple; BMI, Body mass index; HbAlc, Glycosylated hemoglobin Alc; HDL-C,
High-density lipoprotein cholesterol; LDL-C, Low-density lipoprotein
cholesterol; SE, Standard error; OR, Odds ratio; CI, Confidence intervals; ROC,
Receiver operating characteristic; AUC, Area under curve; SD, Standard
deviation; RCS, Restricted cubic spline; NLR, Neutrophil-to-lymphocyte ratio;
PLR, Platelet-to-lymphocyte ratio; DME, Diabetic macular edema; DCA,

Decision curve analysis; CIC, Clinical impact curve.
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The etiology of DR is complex and multifaceted, with diverse
factors involved, such as dyslipidemia and chronic inflammation
(3). Previous evidence demonstrated that combinations of the
hematological indices, such as neutrophil-to-lymphocyte ratio
(NLR) and platelet-to-lymphocyte ratio (PLR), were regarded as
being associated with DR incidence (4, 5). However, there are
disagreements in some findings in terms of the correlation
between NLR, PLR, and DR (6-9). The inconsistent conclusions
make people realize that the use of single parameters representing
inflammation status does not meet the requirements of clinical
practice; therefore, multi-parameter combinations are necessary to
be explored.

Increasing evidence supports that nutrition status also plays a
role in the initiation and progression of DR in addition to
inflammation (10-12). The combination of hemoglobin, albumin,
lymphocyte, and platelet (HALP) score, as a novel immune-
nutritional marker, provides insights into the chronic
inflammation and immunological condition of the patients (13),
which is relatively more stable than single blood parameters. In a
cross-sectional study, researchers found that low hemoglobin
concentrations are associated with a higher risk of DR (14).
Serum albumin, representing nutritional state and metabolic
demands (15), was found to have a quantitatively significant
negative correlation with DR (16). Recently, much clinical
research suggested that a low HALP score was indicative of a
poor prognosis in multiple tumors (17-20). The latest studies
have suggested that the HALP score is also related to
dyslipidemia (21), which is a commonly acknowledged risk factor
for DR. Nevertheless, the available evidence concerning the
association between the HALP score and the occurrence of DR is
extremely restricted.

To fill the research gap, this study investigated the relationships
between DR and the HALP scores in a nationally representative
sample of individuals with diabetes in the United States.

Materials and methods
Data source

The National Health and Nutrition Examination Survey
(NHANES), created by the National Center for Health Statistics
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(NCHS), is a series of publicly accessible cross-sectional surveys
aiming to be representative of the US general population (https://
www.cdc.gov/nchs/nhanes/). NCHS granted the study procedures
of the Ethics Review Board (Protocol #98-12, #2005-06, #2011-17,
#2018-01). Informed consent of the participants was obtained
before collecting any data. All interviews and examinations were
conducted under the guidance of the NHANES protocol. In this
study, eight cycles of the NAHNES database were used (2003-2018),
the selection process of which was depicted in Figure 1A. The
exclusion criteria were: (a) age < 20 years (n = 35,522); (b) pregnant
(n =941); (c) without DR self-report (n = 38,249); (d) missing data
on serum albumin (n = 589); and (e) missing lymphocyte,
hemoglobin or platelet data (n = 27). Finally, 4,984 individuals
participated in the investigation.

Measurement of serum albumin and blood
lymphocyte, hemoglobin, platelet count

Lymphocytes, hemoglobin, and platelets were derived from the
complete blood count (CBC) using the Beckman-Coulter method of
sizing and counting. Serum albumin was measured based on the
bromcresol purple (BCP) dye approach in the NHANES database.
The following module calculated the HALP score: HALP score =
[lymphocytes (/L) x hemoglobin (g/L) x albumin (g/L)]/platelets
(/L) (22).

10.3389/fendo.2024.1356929

Ascertainment of DM and DR

DM was briefly defined by the Standards of Medical Care in
Diabetes (23): (a) FPG = 126mg/dL (7.0mmol/L), (b) 2-h OGTT =
200mg/dL (11.Immol/L), (¢) HbAlc > 6.5% (47.5mmol/L), (d)
antidiabetic or insulin therapy, (¢) who replied “yes” to the question
“Did the doctor tell you that you have diabetes?” DR patients were
those who replied “yes” to the question, “Has a doctor ever told you
that diabetes has affected your eyes or that you had retinopathy?” The
diabetes duration was calculated by: the claimed age when interviewing
minus the age at first diagnosis of diabetes, and then separated into two
categories: < 10 years and > 10 years. Glycemic was assigned as
excellent (HbAlc < 7%) or bad (HbAlc > 7%) glucose management.

Assessment of covariates

The selected demographic variables included age, gender, race,
and education level. Examination and laboratory covariates for this
study included body mass index (BMI), glycosylated hemoglobin
Alc (HbAlc), low-density lipoprotein cholesterol (LDL-C), and
high-density lipoprotein cholesterol (HDL-C). Self-reported daily
habits and health state were also taken into account, including
alcohol consumption, smoking status, and medicine history.

Dyslipidemia is frequently distinguished by three lipid
abnormalities (24), namely: (a) increased levels of triglycerides (=

A Total participants from B 2 )
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(n=80,312) s
(a) age<20 (n=35,522), (b) pregnant /
(n=941), (c) missing data on DR self- s !
report (n=38,249) S
A 7~
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(n=5,600) :
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FIGURE 1

Study design and cutoff determination. (A) Flow diagram for research. (B) The cutoff of HALP score for the prediction of DR elevated by receiver
operating characteristic curve (AUC=0.546, cutpoint=49.2, p<0.001). (C) The “L-shape” relationship between HALP score and DR based on restricted
cubic splines (turning-point=49.2, p-nonlinear<0.001). (D) Stacked bar graphs of DR proportions in different HALP groups. AUC, Area under curve.
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150 mg/dL), (b) increased levels of tiny LDL-C particles (= 130 mg/
dL), and (c) decreased levels of HDL-C (< 40 mg/dL for men; <50
mg/dL for women). Besides, people who were prescribed
medication for dyslipidemia were also considered. Hypertension
was determined as a blood pressure measurement over 140/90
mmHg measured on three consecutive occasions, a related
medicine history, or a professional diagnosis.

Smoking history was categorized based on self-report in the
following manner: (a) non-smokers: individuals who have never
consumed 100 cigarettes during their lives; (b) former smokers:
individuals who previously smoked over 100 cigarettes but have quit
smoking; (c) current smokers: individuals who have a history of current
smoking. Alcohol consumption was assessed by a 24-hour food recall.

Statistical analyses

The analysis of statistics was performed using Stata 16.0, R
software (version 4.2.2), and MSTATA software. To ensure that the
estimates could be representative of the general U.S. population,
weighted samples, as well as the stratification and clustering of the
design, were taken into consideration in all analyses conducted in
accordance with centers for disease control (CDC) guidelines. To
compare the disparities in baseline characteristics between the NDR
and DR groups, continuous variables were expressed as means +
standard error (SE), and categorical variables were presented as
proportions. When comparing the differences in continuous
variables between patients with NDR and DR, a weighted t-test
was applied for continuous variables, while a weighted chi-square
test was used for categorical variables. The cutoff value of HALP to
predict DR in diabetes subjects was initially determined by the
receiver operating characteristic (ROC) curve, and then the HALP
score in all the individuals was evaluated by the restricted cubic
spline (RCS) curve. Furthermore, three logistic regression analysis
models were performed to assess the relationship between HALP
and DR prevalence, and sensitivity analysis and subgroup analysis
were further carried out. Finally, the decision curve analysis (DCA)
and clinical impact curve (CIC) were conducted to estimate the
predictive power and clinical utility of the HALP score. A two-sided
p < 0.05 was considered significant.

Results

Characteristics of the participants
at baseline

Totally, 4,984 NHANES diabetes patients were enrolled in this
study, representing 19.3 million individuals in the USA. The
baseline characteristics of all the eligible individuals were
displayed in Table 1, including 3,924 patients without DR and
1,060 patients with DR, and the weighted prevalence of DR was
19.57%. Totally, the average age was 59.6 + 0.26 years, and 51.51%
were males. In particular, in contrast to the NDR group, DR patients
were more likely to have lower education level, longer diabetic
duration, high levels of HDL-C, and HbAlc. The mean HALP score
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was 55.07 + 0.78, and the DR patients tended to have lower HALP
compared with NDR ones (50.67 + 1.11 vs. 55.07 £ 0.78, P < 0.001).

While no statistically significant disparity was observed in age,
gender, race, body mass index, alcohol consumption, smoking
history, hypertension presence, or hyperlipidemia presence
among diabetes patients with or without DR.

The relationships of HALP score with
diabetic retinopathy

According to the analysis of the ROC curve, the optimal cutoff
value for HALP to predict the DR prevalence in diabetes subjects
was 49.2 (AUC = 0.546) (Figure 1B). Additionally, in the restricted
cubic spline (RCS) model, a noteworthy nonlinear correlation was
observed between HALP and DR risk (P-nonlinear < 0.001). An L-
shaped association between HALP score and DR incidence was
displayed in Figure 1C, and the inflection point of HALP for DR
was also 49.2. Then, the relationships between HALP and DR were
further analyzed by segmented logistic regression. The DR risk
sharply decreased with the increase of HALP, and the decline
reached a plateau when HALP was more than 42.9
(Supplementary Table 1).

Therefore, patients were categorized into two groups depending
on their HALP scores: the higher HALP group (HALPyg, > 49.2) and
the lower HALP group (HALP),,, < 49.2). The comparison between
DR patients and NDR patients was illustrated in Figure 1D, where the
proportion of DR patients in the HALPy;y, group was smaller than
that in the HALP,,,, group (16.74% vs. 22.53%, P < 0.001).

Logistic regression analysis and
sensitivity analysis

The results of logistic regression analyses evaluating the
associations between HALP),,, and DR in the diabetes population
demonstrated that low HALP was associated with DR, regardless of
other known factors (P < 0.05) (Table 2). Specifically, in the crude
model (Model 1), a low HALP score was related to an elevated risk
of DR (OR = 1.446, 95% CI: 1.188-1.760, P < 0.001). After several
factors were adjusted (age, gender, race, BMI, education level,
diabetic duration, and HbAlc level), a low HALP score was also
presented as being related to the elevated risk of DR (OR = 1.364,
95% CI: 1.112-1.672, P =0.003). Considering extrema’s potential
effects, a sensitivity analysis was performed to check the robustness
of our results. After excluding samples with extreme HALP scores,
similarly, sensitivity analysis indicated that the HALP,,, group has
a higher risk of DR prevalence in Model 3 (OR= 1.357, 95%CI:
1.107-1.664) (Table 3).

Stratification analysis of HALP score with
diabetic retinopathy

As shown in Figure 2A, further analysis was stratified by gender,
diabetic duration, and HbAlc level. The findings from the subgroup
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TABLE 1 Baseline of participants with or without DR.

10.3389/fendo.2024.1356929

Characteristics DR (-) DR (+)

(N=3924) (N=1060)
Age, years 59.94 + 0.25 59.55 + 0.28 59.88 + 0.56 0.885
Gender, % 0.551
Male 51.42 51.63 50.57
Female 48.58 48.37 49.43
Race/Ethnicity, % 0.307
Mexican American 9.26 9.29 9.13
Other Hispanic 5.37 5.29 5.71
Non-Hispanic White 62.27 62.91 59.65
Non-Hispanic Black 14.50 14.19 15.79
Other (multi-racial) 8.59 8.32 9.73
Education level <0.001
Less than 9th grade 10.89 10.34 13.61
9th-12th grade 13.41 12.93 15.41
High School/GED 24.81 24.27 27.06
Some college/AA 31.20 31.79 28.80
College or above 19.52 20.60 15.09
Missing 0.07 0.08 0.03
Alcohol consumption, g/day 5.19 + 0.40 5.38 +0.43 4.41 + 0.99 0.186
Smoking status, % 0.512
non-smokers 48.85 48.53 50.18
current-smokers 35.29 35.35 35.04
former-smokers 15.86 16.12 14.79
Diabetic duration, years 11.52 + 0.23 10.28 +0.23 16.64 + 0.62 <0.001
BMI, kg/m2 32.89 + 0.15 32.88 +0.17 32.92 +0.34 0.896
BMI category 0.641
Normal (<25) 11.88 11.67 12.72
Overweight (25-30) 26.04 26.03 26.09
Obese (= 30) 62.08 62.30 61.19
Hypertension, % 0.054
Yes 54.00 53.33 56.84
No 46.00 46.68 43.16
Hyperlipidemia, % 0.789
Yes 82.10 82.03 82.40
No 17.90 17.97 17.60
HbAlc, % 7.31 £0.03 721 £0.03 7.71 £ 0.07 <0.001
HDL-C, mg/dL 47.59 £ 0.27 47.34 £ 0.30 48.63 £ 0.59 0.010
HALP 55.07 +0.78 56.14 + 0.93 50.67 + 1.11 <0.001

Data was presented as means + standard error (SE) or proportions.
BMI, Body mass index; HbAlc, Glycosylated hemoglobin Alc; HDL, High density lipoprotein; HALP, hemoglobin, albumin, lymphocyte, and platelet.
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TABLE 2 Logistic regression analysis for the association between HALP
and DR in various models.

10.3389/fendo.2024.1356929

TABLE 3 Sensitivity analysis for the association between HALP and DR in
various models.

Model 1 OR Model 2 OR Model 3 OR Model 1 OR Model 2 OR Model 3 OR
(95%Cl) P (95%Cl) P (95%Cl) P (95%Cl) P (95%Cl) P (95%ClI) P
HALPpg, | reference reference reference HALPyg, | reference reference reference
HALP,,., 1.446(1.188- 1.453(1.185- 1.364(1.112- HALP,,., 1.438(1.181- 1.445(1.178- 1.357(1.107-
1.760) <0.001 1.781) <0.001 1.672)0.003 1.751)<0.001 1.772)<0.001 1.664)0.003
P trend <0.001 <0.001 <0.001 Model 1: crude model, without any adjustments; Model 2: adjusted for age, gender, race;

Model 1: crude model, without any adjustments; Model 2: adjusted for age, gender, race;
Model 3: based on model 2, further adjusted for diabetic duration, HbAlc, education
level, BMI.

OR, Odds ratios; CI, Confidence intervals.

analysis demonstrated persistent and favorable associations
between HALP),, and DR risk across gender and HbAlc
subgroups (P for interaction > 0.05). Notedly, HALP,,,, showed
significantly higher prevalence of DR in the subgroups of longer
diabetic duration (>10 years) (P for interaction = 0.033), with OR
(95% CI) 1.684 (1.286-2.205).

Predictive power of HALP score with
clinical indicators for DR

To examine the diagnostic value of the HALP score combined
with common clinical indicators for DR, we conducted ROC
analysis. As depicted in Figure 2B, a combination of HALP score,
HbAlc, and diabetic duration indeed results in a model with
increased predictive performance (AUC=0.666). DCA investigated
the potential clinical utility of the HALP score in predicting the risk
of DR. DR demonstrated a favorable net clinical benefit within a
threshold probability range of 7% to 40%, with the highest net
benefit observed (Supplementary Figure S1). In addition, CIC was
created as a visual tool to evaluate the concordance between
prediction and observation of DR occurrences. As presented in
Supplementary Figure S2, there were consistently more anticipated

Model 3: based on model 2, further adjusted for diabetic duration, HbAlc, education
level, BMIL.
OR, Odds ratios; CI, Confidence intervals.

high-risk patients than real DR patients at the optimal threshold
probability, with a satisfactory cost-benefit ratio.

Discussion

To date, this was the first investigation into the potential
association between HALP score and DR prevalence in diabetes
patients, using the NHANES database based on a nationwide
representative population scattered across the United States. The
results suggested that a lower HALP score was a significant risk
factor for DR, independent of other confounders. The DR risk for
diabetes patients in the HALP),,, group was 36% higher than that in
the HALPy;g, group after adjusting for several factors. A similar
conclusion was also drawn from sensitivity analysis, which
represented that the findings were stable. Significantly, this
research was the first to establish an L-shaped correlation
between the HALP score and DR risk after adjusting for
confounding variables. Additionally, a significant statistical trend
was observed only when HALP was below 49.2. Specifically, HALP
score showed a hazardous effect on DR occurrence when below 42.9
and then appeared relatively flat. Stratification analysis suggested
that HALP),,, was a reliable predictor of DR risk, thereby potentially
aiding in the detection and monitoring of diabetes patients who are

A B
e 4
HALP,,, OR (95%Cl) P-value P for interaction -
Stratified by gender 0.654
Male —_— 1.435(1.082-1.903)* 3
Female —— 1.328(0.985-1.791)
Stratified by diabetic duration 0.033
<10 years — 1.091(0.804-1.482) E‘ S
>10 years ——+————  1.684(1.286-2.205)"* % ALIC: 0,655
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FIGURE 2

T T T T
0.0 02 04 0.6 08 1.0
1 - Specificity

Robustness and diagnostic value of HALP. (A) Forest plot of the relationship of DR with HALP in different subgroups (after adjusting age, gender,
race, BMI, education level, diabetic duration, and HbAlc level). (B) ROC curve of HALP score combined with clinical indicators (HbAlc level and
diabetic duration) for predicting DR. Stratified by diabetes duration, HbAlc and gender. Subgroups were all adjusted for age, gender, race, diabetic
duration, HbAlc, education level.
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susceptible to DR, especially among patients with over 10 years of
diabetic duration. Furthermore, the combination of HALP score
and clinical indicators demonstrated predictive power and clinical
utility, as shown by the ROC curve, DCA, and CIC.

The pathophysiology of DR is complex and multifactorial,
involving chronic inflammation and oxidative stress.
Accumulating studies have reported that chronic inflammation
contributes to the upregulation of pro-inflammatory cytokines
and chemokines, such as interleukin-1B (IL-1B) and vascular
endothelial growth factor (VEGF), which can exacerbate the
pathophysiological progression observed in DR, such as
endothelial failure, leukocyte adhesion and infiltration, platelet
activation, and neovascularization (25).

As a recognized indicator of inflammation, lymphocytes are
actively involved in the elimination and repair of inflammation.
Zhu et al. found that a lower lymphocyte percentage might
potentially serve as a valuable diagnostic indicator for identifying
the onset and progression of diabetic macular edema (DME) (26).
Platelets play a crucial role in diabetes patients through heightened
adhesion, activation, and aggregation of platelets due to disruptions
in multiple signaling pathways and metabolic abnormalities such as
hyperglycemia and dyslipidemia (27). Oxidative stress, systemic
inflammation, reduced nitric oxide bioavailability, poor calcium
metabolism, and increased phosphorylation and glycosylation of
cellular proteins contribute to exacerbated platelet activation (28).
This, in turn, leads to the occurrence of diabetic complications.

Serum albumin is rich in thiol groups that can effectively
neutralize the majority of reactive oxygen in the blood (29),
potentially aiding in protecting DR patients from oxidative
damage. Furthermore, albumin has the ability to attach to
advanced glycation end products (AGEs) formed through non-
enzymatic glycation processes in a hyperglycemic environment
(30). AGEs are strongly linked to the development of DR (31),
and albumin can potentially reduce the harmful impact on the
retina by binding to them (32). Hemoglobin, as an oxygen carrier,
was correlated with more severe DR when it was in low
concentration (33). Compared to red blood cells in the general
population, those in diabetic individuals have less deformability and
more capillary aggregation, making them more brittle and
susceptible to breaking, leading to lower hemoglobin levels and
potentially causing anemia (34). Hypoxia caused by anemia triggers
the production of inflammatory mediators and vasoproliferative
factors like VEGF and erythropoietin (35, 36). These substances can
increase retinal vascular permeability and worsen DR (33).
Moreover, anemia may lead to ischemia, which is believed to
aggravate the progression of retinal hypoxia and further
exacerbate the progression of DR (37).

The HALP score, a novel indication, is derived from the
integration of the aforementioned four hematological parameters.
This finding may be significant because it is cost-effective and easily
assesses current inflammation and nutritional status, which can aid
physicians in primary hospitals and outpatient clinics in evaluating
DR occurrence especially when HALP score is lower than 42.9, and
developing suitable treatment strategies through regulating
hemoglobin, albumin, lymphocyte, and platelet.
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This research exhibited some strengths and weaknesses. As far
as our knowledge extends, this was the first investigation that
assessed the potential correlation between HALP score and DR in
patients with diabetes. Moreover, our study was a large sample size,
which represented 19.3 million residents in the United States.
Considering its cross-sectional and observational nature, some
limitations existed in this study. First, this was a cross-sectional
analysis, and causality cannot be extrapolated. Second, the history
of DR in NHANES was just self-reported data and failed to involve
the classification of DR. Third, the hemoglobin count, serum
albumin levels, lymphocyte count, and platelet count were
assessed during the examination. However, it failed to
demonstrate how the HALP score exhibits dynamic changes over
time. Consequently, prospective cohort investigations remain
necessary to confirm the conclusions.

Conclusion

The HALP score had an L-shaped association with the risk of
diabetic retinopathy, suggesting possible predictive potential.
Moreover, diabetes patients with a lower HALP score were more
likely to have an increased risk of diabetic retinopathy, particularly
among those with over 10 years of diabetic duration. Prospective
studies are needed to prove its reliability and clinical utility.
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Objectives: To explore the correlation between the vessel density (VD) of the
retina and choroid vascular plexuses and the thicknesses of their respective
retinal layers and choroid membranes in participants with severe non-
proliferative diabetic retinopathy (NPDR).

Methods: We retrospectively analyzed the data of 42 eyes of 42 participants with
diabetes mellitus (DM) and severe NPDR. In addition, 41 eyes of 41 healthy
controls were evaluated. Measurements were taken for both groups using optical
coherence tomography angiography (OCTA), including the area and perimeter of
the foveal vascular zone (FAZ) and the vascular density (VD) in the superficial
capillary plexus (SCP), deep capillary plexus (DCP), and choroid capillary (CC).
These measurements were compared with the retinal thickness (RT) of the inner/
intermediate retinal layers and choroidal thickness (CT). The study evaluated the
correlation between RT or CT and VD in the respective vascular networks,
namely superficial capillary plexus (SCP), deep capillary plexus (DCP), or CC.

Results: The inner RT and VD in all plexuses were significantly lower in the severe
NPDR group than in the healthy controls. Furthermore, the FAZ area and
perimeter were larger in the severe NPDR group. Inner RT was correlated with
VD in the SCP group (r=0.67 and r=0.71 in the healthy control and severe NPDR
groups, respectively; p<0.05). CT negatively correlated with VD in the CC (r=-
0.697 and r=-0.759 in the healthy control and severe NPDR groups, respectively;
p<0.05). Intermediate RT significantly correlated with VD in the DCP of the severe
NPDR group (r=-0.55, p<0.05), but not in the healthy control group.
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Conclusions: Retinal or choroidal thickness strongly correlated with VD.
Therefore, patients with severe NPDR must consider the distinct anatomical
and functional entities of the various retinal layers and the choroid.

KEYWORDS

retinal thickness, optical coherence tomography angiography, severe nonproliferative
diabetic retinopathy, vessel density, choroidal thickness

1 Introduction

Diabetic retinopathy (DR) is a prevalent complication of DM,
particularly in the working-age population, representing a primary
cause of blindness (1). Severe NPDR is the severe pathological stage
of diabetic retinopathy at which DR is most commonly
recommended for clinical treatment (2). Fluorescent angiography
and fundus photography have been used to diagnose DR. OCTA is a
form of non-invasive examination that can provide elaborate
images without dye injection. It is increasingly used for diabetic
retinopathy diagnosis and observational studies owing to its high
resolution and noninvasiveness.

DR leads to structural and functional changes in the retina,
microaneurysm formation, non-perfusion areas, and vascular
abnormalities, which are the main pathological features of severe
NPDR (3). In this context, OCTA can acquire more information,
allowing quantitative analysis of the choroid and retina. The
majority of the literature has demonstrated the potential role of
OCTA in DR, such as in examining neovascular complexes (4) and
non-perfusion areas (5). VD, as well as the FAZ area in the retina of
diabetic patients are altered compared with those of healthy people
(6, 7). Moreover, the structure of retinal changes, even in diabetic
patients who do not have DR (8, 9), included a thinner retinal
sublayer, including the ganglion cell layer (GCL), retinal nerve fiber
layer (RNFL), and inner plexiform layer (IPL).

Several studies have previously investigated on the correlation
between the retinal structure and VD, providing particular
insights into diagnosing and treating fundus diseases (10, 11).
Some researchers (12) have further demonstrated that the
OCTA parameters for the VD and FAZ circularity indices
were correlated with the GCL/IPL in diabetic patients with
diabetes. Decreased choroidal VD can lead to structural changes
in the retina (13). Choroidal VD has been suggested to correlate
with retinal thickness. However, relevant studies investigating the
correlation between retinal/choroidal thickness and OCTA-related
parameters need to be performed, particularly in patients with
severe NPDR.

In this study, we focused on identifying changes in VD and
retinal sublayer/choroidal thickness, as well as identifying the
correlation between thickness and VD in patients with
severe NPDR.

Frontiers in Endocrinology

2 Materials and method
2.1 Participants

Participants with diabetes who underwent DR-related fundus
examinations were admitted to Tianjin Medical University General
Hospital between March 2021 and March 2023. Age-matched
healthy controls were included in this cross-sectional study. Two
ophthalmologists evaluated and graded the fundus images. All
participants who were diagnosed as severe NPDR without the
presence of diabetic macular edema (DME) were enrolled in this
research. Participants who had undergone fundus therapy, such as
anti-VEGF therapy and/or laser therapy, or had any other
conditions that could affect the microvessels of the choroid and
retina, such as retinal vascular obstruction, glaucoma, or
proportional retinal disease, were excluded.

Relevant demographic data and clinical information, including
age, sex, axial length, body mass index (BMI), smoking status, blood
pressure, best-corrected visual acuity (BCVA), and intraocular
pressure (IOP), were collected.

This study was conducted in accordance with the principles of
the Declaration of Helsinki, and was approved by the Ethics
Committee of the Tianjin Medical University General Hospital
(approval number (RB2021-YX-048-01). Consent was obtained
from the participants, all of whom were made aware of the
purpose and potential outcomes of the study and willingly agreed
to participate. The participants in this project were well informed
about the study’s objectives and potential effects, and they willingly
provided their consent.

2.2 Swept-source optical coherence
tomography and OCTA imaging
and measurements

Images derived by Swept-source optical coherence tomography
and OCTA were captured by a Zeiss Cirrus (HD-OCT 5000)
equipped with an Angioplex (Carl Zeiss Meditec, Dublin, CA,
USA). A 3x3 mm scan was created for each eye, focusing on the
central part of the foveal area. FastTrac retinal tracking technology
(San Francisco, CA, USA) was used to minimize motion artifacts. A
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signal strength > 6 out of 10 was accepted. En-face OCTA images
were automatically generated using an optical microangiography
algorithm of the Angioplex software. The SCP, DCP, and CC were
automatically identified using a review software program (Carl
Zeiss Meditec). The SCP and DCP were defined as the inner
limiting membrane to the inner plexiform layer and from the
inner nuclear layer to the outer plexiform layer, respectively (14).
CCP was defined as 10 um thickness under the complex of
retinal pigment epithelium and Bruch membrane (15). The
thickness of the central macula was measured manually by an
examiner who was unaware of the details. We further determined
choroid thickness as the length from the outer border of the retinal
pigment epithelium to the sclero-choroidal interface. The thickness
of the inner retinal layer was defined from the inner membrane
layer to the IPL, whereas that for the intermediate retinal layer was
defined from the inner nuclear layer (INL) to the outer plexiform
layer (OPL).

2.3 Quantitative OCTA image analysis

As previously mentioned, the binarization processing of the
SCP and DCP was conducted using customized Python 3.5 code,
provided by The Python Software Foundation (United States) (16).
In summary, each image was subjected to a top-hat filter, followed
by further processing. Two distinct techniques for binarization
were employed: the initial image was processed with a Hessian
filter, and subsequently subjected to global thresholding
using Huang’s fuzzy thresholding approach. A median local
thresholding approach was applied to the second image.
Combining the two processed images results in the creation of
an ultimate binarized image. The foveal circle was surrounded by
an annular region. Pixels in both images were exclusively
considered when included in the analysis. For the analysis, a
combination of automated outlining using review software and
manual outlining by two separate investigators was utilized, with
manual outlining employed in cases where the algorithm signals
were not strong. The diameter of the CC OCTA image was
binarized using the Phansalkar method to calculate the VD,
which is represented as the percentage of the total vessel area
divided by the total measured area (1-3 mm in diameter) (8), as
mentioned earlier (15).

2.4 Statistical analysis

The statistical analyses utilized IBM SPSS Statistics for
Windows (version 25.0). Categorical variables are described as
numbers or percentages. Pearson’s chi-square test was conducted
on both the healthy control and severe NPDR groups, with
continuous variables presented as the mean and standard
deviation (SD). Student’s t-test was conducted to compare two
groups. We used a single-factor regression analysis to investigate
the correlation between VD and VD in both groups. Statistical
significance was set at p < 0.05.
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TABLE 1 Basic information of healthy controls and severe
NPDR patients.

Characteristic Healthy Severe NPDR

Means + SD/  controls patients (n=42)

n (%) (n=41)

Age, year 54.6 + 125 523 + 87 0318
BMI, kg/m? 256+ 3.1 247 +3.0 0.202
Blood 1437 £ 17.8 141.7 + 18.9 0.619
pressure, mmHg

Axial length, mm 237 +14 235+1.2 0.446
BCVA, logMAR 0.02 + 0.05 026 +0.25 <0.001
I0P, mmHg 162 + 3.1 174+25 0.061
Sex (male) 24 (58.5) 24 (57.1) 0.89
Smoking (yes) 16 (39.0) 16 (38.1) 0.93

BMI, body mass index; BCVA, best-corrected visual acuity; IOP, intraocular pressure; SD,
standard deviation; NPDR, nonproliferative diabetic retinopathy.

3 Results

Table 1 summarizes the demographic characteristics of the 83
participants involved in the study. Overall, we examined 41 eyes
from 41 healthy controls (age: mean (SD), 54.6 (12.5) years) and 42
eyes from 42 participants with severe NPDR (age: mean (SD), 52.3
(8.7) years). No notable disparities were noted in terms of sex, axial
length, BMI, smoking status, blood pressure, or IOP (p>0.05),
although the BCVA of the healthy control group (logMAR 0.02
(0.05)) was better than that of the severe NPDR group (LogMAR
0.26 (0.25)) (p<0.05).

Table 2 shows the comparisons between the thickness of the
retinal layers (CMT and sublayers) and choroid thickness. In the
severe NPDR group, the inner retinal thickness was significantly
thinner than that in the healthy control group (107.10 (4.96) vs.
116.0 (4.99), respectively, p<0.05); conversely, the severe NPDR
group had a thicker CMT than the healthy control group (277.4
(73.6) vs. 253.5 (18.9)). Furthermore, no significant difference was
observed in the intermediate retinal thickness between the two
groups (72.00 (10.05) vs. 71.44 (6.18), p>0.05). The severe NPDR
group had a thinner choroid than the healthy control group (429.9
(65.7) vs. 464.5 (71.0)).

We further compared the VD and FAZ parameters between the
healthy control and severe NPDR groups (Table 2; Figure 1).
Overall, the parafoveal VD of SCP and DCP in the severe NPDR
group were significantly lower than that in the healthy control
group ((28.05 (3.74) vs. 30.23 (2.72), p<0.05, and 26.81 (2.57) vs.
29.30 (1.70), p<0.05, respectively). Additionally, the severe NPDR
group had a larger FAZ area and perimeter than the healthy control
group (0.56 (0.22) vs. 0.37 (0.10), p<0.05, and 2.84 (0.61) vs. 2.27
(0.30), p<0.05, respectively). The acircularity index of the FAZ was
1.10 (0.07) in the severe NPDR group and 1.59 (0.03) in the healthy
control group, with significant difference between the
groups (p<0.05).

A strong connection was found in the vascular density of the
parafoveal SCP and the thickness of the inner retina in the healthy
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TABLE 2 Results of parafoveal VD, FAZ, parafoveal RT, and CT in the

two groups.
Characteristic Healthy  Severe p
Means + SD control  NPDR value
(n=41) patients
(n=42)
VD Ned 3023 28.05+3.74  0.003
+2.72
DCP 29.30 2681 +257 | <0.001
+1.70
cc 64.20 61.7 + 4.2 0.001
+2.40
FAZ Area, pm? 0374010 | 056+ 0.22 <0.001
Perimeter, 2274030 | 284+ 061 <0.001
pm
Acircularity | 1.59 +0.03 | 1.10 + 0.07 0.016
index
RT ILM-IPL 116.0 107.10 4.96 <0.001
+4.99
INL-OPL 71.44 72.00 10.05 0.761
+6.18
Central 253.50 277.40 0.049
macular +18.90 + 73.60
thickness
CT 464.50 429.9 0.024
+71.00 +65.70

Values are expressed as mean + SD.

CC, choroid capillary; CT, choroidal thickness; VD, vessel density; NPDR, non-proliferative
diabetic retinopathy; FAZ, foveal vascular zone; RT, retinal thickness; SCP, superficial
capillary plexus; DCP, deep capillary plexus; IPL, inner plexiform layer; ILM, internal
limiting membrane; INL, inner nuclear layer; OPL, outer nuclear layer; SD,
standard deviation.

Severe NPDR  Healthy control

FIGURE 1

10.3389/fendo.2024.1373363

control group (r=0.67, p<0.001; Figure 2A) and severe NPDR
groups (r=0.71, p<0.001; Figure 2B). However, the VD of the
parafoveal DCP was not significantly associated with intermediate
retinal thickness (p>0.05; Figures 2C, D). Analysis of the correlation
between choroidal thickness and capillary VD demonstrated
negative correlations in both severe NPDR (r=-0.70, p<0.001;
Figure 2E) and healthy control groups (r=-0.76, p<0.001;
Figure 2F). Interestingly, we also found a positive correlation
between the FAZ area and the SCP of the VD in the severe
NPDR group (r=0.55, p<0.000; Figure 2G), but not in the healthy
control group (r=0.18, p>0.05; Figure 2H).

4 Discussion

In this study, we examined variations in retinal or choroidal
thickness and VD in participants with severe NPDR. We further
explored the connection between VD in the retinal plexus or
choriocapillaris and the corresponding thickness in the eyes of
healthy participants and those with severe NPDR but without DME.

The effect of DM on retinal thickness has been validated in
many studies, with results showing that DM affects the RNFL, GCL,
and IPL in diabetic patients with (8, 9) or without DR (17). Our
results showed that the inner retinal thickness decreased in the
severe NPDR group. Kim et al. (18) reported that progressive
damage to the mGCIPL affected the progression of patients with
early stage DR. Simultaneously, researchers found that patients with
DR had lower inner retinal thickness than controls (19). DR is an
ischemic disease simultaneously affecting all retinal layers (10, 11).
The central retinal vasculature supplied the inner retinal layer. DR
causes microvascular dysfunction, leading to chronic retinal

Representative OCTA images of healthy control and severe NPDR patients. The left, middle, and right represent OCTA images of the SCP, DCP, and
CCP, respectively. The evaluated regions consisted of a circular area with a diameter of 1 mm at the center of the fovea and a donut-shaped area

surrounding it, with diameters ranging from 1 to 3 mm.
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Correlations between vessel density and capillary plexuses. (A, B) Correlation between inner retinal thickness and VD of the parafoveal SCP in the
healthy control and severe NPDR groups; (C, D) correlation between intermediate retinal thickness and VD of the parafoveal DCP in the healthy
control and severe NPDR groups; (E, F) correlation between choroid thickness and VD of choroid capillaries in the healthy control and severe NPDR
groups; (G, H) correlation between FAZ area and VD of the parafoveal SCP in the healthy control and severe NPDR groups. VD, vessel density;
NPDR, non-proliferative diabetic retinopathy; FAZ, foveal vascular zone; SCP, superficial capillary plexus; DCP, deep capillary plexus.

ischemia. Structural damage to the inner retina is also considered an
essential manifestation of DR, as DR causes damage or apoptosis in
many cell types in the inner retina (20).

Several studies have reported larger FAZ areas and perimeters
in patients with DM (6, 21). OCTA has allowed the capture of
detailed images of patients with DM, enabling physicians to make
advanced decisions and analysis. Changes in FAZ can be observed
in patients with DM, although they do not show signs of DR (6). In
our study, the severe NPDR group showed a tendency toward an
expanded FAZ area compared to the healthy control group, which
has been verified in many studies (6, 7). Although changes in the

Frontiers in Endocrinology

FAZ area have been treated as a vital fundus indicator of early DR,
they are also considered an essential parameter for measuring DR
severity (22). Bresnick et al. (23) reported that FAZ enlargement is
caused by capillary loss in the adjacent vessels. Moreover, the
severity of microvascular changes and macular ischemia increases
with DR progression (24). In addition, we found a positive
correlation between the FAZ area and perimeter and retinal VD
in the severe NPDR group, but not in the healthy control group. The
enlargement of the FAZ area and perimeter is a manifestation of
retinal hypoxia. Compared with other DR-related parameters such
as VD, spacing between vessels, and perfusion density, the FAZ area
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showed lower sensitivity and specificity (21). Based on our results,
we believe that changes in the FAZ area, combined with other
indicators such as VD, can be used to indicate DR severity.

Several studies have previously demonstrated a correlation
between choroidal angiopathy and retinopathy in patients with
DR (25, 26). Although indocyanine green angiography can be used
to detect choroidal structure and function, OCTA provides real-
time imaging with precise anatomical details and quantification of
the choroid in vivo. In our study, patients with severe NPDR
exhibited a thinner choroid than healthy controls and a decrease
in CC was observed in the severe NPDR group. Mehreen et al. (27)
reported a reduction in the CC of eyes with PDR and DME
compared to controls. Regatieri et al. (25) also found that
choroidal thickness is altered in diabetes, and may be related to
the severity of retinopathy. Choi et al. (13) further found that
microvascular abnormalities of the CC occurred in all DR stages.
These findings are consistent with our results. In addition, our
results showed that both healthy controls and patients with severe
NPDR showed a negative correlation between the VD of the CC and
choroidal thickness. In support of this, Schocket et al. (28) and Lutty
et al. (29) found that the choriocapillaris in eyes with moderate-to-
severe DR was closed, which could be the reason for the decrease in
the VD of the CC and choroidal thickness. In our study, although
only the entire thickness of the choroid and VD of the CC were
measured, our findings of decreased choroidal thickness and VD of
the CC are consistent with those of Mehreen et al. (27). Although
the CC accounts for only 5-10% of the choroid membrane the CC
layer accounts for (30), this layer of blood vessels may be involved in
the pathological process of DR.

5 Limitations

In this project, we included only a limited number of eyes; thus,
the study has limited power. Moreover, this was a retrospective
study, and we did not obtain fundus data from patients with severe
NPDR before DR occurred.

6 Conclusion

Our study demonstrated a decreasing tendency in retinal or
choroidal thickness and VD in patients with severe NPDR, and
further showed a correlation between VD and the corresponding
thickness. DR affects both the retina and choroid. Our study
elucidated the pathological characteristics of the ocular structure
in patients with severe NPDR. Numerous OCTA parameters
suggest an intrinsic correlation that may provide a new strategy
for the pathogenesis and diagnosis of DR.
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Levels of asymmetric
dimethylarginine in plasma and
aqueous humor: a key risk factor
for the severity of fibrovascular
proliferation in proliferative
diabetic retinopathy

Xinyang Guo, Wei Jin* and Yigiao Xing*

Eye Center, Renmin Hospital of Wuhan University, Wuhan, Hubei, China

Introduction: Proliferative diabetic retinopathy (PDR) is a common diabetes
complication, significantly impacting vision and quality of life. Previous studies
have suggested a potential link between arginine pathway metabolites and
diabetic retinopathy (DR). Connective tissue growth factor (CTGF) plays a role
in the occurrence and development of fibrovascular proliferation (FVP) in PDR
patients. However, the relationship between arginine pathway metabolites and
FVP in PDR remains undefined. This study aimed to explore the correlation
between four arginine pathway metabolites (arginine, asymmetric
dimethylarginine[ADMA], ornithine, and citrulline) and the severity of FVP in
PDR patients.

Methods: In this study, plasma and aqueous humor samples were respectively
collected from 30 patients with age-related cataracts without diabetes mellitus
(DM) and from 85 PDR patients. The PDR patients were categorized as mild-to-
moderate or severe based on the severity of fundal FVP. The study used Kruskal-
Wallis test to compare arginine, ADMA, ornithine, and citrulline levels across three
groups. Binary logistic regression identified risk factors for severe PDR. Spearman
correlation analysis assessed associations between plasma and aqueous humor
metabolite levels, and between ADMA and CTGF levels in agueous humor among
PDR patients.

Results: ADMA levels in the aqueous humor were significantly greater in patients
with severe PDR than in those with mild-to-moderate PDR(P=0.0004). However,
the plasma and aqueous humor levels of arginine, ornithine, and citrulline did not
significantly differ between mild-to-moderate PDR patients and severe PDR
patients (P>0.05). Binary logistic regression analysis indicated that the plasma
(P=0.01) and aqueous humor (P=0.006) ADMA levels in PDR patients were risk
factors for severe PDR. Furthermore, significant correlations were found
between plasma and aqueous humor ADMA levels (r=0.263, P=0.015) and
between aqueous humor ADMA and CTGF levels (r=0.837, P<0.001).
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Conclusion: Elevated ADMA levels in plasma and aqueous humor positively
correlate with the severity of FVP in PDR, indicating ADMA as a risk factor for

severe PDR.

KEYWORDS

diabetic retinopathy, fibrovascular proliferation, asymmetric dimethylarginine, targeted
metabolomics, plasma, aqueous humor

1 Introduction

With the global prevalence of diabetes on the rise, the incidence
of diabetic retinopathy (DR) is also increasing (1). Recent research
has revealed a greater incidence of DR in Asian countries than in
Western countries (2). Among DR cases, vision-threatening
diabetic retinopathy (VIDR) accounts for approximately 10% of
cases (2). Proliferative diabetic retinopathy (PDR) is a significant
category of VTDR and serves as a crucial cause of visual impairment
and potential blindness in working-age diabetic patients. The
prognosis of patients with PDR can vary due to the extent of
fibrovascular proliferation (FVP) in the fundus. PDR with severe
FVP often leads to retinal detachment, while PDR patients with
simple vitreous hemorrhage generally have a better prognosis than
those with retinal detachment due to severe FVP (3, 4). Moreover,
young patients with PDR are more susceptible to severe FVP,
resulting in a poorer visual prognosis (5). This condition
significantly impacts their quality of life and ability to work,
emphasizing the need for extensive attention and care.

Research has demonstrated that the degree of FVP in PDR
patients is associated with factors such as renal dysfunction, age,
duration of DR, hypertension, and smoking history (6).
Furthermore, connective tissue growth factor (CTGF) plays a role
in the progression of retinal fibrosis and is a positive correlation
with the severity of fundus FVP in patients with DR (7). However,
while these risk factors provide some insight, they fail to fully
explain the underlying causes and molecular mechanisms involved
in the varying degrees of FVP in PDR patients. Therefore, further
investigations are necessary to explore the specific bioactive
molecules responsible for promoting FVP in the eyes of
PDR patients.

In recent years, metabolomics studies have revealed significant
upregulation of arginine pathway metabolites in the plasma and
aqueous humor of patients with DR, and these metabolites are
correlated with the severity of DR (8-10). Research has shown that
arginine metabolism promotes skeletal muscle and cardiac fibrosis
in patients with muscular dystrophy (11).Additionally, arginine
methylation plays a role in regulating epithelial-mesenchymal
transition (12). Protein arginine methyltransferase has been
shown to promote the progression of fibrosis in conditions such
as diabetic nephropathy, idiopathic pulmonary fibrosis, and liver
cirrhosis (13). However, the associations between arginine pathway
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metabolites and fundal FVP in patients with PDR have not been
established. Therefore, this study aimed to investigate the
correlation between specific arginine pathway metabolites (L-
arginine, ADMA, L-ornithine, and L-citrulline) and the severity
of FVP in PDR patients, providing valuable insights into the early
warning of intraocular FVP in cases of severe PDR.

2 Methods
2.1 Ethical statement

The retrospective cross-sectional study involving human
participants conducted in this research has undergone thorough
review and approval by the Clinical Research Ethics Committee of
Renmin Hospital of Wuhan University (WDRY2023-K083). This
study strictly adhered to the principles outlined in the Declaration
of Helsinki and followed international ethical guidelines, including
the Measures for the Ethical Review of Biomedical Research
Involving Humans, as well as relevant domestic laws and
regulations. The patients provided their written informed consent
to participate in this study.

2.2 Patient recruitment

This study randomly recruited a total of 232 patients, aged
between 18 and 79 years, from the Eye Center of Renmin Hospital
of Wuhan University, during the period from January to July 2023.
The inclusion criteria for the PDR group involved meeting the
diagnostic criteria for PDR according to the latest guidelines, and
additionally, participants needed to exhibit varying degrees of
fibrovascular proliferation in the fundus. Patients in the PDR
group meeting any of the following criteria were excluded from
this study: current use of angiotension converting enzyme
inhibitors/angiotensin II receptor blockers (ACEI/ARB), a history
of ocular trauma or eye surgery within the past year, or recent use of
intravitreal anti-VEGF drug injections within the last 3 months
(Figure 1). The inclusion criteria for the control group were defined
as patients with age-related cataracts without concurrent diabetes
mellitus (DM). Patients in the control group meeting any of the
following criteria were excluded: congenital cataract, traumatic
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Excluded Patients (n=117)

PDR
group(n=80)

I.current use of ACEI/ARB drugs
2.eye trauma or eye surgery within 1 year
3.anti-VEGF injections within the past 3 months

4.presence of congenital or traumatic cataract

Guo et al.
Total Patients(n=232)
Eligible Patients (n=115)
) _ PDR group Control
Control group(n=30) aroup(n=37)
age-related cataracts . . o
without diabetes (no-DM) mild- severe group 1. W!th uveitis or glaucoma
moderate group( (stage VI, 2. With Basic Disease:
stage [IVto V, n=43) coronary heart disease, renal insufficiency,
n=42) tumor, ¢ discase, or
other significant systemic diseases.
FIGURE 1

Patient inclusion and exclusion criteria.

cataract, age-related cataract with uveitis or glaucoma, coronary
heart disease, renal insufficiency, malignant tumor, autoimmune
disease, and other serious systemic underlying diseases. A total of
115 patients were ultimately included in the study, comprising 85
patients in the PDR group and 30 patients in the control group. To
clarify whether the sample size included in the study meets
statistical requirements, we conducted a sample size analysis
using PASS 2021. Based on preliminary results, the relevant
abundance mean of aqueous humor ADMA in the control group
was 1, while in the mild PDR group, it was 1.9 with a standard
deviation of 0.82, and in the severe PDR group, it was 2.7 with a
standard deviation of 0.82. With a two-sided o of 0.05 and a test
power (1-B) of 90%, utilizing Kruskal-Wallis Tests (Simulate), we
calculated that each group requires a minimum of 8 subjects,
totaling at least 24 subjects. Clinical data collection included
gender, age, blood pressure, complications, hemoglobin A1C
(HbA1C), and relevant blood biochemistry indicators.

2.3 PDR severity grading

In alignment with the 2019 International Classification of DR by
the American Academy of Ophthalmology (14), this study refined the
stratification of proliferative diabetic retinopathy (PDR) stages based
on the severity of fundal FVP. This was accomplished by referencing
the DR grading standard established in 1984 by the Chinese Medical
Association. DR was divided into six stages, and PDR corresponded
to stages IV-V, which included the early proliferative stage (stage IV),
fibroproliferative stage (stage V), and late proliferative stage (stage
VI). Neovascularization of the retina (NVE) and neovascularization
of the disc (NVD) occur in stage IV (early proliferative stage). Stage V
(the fibroproliferative stage) is characterized by the presence of
fibrous membranes, which may be accompanied by preretinal or
vitreous hemorrhage. In stage VI (the late proliferative stage), traction
retinal detachment with a fibrovascular membrane is observed. In
this study, the severity of proliferation in PDR patients was evaluated
through preoperative fundus ultra-wide-field fundus photography
and intraoperative microscopic findings. Based on the
aforementioned criteria, PDR patients were classified into two
groups: the mild-to-moderate group comprising stages IV to V,
and the severe group consisting of stage V1.
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2.4 Sample collection

After informed consent was obtained from the patients, fasting
whole-blood samples were collected from them using EDTA-containing
anticoagulant tubes. The blood was immediately centrifuged at 4500
rpm and 4°C for 15 min, and the resulting supernatant was carefully
divided into cryopreservation tubes. After the tubes were briefly exposed
to liquid nitrogen for 5 min, they were stored at -80°C. During the
surgery, approximately 150 uL of aqueous humor was collected from
one eye in the PDR group. In the control group, approximately 150 uL of
aqueous humor was collected from one eye with a cataract. The aqueous
humor samples were then transferred to cryopreservation tubes and
rapidly frozen in liquid nitrogen for 5 min before being stored at -80°C
for preservation. The interval between the collection of plasma and
aqueous humor sample collection was within 2 hours.

2.5 Target metabolite UPLC-MS/
MS analysis

Two hundred microliters of acetonitrile containing the internal
standard was added to 100 UL of plasma or aqueous humor. The
mixture was vortexed for 30 seconds. The mixture was subsequently
centrifuged at 13000 rpm for 15 min at 4°C, after which the
supernatant was transferred to a clean tube and dried using a
SpeedVac (Labconco, USA). The dried extract was redissolved in
80% acetonitrile and analyzed via ultra-performance liquid
chromatography with tandem mass spectrometry (UPLC-MS/
MS) conducted on a Waters Acquity UPLC-system coupled with
a 5500 QTRAP system (SCIEX). Chromatographic separation was
achieved on a Waters Acquity UPLC BEH Amide Column (2.1
mmx 100 mm, 1.7 um, Waters) using a flow rate of 0.3 mL/min at
40°C during an 8 min gradient (0-0.5 min 20% A, 0.5-2 min 20%-
80%A, 2-6.5 min 80%A, 6.5-8 min 80%-20%A) using buffer A (5
mM ammonium formate and 0.1% (v/v) formic acid in water) and
buffer B (0.1% (v/v) formic acid in acetonitrile).

Mass spectrometry was performed in positive mode with an
electrospray source voltage set to 5000 V. The analytes were
monitored in multiple reaction monitoring (MRM) mode using
precursor-to-product ion transitions of m/z 175.2 — 70.0 for
arginine, m/z 203.2 — 70.0 for ADMA, m/z 176.1 — 159.0
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for citrulline, m/z 133.1 — 70.2 for ornithine and m/z 185.1 — 75.0
for arginine-13C6 and 15N4 (IS). The collision energies were 30.0
eV for arginine, 40 eV for ADMA, 15 eV for citrulline, 15 eV for
ornithine, and 33.5 eV for IS. Peak determination and area
integration were performed using Analyst 1.7.1 (SCIEX) and
SCIEX 0S1.4.0 software (SCIEX).

2.6 ELISA for CTGF analysis

Detection of CTGF was performed using human-specific ELISA
kits (UpingBio, SYP-H0225). In the experiment, wells were
designated for standard samples, sample dilution, blanks, and test
samples. Standard wells received 50uL of standards at different
concentrations, sample dilution wells received 50uL of sample
dilution fluids, blank wells remained empty, and test sample wells
received 50uL of the samples to be tested. Subsequently, 100uL of
biotinylated antibody was added to each well and incubated at 37°C
for 60 minutes. After washing the plate and patting it dry on
absorbent paper, this process was repeated five times. Next, each
well received 100pL of HRP-conjugated avidin and was incubated at
37°C for 20 minutes. After another five washes, all wells were loaded
with 100uL of substrate mixture and incubated at 37°C for 15
minutes. Finally, 50uL of stop solution was added to each well, and
the absorbance (OD values) of each well was read at 450nm
wavelength using an ELISA reader.

2.7 Statistical analysis

The statistical analysis was conducted using SPSS 27.0 software.
The normality of the measurement data was assessed using the
Shapiro Wilk test. For normally distributed data, the mean *
standard deviation was used for representation, and the
independent sample t test was used for comparing two groups.
Non-normally distributed data are represented herein as medians
and quartiles. Comparisons between two groups were conducted
using the Mann-Whitney U test, while comparisons between three
groups were performed using the Kruskal-Wallis test. Categorical
data were analyzed using the chi-square test or continuity-corrected
chi-square test. Multivariable binary logistic regression was
employed for the analysis of risk factors. The correlation analysis
was performed using Spearman correlation tests. Using GraphPad
Prism 9.0 mapping software, outliers were identified as data points
with relevant abundance values outside the 5-95th percentile of
metabolite quantification.

3 Results
3.1 Demographic data

This study involved a total of 115 subjects, with 85 individuals in
the PDR group and 30 in the group of age-related cataract patients

without a history of diabetes. The number and reasons for excluded
patients are shown in Figure 1. Table 1 presents the clinical data of
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TABLE 1 Demographic data between PDR patients and
nondiabetic patients.

PDR
patients

Non-
diabetes

Variables

Sex (% male) 46.67 51.76 0.076
Age 63.80 + 8.23 52.94 + 947 <0.001**
SBP (mmHg) 132 + 18 137 + 20 0.238
DBP 71 £ 10 72 £ 10 0.463
(mmHg)
Cr (umol/L) 66 (52,78) 71(62,89) 0.102
ch 4.60 + 1.11 4.65 + 0.92 0.824
(mmol/L)
TG(mmol/L) 1.27 £ 0.38 1.38 + 0.57 0.319

The study groups were compared based on their demographics and comorbidities. To
compare the differences between the two groups, A two-sample t tests were used for age,
SBP, DBP, TCh, and TG, with the means and standard deviations presented. The Wilcoxon
rank sum test was performed for creatinine levels, with the median and interquartile range
presented. The chi-squared test was used to compare sex differences. SBP, systolic blood
pressure; DBP, diastolic blood pressure; Cr, creatinine; TCh, total cholesterol; TG, triglyceride,
** represents P<0.01.

these subjects. The analysis revealed no significant differences in terms
of sex (P=0.076), blood pressure (SBP, P=0.238; DBP, P=0.463), serum
creatinine levels (P=0.102), or lipid levels(TCh, P=0.824; TG, P=0.319)
between the PDR group and the control group. The age of the
individuals in the control group was significantly greater than that of
the individuals in the PDR group (P < 0.001).

The PDR group was categorized based on the severity of FVP
into two subgroups: mild-to-moderate PDR (42 patients) and severe
PDR (43 patients). Table 2 presents the clinical data of these
subjects. Age (P=0.333), sex (P=0.829), HbAlc levels (P=0.512),
and history of hypertension (P=0.229) or diabetic nephropathy
(DN) (P=0.052) did not significantly differ between the mild-to-

TABLE 2 Demographic data between patients with mild-to-moderate
PDR and patients with severe PDR.

Mild-to-
Variables Moderate Severe -
. Diabetes Value
Diabetes
Sex (% male) 5238 53.49 0.829
Age 53.95 + 9.93 51.95 + 9.00 0.333
HbAlc (%) 8.01 + 191 8.28 + 1.76 0.512
DM
) 12.93 + 3.142 10.37 + 4.39 0.003**
Duration (years)
Cr 70(62,73) 73(67,92) 0.032*
HTN 40.48% 53.49% 0.229
DN 2.38% 13.95% 0.052

The DR group was divided into mild-to-moderate and severe subgroups based on the severity
of PDR. The two subgroups were compared in terms of their demographics and comorbidities.
A two-sample t test was used to compare the differences between the subgroups in terms of
age, HbAlc level, and duration of diabetes, and the means and standard deviations are
presented. The Wilcoxon rank sum test was used to compare the differences in creatinine
levels between the two subgroups, and the medians and interquartile ranges are presented. The
chi-square test was used to compare sex and comorbidities. HbAlc, glycated hemoglobin Alg;
Cr, creatinine; HTN, hypertension; DN, diabetic nephropathy. * represents P<0.05, **
represents P<0.01.
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moderate PDR and severe PDR groups. However, significant
differences were observed in the duration of diabetes (P=0.003)
and serum creatinine levels (P=0.032). The mild-to-moderate PDR
group had a longer duration of diabetes and lower serum creatinine
levels than did the severe PDR group. This implies a potential
correlation between the duration of diabetes and the severity of
PDR. Furthermore, the significant difference in creatinine levels
indicates that patients in the severe PDR group exhibit a decline in
kidney function compared to those in the mild to moderate
PDR group.

3.2 Comparison of the levels of
four metabolites

To investigate the differences in these four metabolites among
nondiabetic individuals and those with varying severities of PDR,
we analyzed the metabolite levels in three distinct patient groups
(Figure 2). The plasma levels of ADMA in the mild-to-moderate
and severe PDR groups were both significantly greater than those in
the nondiabetic group (P<0.001). The levels of arginine, ADMA,
ornithine, and citrulline in the aqueous humor of the severe PDR
group were significantly greater than those in the nondiabetic group

10.3389/fendo.2024.1364609

(P=0.0086, P<0.0001; P<0.0001; P=0.0002). Notably, only the
ADMA level in the aqueous humor differed between the mild-to-
moderate PDR group and the severe PDR group, with the ADMA
level in the severe PDR group being significantly greater than that in
the mild-to-moderate PDR group (P=0.0004). However, no
significant differences were observed in the levels of arginine,
ornithine, or citrulline in the aqueous humor between the mild-
to-moderate PDR group and the severe PDR group (P> 0.05).

3.3 Assessment of the correlation of
metabolite levels between plasma and
aqueous humor in the PDR group

To explore whether the trends in metabolite levels in aqueous
humor and plasma are consistent, this study assessed the correlation
of the levels of these four metabolites between plasma and aqueous
humor (Figure 3). Correlation analysis revealed significant
correlations between plasma ADMA levels and aqueous humor
(r= 0.263, P < 0.015) and between plasma citrulline levels and
aqueous humor (r= 0.356, P < 0.001). However, we did not observe
a significant correlation between the levels of arginine (P = 0.285) in
plasma or aqueous humor or between the levels of ornithine (P=
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FIGURE 2

The comparisons of plasma and aqueous humor metabolite levels. In the plasma, Figures (A-D) respectively represent the comparison of plasma
levels of arginine, ADMA, ornithine, and citrulline among the three groups. In the aqueous humor, Figures (A—D) respectively represent the
comparison of aqueous humor levels of arginine, ADMA, ornithine, and citrulline among the three groups. Comparisons between groups were
performed using the Kruskal Wallis test. No-DM represents nondiabetic patients. * represents P<0.05, ** represents P<0.01,*** represents P<0.001,

and **** represents P<0.0001, ns represents P>0.05
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Correlation analysis of ADMA and citrulline levels between plasma and aqueous humor samples in PDR patients. Figure (A) represents the correlation
analysis of ADMA levels between plasma and aqueous humor. Figure (B) represents the correlation analysis of citrulline levels between plasma and
aqueous humor.The correlation analysis was performed using Spearman correlation tests.

0.162) in plasma and aqueous humor (Supplementary Figure 1).
Additionally, a significant correlation was found between ADMA
and citrulline levels in the plasma (r=0.469, P<0.001) and in the
aqueous humor (r= 0.475, P < 0.001; Supplementary Figure 2).

3.4 Binary logistic regression analysis

To further assess whether ADMA levels serve as risk factors for
the severity of FVP in PDR patients, we conducted a multivariable
binary logistic regression analysis while adjusting for confounding
factors such as diabetes duration, HbAlc level, and serum
creatinine value (as presented in Table 3). The odds ratio (OR)
for plasma ADMA levels was 4.139, with a 95% confidence interval
(CI) of 1.402 to 12.214 (P=0.010), and the OR for aqueous humor
ADMA levels was 3.165, with a 95% CI of 1.402 to 7.148 (P=0.006).

3.5 The relationship between the ADMA
levels and connective tissue growth factor
in the aqueous humor

To further explore the connection between ADMA and the
extent of fibrosis in PDR, we conducted a detailed analysis of the
correlation between ADMA levels and CTGF in the aqueous humor
(Figure 4). Our research findings revealed a positive correlation
between the levels of ADMA and CTGF in the aqueous humor
(r=0.837, P<0.01).

TABLE 3 Logistic regression analysis of mild-to-moderate versus
severe PDR.

Variables OR Cl P-Value
Plasma- 4139 1.402-12.214 0.010*

ADMA : : : '

Aqueous

humor- 3.165 1.402-7.148 0.006%

ADMA

Binary logistic regression analysis was performed with severe PDR as the outcome. The odds
ratio is per 1 unit increase in plasma or aqueous humor. * represents P<0.05, **
represents P<0.01.

Frontiers in Endocrinology

4 Discussion

This study aims to investigate the correlation between four
arginine pathway metabolites (arginine, ADMA, ornithine, and
citrulline) and the severity of FVP in PDR patients. Initially, we
analyzed the differences in these metabolites among PDR patients
with varying degrees of FVP. Significant differences were observed
in the levels of ADMA in the aqueous humor among PDR patients
with different severity levels of FVP. Subsequently, we observed a
consistent trend in the changes of ADMA levels in both plasma and
aqueous humor. Through further analysis, we confirmed ADMA as
a risk factor for FVP in PDR patients. Finally, we also found a
significant correlation between ADMA in the aqueous humor and
CTGF, further indicating the crucial role of ADMA in the
occurrence and development of FVP in PDR patients.

In recent years, there has been a notable increase in the
occurrence and prevalence of type 2 diabetes mellitus among
young individuals (15). Studies suggest that early-onset Type 2
diabetes patients are more likely to develop PDR compared to those

Correlation of ADMA and CTGF
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FIGURE 4

Correlation analysis of ADMA and CTGF in the aqueous humor
among PDR patients. The correlation analysis was performed using
Spearman correlation tests.
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with late-onset diabetes (16, 17). A study from Beixinjing found that
the incidence of DR significantly increases in patients with diabetes
duration of less than 10 years, while it decreases in those with a
duration of over 10 years (18). Additionally, younger PDR patients
are at higher risk of severe FVP compared to older patients (5). This
indicates that individuals diagnosed with diabetes at a younger age
are at a higher risk of rapidly developing severe PDR. In this study,
we observed that the duration of diabetes in patients with mild-to-
moderate PDR was significantly longer than in those with severe
PDR. This phenomenon may be attributed to the younger age of
onset of diabetes among some PDR patients in this study, leading
them to progress to severe PDR within a short period of time.
Therefore, early diagnosis and management of diabetes are crucial
for preventing the occurrence of severe PDR.

In this study, we utilized age-related cataract patients as the
baseline control group and employed their metabolic levels as a
reference for the relative quantification of metabolites in the PDR
group. However, we observed that age-related cataract patients
typically tend to be older compared to PDR patients in clinical
settings. Therefore, there is a significant age difference between the
control and PDR groups in this study.

Our study observed differences in arginine metabolite levels
between the control and PDR groups, which may be age-related.
However, our study primarily focused on differences in metabolite
levels among PDR patients with varying degrees of severity. There
was no statistically significant difference in age between the mild-to-
moderate and the severe PDR group. This indicates that age did not
influence the comparison of metabolite levels between the mild-to-
moderate and severe PDR groups.

In this study, we found that there was no statistically significant
difference in ADMA levels in plasma samples between patients with
mild-moderate and severe PDR. However, in aqueous humor
samples, the ADMA levels in severe PDR patients were
significantly higher than those in mild-moderate PDR patients.
This suggests that the association between ADMA levels and the
severity of FVP in PDR patients is more closely linked in the aqueous
humor compared to plasma. This may be attributed to the aqueous
humor being an intraocular fluid, providing a more sensitive
reflection of metabolic changes within the eye.

Although our results indicate that ADMA levels in plasma do
not significantly differ between mild-to-moderate and severe PDR
patients, our correlation analysis between aqueous humor and
plasma reveals a significant correlation in ADMA levels between
these two compartments (Figure 3). This suggests a consistent trend
in the changes of ADMA levels in both aqueous humor and plasma,
potentially related to aqueous humor circulation. Aqueous humor is
generated by the ciliary process and flows into the anterior chamber
through the pupil. Subsequently, it traverses the trabecular
meshwork, enters the scleral venous system, and eventually enters
the systemic circulation (19). The aqueous humor circulation
process serves as a pathway for the exchange of substances
between intraocular and systemic circulation. Therefore, ADMA
within the eye can enter the systemic circulation through the
aqueous humor, leading to corresponding changes in ADMA
levels in the plasma. Monitoring ADMA levels in the plasma can,
to some extent, reflect changes in intraocular ADMA levels.
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The ADMA level in the aqueous humor is elevated in severe
PDR patients compared to those with mild-to-moderate PDR,
suggesting a strong association between ADMA and FVP in PDR
patients. Considering the correlation between metabolite levels and
patients’ renal function (20), we incorporated blood creatinine
levels and other potential confounding factors, including diabetes
duration and HbAlc, into our multivariate binary logistic
regression analysis. The results reveal that elevated plasma and
aqueous humor ADMA levels were identified as risk factors for FVP
in PDR patients. As the level of ADMA increased, the risk of severe
FVP in PDR patients also increased. This implies a positive
correlation between ADMA levels and the severity of FVP in
PDR patients.

ADMA, an endogenous inhibitor of nitric oxide synthase (NOS),
plays a crucial role in inhibiting the production of nitric oxide (NO)
(21). In a high glucose environment, the production of ADMA
increases while its degradation decreases (22). Elevated ADMA
levels, by competitively binding with L-arginine for the active site
of NOS, can impede the synthesis of NO, leading to endothelial
dysfunction and tissue ischemia and hypoxia (23-25). Tissue hypoxia
triggers the upregulation of hypoxia-inducible factor (HIF), activating
multiple fibrosis signaling pathways (26). Furthermore, ADMA can
induce epithelial/endothelial cell-mesenchymal transition (EMT/
EndMT), resulting in the increased generation of myofibroblasts
(27). A previous study has also revealed a correlation between the
polymorphism of the protein arginine methyltransferase (PRMT1)
gene and an increased incidence of PDR (28). PRMT1 is a crucial
enzyme involved in ADMA synthesis, highlighting the close
association between elevated ADMA levels and PDR. The severity
of PDR is closely associated with the FVP in the fundus. Patients with
severe PDR typically exhibit a substantial amount of FVP in the
fundus. The fibroproliferative membrane formed by FVP can
generate tension, further stretching the retina and inducing retinal
detachment. ADMA plays a significant role in fostering tissue
fibrosis. This may explain why ADMA functions as a risk factor for
the severity of FVP in PDR. Further studies are needed to validate and
explore the underlying molecular mechanisms involved.

These findings are consistent with the results of previous
studies, such as that conducted by Abhary et al, which also
reported elevated plasma ADMA levels among individuals with
severe DR (29). Similarly, Peters et al. discovered that the plasma
ADMA level was notably elevated in PDR patients compared to that
in NPDR patients (30). Moreover, previous research has shown that
levels of ADMA in the aqueous humor of individuals with severe
PDR are significantly higher than those in individuals without
diabetes (31). This suggests a crucial role for ADMA in both the
occurrence and progression of DR. Nonetheless, earlier research has
not established a significant correlation between ADMA levels in
plasma and aqueous humor, which might be attributed to variations
in detection techniques (31). In our study, we employed UPLC-MS/
MS to increase the sensitivity of detection (32). Building on prior
research, our study revealed the association between ADMA and
the severity of FVP in PDR patients. This provides new insights into
the early warning of intraocular FVP in cases of severe PDR.

CTGF plays an important role in basement membrane
thickening, extracellular matrix synthesis, angiogenesis, and
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fibrosis and is emerging as a crucial biomarker for assessing the
extent of ocular fundus fibrosis (33, 34). Our research revealed a
significant correlation between the levels of ADMA and CTGF in
the aqueous humor. These findings imply that ADMA may
cooperate with CTGF or induce the expression of CTGF to
promote the formation and development of FVP in PDR. Wang
et al. found in their study that ADMA can induce the upregulation
of transforming growth factor B (TGF-B), promoting fibrosis in
renal glomerular endothelial cells (35). CTGF is a downstream
effector molecule of TGF-f3, where TGF-B can induce increased
expression of CTGF, thereby promoting fibrosis (36). Therefore,
ADMA may induce fibrosis in retinal tissue by upregulating CTGF
through the TGF-B pathway. Further research is essential to
elucidate the specific mechanisms underlying the involvement of
ADMA in the FVP of PDR patients.

Previous research indicates that factors such as renal function,
and the use of ACE inhibitors may influence the levels of ADMA
and CTGF in plasma (20, 37-39). Patients with poorer renal
function levels tend to have higher plasma levels of ADMA and
CTGF (37, 39). In this study, there was a significant correlation
between ADMA and CTGF levels in the aqueous humor of PDR
patients. Furthermore, we found a significant correlation between
the levels of metabolites in the aqueous humor and plasma. This
suggests that renal function may serve as a potential confounding
factor influencing ADMA and CTGF levels in the aqueous humor.
Further research is necessary to validate this hypothesis.

However, several limitations should be considered in this study.
First, the cross-sectional design utilized in this study limits our
ability to determine the dynamic changes in metabolite levels and
their temporal relationship with the progression of PDR.
Employing longitudinal study designs would provide a better
understanding of the association between metabolite alterations
and disease progression. Secondly, although we observed a
significant correlation between ADMA and CTGF levels, further
basic experimental and molecular mechanism studies are still
needed to elucidate the exact relationship between them and their
interaction in the formation and development of FVP in
PDR patients.

In conclusion, despite some limitations, this study provides new
insights into the warning of intraocular FVP in cases of severe PDR.
The study reveals a positive correlation between ADMA levels and
the severity of FVP in PDR patients in both plasma and aqueous
humor, indicating that ADMA is a risk factor for FVP in PDR
patients. Future research can build upon this study by conducting
animal or cell model experiments to assess the impact of
modulating ADMA levels on PDR development. This will further
elucidate the underlying mechanisms, thereby offering theoretical
foundations for the prevention and treatment of FVP in
PDR patients.
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Diabetic retinopathy (DR) stands as a prevalent complication in the eye resulting
from diabetes mellitus, predominantly associated with high blood sugar levels
and hypertension as individuals age. DR is a severe microvascular complication of
both type | and type Il diabetes mellitus and the leading cause of vision
impairment. The critical approach to combatting and halting the advancement
of DR lies in effectively managing blood glucose and blood pressure levels in
diabetic patients; however, this is seldom achieved. Both human and animal
studies have revealed the intricate nature of this condition involving various cell
types and molecules. Aside from photocoagulation, the sole therapy targeting
VEGF molecules in the retina to prevent abnormal blood vessel growth is
intravitreal anti-VEGF therapy. However, a substantial portion of cases,
approximately 30-40%, do not respond to this treatment. This review explores
distinctive pathophysiological phenomena of DR and identifiable cell types and
molecules that could be targeted to mitigate the chronic changes occurring in
the retina due to diabetes mellitus. Addressing the significant research gap in this
domain is imperative to broaden the treatment options available for managing
DR effectively.

KEYWORDS

diabetes, anti-VEGF drugs, neovascularization, apoptosis, inflammation, blood retinal
barrier, microaneurysms, leukostasis

Introduction

Uncontrolled blood glucose levels for extended durations are linked with multiple
complications such as retinopathy, nephropathy, cardiovascular, cerebrovascular, and
peripheral vascular diseases, leading to high morbidity and mortality rates with diabetes
mellitus (1, 2). Diabetic retinopathy (DR) is a severe microvascular complication of both type I
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and type II diabetes mellitus and the leading cause of vision
impairment. Recent systematic review and meta-analysis revealed
that approximately 1 in 5 persons with diabetes worldwide have
DR, and the total number of people losing vision as a result of DR may
continue to rise (3). Multiple studies have recognized that risk factors
such as severe hyperglycemia, hypertension, and hyperlipidemia
worsen DR.

DR can be broadly categorized into background retinopathy
(non-proliferative DR, NPDR) and proliferative DR (PDR) with
diabetic macular edema (DME) occurring at any stage of DR.
Presently, the primary treatment for NPDR involves anti-vascular
endothelial growth factor (anti-VEGF) drugs targeting VEGF, a
known cause of DME. However, nearly 30-40% of DR patients do
not respond to these anti-VEGF treatments (4-6). In cases where
neovascularization leads to PDR, characterized by the formation of
abnormal blood vessel growth, photocoagulation stands as the
current treatment option. Clinically, neovascularization is
identifiable by fine loops or blood vessel networks on the retinal
surface extending into the vitreous cavity, often appearing immature
and regressing, resulting in ischemia and further neovascularization.
The pathophysiology of DR is intricate, involving various cell types
and molecules, as evidenced by numerous studies in both human and
animal models (Figure 1). This review delves into distinct
pathophysiological aspects of DR, along with identifiable cell types
and molecules that could serve as targets to alleviate the chronic
changes occurring in the retina due to diabetes mellitus. Identifying

10.3389/fendo.2024.1416668

additional targets is significant in expanding the range of treatment
options available for effectively managing DR.

Blood retinal barrier breakdown in
diabetic retinopathy

The blood-retinal barrier (BRB) is the primary defense for the
retinal cells against the external factors damaging them. The inner
BRB forms tight junctions between retinal capillary endothelial cells,
while the outer BRB forms tight junctions between retinal pigment
epithelial cells (7). The inner BRB layer contains endothelial cells
merged in tight junctions and regulated by pericytes, which regulate
transport through retinal capillaries within the inner retina (8, 9).
Since BRB is a part of the neurovascular unit, a complex multi-
cellular structure consisting of vascular cells (endothelial cells,
pericytes), neurons (ganglion, bipolar, horizontal, and amacrine
cells), glia (astrocytes, Miiller cells, and microglial cells) and
smooth muscle cells, maintaining its integrity during highly altered
metabolic conditions of diabetes is critical for preventing BRB
breakdown (10). Indeed, the loss of BRB integrity is the primary
feature of DME. To begin with, in the presence of high levels of
mediators that promote inflammation and activated microglia, VEGF
is known to be released by macroglia, thus compromising the
integrity of the barrier (11). Subsequently, endothelial cells begin to
express cell adhesion molecules (CAMS) such as ICAM-1, VCAM-1,

Normal retina

Mac\.\\a

.~ Endothelial cell

Pericyte

Tight junctions

BRB in normal condition

FIGURE 1

Schematic illustration representing differences between a normal retina and a retina with diabetic retinopathy. In the normal retina, a functional inner
blood-brain barrier with intact endothelial cells and pericytes, while in diabetic retinopathy, dysfunction of BRB is evident through loss of pericytes
and endothelial cells and thickening of the vascular basement membrane. Any loss of such retinal barrier integrity is associated with a cycle of
inflammation, vascular damage, and cell death. During the retinal damage, it is likely that activated Microglia and Glial cells release high levels of pro-
inflammatory cytokines. These cytokines act on nearby vasculature and neuronal cells, causing further damage. Classical pathological hallmarks of
DR such as the formation of microaneurysms, abnormal growth of new blood vessels (neovascularization), microvascular leakages (cotton wool
spots, hemorrhages), accumulation of thick yellowish fluids, i.e., exudates and recruitment of leukocytes due to inflammation (leukostasis) are

represented. The figure was created using BioRender.
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E-selectin, and P-selectin (12), a few of which have been linked to the
cause of NPDR (13). On the luminal side of the endothelial cell
anchors provided by CAMs, circulating leukocytes bind to the vessel
wall through CDIlla, CDI11b, and CD18 (14) and release pro-
inflammatory cytokines. This results in a culmination of cytotoxic
mediators adding to the local pro-inflammatory climate (15) and
weakening barrier integrity by compromising endothelial tight
junction and pericyte-endothelial health (16). Additional studies
have shown that loss of integral membrane protein caveolin-1
causes BRB breakdown, venous enlargement, and mural cell
alteration (17). A possible target to prevent BRB breakdown is
inhibiting cell adhesion molecules or integrins. This is supported
by the fact that BRB breakdown significantly decreases when CAMs
and integrins are inhibited or genetically deleted (14, 18). Indeed,
increased VEGF levels in diabetic mice were shown to be directly
correlated with increased levels of ICAM-1 and a loss in BRB, while
blockade of VEGF suppressed such BRB breakdown (19). Also,
increased VEGF levels activate protein kinase C, which in turn may
directly or indirectly increase occludin phosphorylation, leading to its
internalization and causing the breakdown of BRB (20).

Blood retinal barrier integrity is safeguarded by suppressing
cytokine and chemokine activity (11, 21). The significance of the
immune response in BRB breakdown has also been successfully
proven in studies that combat inflammatory mediators and the
complement system (22, 23). Chronic hyperglycemia polarizes
microglia into a proinflammatory subtype through extracellular-
signal-regulated kinase 5 (ERK5) (24), the levels of which were
shown to be increased in the retina of STZ-induced DR model (25).
Such increased ERKS5 is known to elicit the production of cytokines
such as IL-6, IL-1P, and VEGF. In turn, these inflammatory markers
are known to impair vascular permeability. Thus, blocking the
inflammatory pathways downstream of ERK5 through a small
molecule inhibitor XMD8-92 prevented retinal inflammation,
oxidative stress, VEGF production, and retinal vascular
permeability (25). Apart from microglia, other immune cells such
as the circulating T helper-17 (Th 17) in the STZ model of DR,
induce IL-17A production. Few of the Th17 cells in the circulation
were also shown to adhere to the retinal vasculature, thus predicting
to be participating in the breakdown of BRB. The IL-17A secreted
into the retina binds to their receptors on Miiller glial cells and
photoreceptors, activating the NF-«f3 pathway, Fas-associated death
domain (FADD) retinal vascular endothelial cell death, as well as
ERK-dependent oxidative stress resulting in retinal vascular
impairment and BRB dysfunction (26, 27). The role of
photoreceptor cells in maintaining inner BRB in the diabetic
retina is another emerging field. Photoreceptors in STZ-induced
diabetic mice produce soluble factors, including ICAM1, inducible
nitric oxide synthase (iNOS), and cyclooxygenase 2 (COX2),
influencing inflammation in the neighboring leukocytes and
endothelial cells to produce TNFo. Additionally, photoreceptor
cells also release several inflammatory mediators such as IL-10,
IL-1B, IL-6, IL-12, TNF-a, chemokine C-X-C motif ligand 1
[CXCL1], CXCL12a, monocyte chemoattractant protein 1 [MCP-
1], 1-309, and chemokine ligand 25 [CCL25] impairing BRB
permeability through partly modulating tight junction protein
claudin (28, 29).

Frontiers in Endocrinology

10.3389/fendo.2024.1416668

The outer BRB, formed at the retinal pigment epithelial (RPE) cell
layer, controls the passage of solutes and nutrients from the choroid to
the sub-retinal space but also plays a vital role under physiological
conditions regulating vitamin A and protecting against oxidative
damage. Additionally, RPE releases various growth factors and
cytokines, including pigment epithelium-derived factor (PEDE),
vascular endothelial growth factor (VEGF), fibroblast growth factor
(FGF), insulin-like growth factor-I (IGF-I), tumor necrosis factor o
(TNF-0v), transforming growth factor 3 (TGF-f), interleukins (ILs)
essential for retinal cell survival and immune privilege (30). Indeed,
changes in the expression of these factors lead to destructive
inflammation, neovascularization, and immune reactions under
pathological conditions (31). For example, the essential role of
PEDF, an anti-angiogenic factor in maintaining the integrity of
outer BRB without affecting the structure and functionality
of normal blood vessels, is known (32). Expectedly, PEDF therapy
in diabetic mice reduces microgliosis, boosts tight junction expression,
decreases pro-inflammatory mediator production, lowers vascular
permeability, and is neuroprotective (8, 33). In addition to growth
factors and cytokine release, RPE plays a vital role in solute transport
through its tight junctions, occludin-1, claudins, and ZO-1, which are
similar to those in other tissues (34). The cytokines released, in
particular retinal IL-6 in DR, influence retinal vascular permeability
(35) through microglial recruitment to the RPE layers disassembling
tight junction complexes, including ZO-1 and occludin proteins (11).
Additionally, IL-6-mediated microglial expression of TNF-o. is shown
to activate NF-kf} and thus reduce levels of ZO-1 in RPE cells. Indeed,
STAT 3 inhibition reverses the disintegration of ZO-1, suggesting the
essential role of IL-6 -STAT 3 pathways in microglial and RPE cells in
regulating outer BRB (11). Lastly, the tight junctions, combined with
the actin cytoskeleton, provide polarity to the RPE cells to regulate
signal transduction and help localize certain proteins to maintain the
outer BRB (36). Several studies using RPE cell lines have reported the
benefits of maintaining the tight junctions as relevant to DR affecting
tight junction permeability (e.g., C-reactive protein and tissue factor)
and promoting tight junction formation (e.g., somatostatin,
nicotinamide, lysophosphatidic acid, and HIWI2-mediated
activation of Akt), highlighting their significance for maintaining
epithelial phenotype (37). However, the relevance of these studies in
animal models remains to be determined. Taken together with outer
and inner barrier function, the integrity of the neurovascular unit of
the retina is of primary importance to prevent BRB breakdown in
preclinical DR and individuals with prolonged diabetes. Future studies
exploring targets that could protect BRB will continue to be of interest
to the field.

Neovascularization in
diabetic retinopathy

Neovascularization refers to the formation of new and
abnormal blood vessel growth. It is one of the most common
critical pathologies of DR. Clinically, neovascularization could be
characterized by fine loops or blood vessel networks on the retinal
surface extended into the vitreous cavity (38). Among the various
growth factors identified, vascular endothelial growth factor
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(VEGF) has been well-established to play a central role in the
neovascularization of DR (39).

VEGF is a homodimer glycoprotein that binds to heparin and
has a molecular weight of 46 kDa. It is synthesized in human cells
through alternative splicing. The transcription factor HIF-1
(hypoxia-inducible transcription factor 1) binds to the hypoxia-
responsive enhancer elements (HREs) at the VEGF gene,
upregulating transcription, which is physiologically regulated by
oxygen tension (40, 41). Apart from enhancing the transcription of
VEGF, HIF-1 also helps its stability by preventing VEGF mRNA
degradation (42, 43). VEGF is biologically active through tyrosine
kinase receptors (RTKs). VEGF family contains VEGF A, B, C, D
and PIGF (Placental growth factor). VEGF receptors include
VEGEFR1, VEGFR2 and VEGFR3. VEGF-A can bind and activate
VEGFRI1 and VEGFR2, but PIGF and VEGEF-B bind only
to VEGFRI. VEGFA has 5 isoforms based on splice variants, and
VEGF 165 is predominantly expressed in the retina (44).
Additionally, it was shown that the transmembrane protein
Neuropilin-1 functions as a coreceptor for VEGF-A (45, 46).
Increased ischemia or hypoxia enhances VEGF production
through hypoxia-inducible factor 1(HIF-1). Apart from
endothelial cells, retinal Miiller cells also produce significant
amounts of VEGF in diabetic mice. This increase is associated
with a three-fold increase in leukostasis and two-fold higher levels
of ICAM-1 and proinflammatory marker TNF-q, drastic reduction
in occludin and ZO-1 levels, ~60% increase in retinal vascular
leakage in animal models. Conversely, inhibition of Miiller cell-
derived VEGEF significantly reduces these effects, suggesting that
VEGF production from Miiller cells could be targeted to control DR
(23). The irregular production and secretion of VEGF induce
vascular endothelial cell proliferation and migration, increasing
vascular permeability (39). Activating endothelial nitric oxide
synthase (eNOS) and generating nitric oxide are further
components of VEGF-A/VEGFR2’s control of vascular
permeability and plasma extravasation (47). Multiple VEGF
functions, such as survival, proliferation, migration, vascular
permeability, and gene expression, have been mediated by
activation of the phospholipase C, protein kinase C, Ca’*,
extracellular signal-regulated protein kinase, mTOR, protein
kinase B, Src family kinase, focal adhesion kinase, and calcineurin
pathways (48).

Apart from VEGF, other key molecules involved in
neovascularization in DR include platelet-derived growth factor
(PDGE), placental growth factor (P1GF) and others. Platelet-derived
growth factors are secreted by platelets, endothelial cells, activated
macrophages and smooth muscle cells and are vital players of DR
(49-51); PDGF has 4 polypeptide chains(PDGF-A, PDGF-B,
PDGF-C, and PDGF-D) and becomes active by homodimer
isoform formation such as PDGF-AA, PDGF-BB, PDGF-CC and
PDGEF-DD or heterodimeric form PDGF-AB. PDGF ligands will
bind to transmembrane tyrosine kinase PDGF receptors, which
contain homodimeric and heterodimeric isoforms such as PDGFR-
oo, PDGFR-B and PDGFR-0f3 (50). Retina-specific expression of
PDGEF-B could lead to neovascularization and retinal detachment
(52, 53). In diabetic animal models, PDGF-AA and PDGEF-BB levels

Frontiers in Endocrinology

10.3389/fendo.2024.1416668

were increased during the development of DR (54). Inhibiting
PDGF-BB levels could prevent neovascularization (55). PDGF-CC
could rescue neurons from apoptosis in the retina by regulating
GSK3beta phosphorylation (56).

PIGF belongs to the VEGF family of growth factors. PIGF has 4
isoforms, and all its isoforms bind to VEGFRI with different
affinities than VEGF but do not bind to VEGFR2. Reports suggest
that PIGF-1 is highly produced by RPE cells during pathogenesis,
while low levels were detected under normal conditions (57-59),
while PIGF-2 is produced by retinal endothelial cells and pericytes
(60, 61). The 3D structure of PGF-1 shares 42% similarity in amino
acid sequence with VEGF but has a strikingly similar 3D structure
(62). Elevated levels of PIGF were observed in the aqueous humor
and vitreous samples of DR patients and the levels were associated
with retinal ischemia and VEGF-A levels (63, 64). While inhibition
of VEGF increases PIGF levels, it also acts as a redundant inducer of
neovascularization (65). Expression of PIGF is associated with
several early and later features of DR in animal models (66). For
example, inhibition of PIGF reduces neovascularization, retinal
leakage, and associated inflammation and gliosis while preserving
normal vascular development and neuronal architecture (65, 67).

Other than growth factors, Profilinl (Pfnl), an actin-binding
protein, was discovered through bioinformatic analysis to
transcriptionally upregulated in vascular cells of patients with
PDR and further confirmed in a mouse model that mimics PDR
(68). Mechanistically, in the context of vascular development in the
retina, the deletion of the Pfnl gene in vascular endothelial cells
postnatally impeded the formation of actin-based filopodial
structures, tip cell invasion, vascular sprouting, and overall
neovascularization, suggesting a crucial role for Pfnl in
promoting actin polymerization and angiogenesis (68). Inhibiting
this Pfnl-actin interaction by a novel compound, C74, indeed
proved to be a potential therapeutic target for conditions
involving abnormal retinal angiogenesis as in PDR (69).
Furthermore, the transcription factor FOXC1 has been found to
be essential for normal revascularization processes, crucial for
pericyte function, and vital for forming the blood-retinal barrier
(BRB). Therefore, FOXCI is now recognized as a therapeutic target
for retinal vascular diseases such as DR. Specifically, the loss of
FOXCI1 in endothelial cells hindered retinal vascular development
by reducing mTOR activity. However, treatment with the mTOR
agonist MHY-1485 restored disrupted retinal angiogenesis (70).

Microaneurysms in
diabetic retinopathy

Microaneurysms represent a slight expansion of capillary walls,
resulting from the excessive growth of endothelial cells (ECs) and
depletion of pericytes due to prolonged unregulated high blood
sugar levels, weakening blood vessel walls (71, 72). While the mean
diameter of the normal capillaries is ~10pum (72), the mean
diameter of microaneurysms in DR ranges from 43-266pum
and span over more than one retinal layer (71-74). While
intravitreal injection of VEGF into the eyes demonstrated
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microaneurysms, single and repeated anti-VEGF treatments
reduced the microaneurysm levels significantly (71, 75, 76).
Further, nearly 80% of the microaneurysms were identified near
the capillary dropouts, representing focal ischemic regions (77).
These studies suggest a direct link between focal ischemia, VEGF
levels, and microaneurysms. However, microaneurysms are
associated with resistance from anti-VEGF therapy as they are
densely present in refractory areas, and more importantly, retinal
thickness reduction after anti-VEGF treatment is minimal in these
areas (78). Additionally, the areas with a higher density of
microaneurysms were closely associated with residual edema after
anti-VEGF treatment compared to areas with lesser edema (79).

Pericytes, dome-shaped cells found on the outer side of the
basement membrane alongside endothelial cells, play crucial roles
in maintaining capillary structure and function (74). Pericytes
provide mechanical stability to the capillary wall and their
recruitment depends on PDGEFp (80). Interacting with endothelial
cells through paracrine signals and making direct cell-cell contact,
pericytes in retinal capillaries assist in preserving barrier function
(81). Indeed, pericyte density is higher in retinal vessels than in
other capillaries to assist in upholding the barrier integrity (82).
Persistent hyperglycemia induces transcription of angiopoietin-2
(Ang-2) mediated by tyrosine kinase receptor Tie-2, which provides
signals to increase the number of migrating pericytes from the
capillaries (83). Adequate endothelial secretion of PDGFP is
essential for pericyte function, as a decrease to less than half the
normal pericyte density can lead to microaneurysm formation (84).
Microaneurysms with pericytes tend to be smaller, though some
contain inflammatory cells. Factors such as capillary nonperfusion,
pericyte number (Figure 1), and inflammatory cells were all
significant contributors to the size of microaneurysms (63). In
animal models, the duration of diabetes correlates with increased
acellular capillaries and pericyte loss (85). In DR, hyperglycemia-
induced pericyte loss is primarily due to the inhibition of PDGF-
BB/PDGFR-3 downstream signaling through the activation of the
PKC 8-p38 MAPK-SHP-1 pathway (86).

Signals from pericytes may be essential for endothelial cell
survival (87). This includes the production of Angiopoietin-1
(ANGL, a heparin binding protein) (88), and VEGF-A (89). In DR,
disrupted crosstalk between pericytes and endothelial cells leads to
endothelial dysfunction and apoptosis (15). Furthermore, in diabetes,
there is an upregulation of cPWWP2A expression in pericytes,
affecting pericyte and vascular integrity. This dysregulation is
mediated by miR-579 and its target genes, such as angiopoietin 1/
occludin/SIRT1 (90). Overall, impaired pericyte-endothelial cell
communications could lead to enhanced vascular permeability and
leakage, and complications such as microaneurysms, macular edema,
and neovascularization. Indeed, preventing early pericyte loss could
be a possible approach to prevent complications associated with
microaneurysms (90). Additionally, preserving pericyte-endothelial
interaction could potentially mitigate neovascularization-induced
retinal dysfunction (55, 91) by inhibiting PDGF, which is vital for
pericyte function and neovascularization.

Frontiers in Endocrinology

10.3389/fendo.2024.1416668

Cell death in diabetic retinopathy

Neurodegeneration in the retina precedes vascular
abnormalities, possibly leading to visual dysfunction in DR (92).
In longitudinal examinations of type 1 and type 2 diabetes patients
with no DR or mild NPDR, a progressive inner retinal layer
thinning was found (93). The evolution of retinal thinning over
time and the increase in the severity of the DR stage were also
reported (94). Compared to individuals with normal glucose
metabolism, reduced pericentral macula thickness was observed
as early as in prediabetes conditions. A statistically significant
linear trend was found to link macular thinning to the severity of
glucose metabolism status (95). A further study showing thinner
inner retinal layers and photoreceptor layers in patients with
metabolic syndrome reinforced the notion that retinal
neurodegenerative processes begin before the onset of DR (96).
Retinal layer thinning may imply that variables other than
hyperglycemia-induced thinning, such as insulin resistance and
inflammation produced from adipose tissue, could impact
neurodegeneration. In type 2 diabetic patients with early-stage
DR, diabetes duration was inversely correlated with RNFL
thickness, BMI, lipids, HDL, HbAlc, and albumin-creatinine
ratio (97). Initial thickening of the macular ganglion cell inner
plexiform layer (mGCIPL) and the rate at which the layer thinning
was shown to be independent risk factors for developing DR (93).
Additionally, a clear positive connection between loss of mGCIPL
and decline in vascular density from baseline to 24 months was
found in an investigation of eyes with no DR or mild NPDR.
Thinner baseline mGCIPL and more considerable mGCIPL
thickness reduction were substantially linked with a change in
vessel density, according to multivariable regression analysis (93).
These findings suggest that retinal microvascular integrity is
related to retinal neurodegenerative characteristics.

Neurodegeneration is a prominent aspect of DR (98-100) and may
precede the clinical and morphometric vascular changes of diabetes
(99). In the early stages of DR progression, apoptosis of retinal neurons
reduces the thickness (Figure 2) of the inner retinal layers and the
retinal nerve fiber layer (RNFL), as observed in optical coherence
tomography (OCT) (101). Various types of retinal cells undergo death
in DR (100). Different types of retinal cells undergo distinct forms of
cell demise. Endothelial cells primarily experience apoptosis, while
pericytes undergo apoptosis and necrosis, whereas Miiller cells are
expected to succumb to pyroptosis (100, 102-104). Additional
mechanisms of endothelial cell death include hyperglycemia-induced
reactive oxygen species (104) and excessive amounts of adherent
leukocytes in DR (103). Retinal pericyte apoptosis has been linked to
hyperglycemia-induced activation of NF-xB (105) and increased Bax
levels, as observed in the human diabetic retina (106). Sorbitol is known
to accumulate in the diabetic retina, and severe hyperglycemia-induced
increased activity of the polyol pathway promotes retinal neuronal
apoptosis and altered expression of GFAP (107).

In animal models, chronic diabetes reduces the thickness of

inner plexiform and inner nuclear layers with significant ganglion
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FIGURE 2

Schematic diagram depicting the changes in the cellular composition of the retina of diabetic retinopathy compared to the normal retina. On the left
is a schematic of the layers of the retina under physiological state demonstrating an intact and significant number of Muller cells, horizontal cells,
amacrine cells, bipolar cells, etc, while adherent leucocytes are not seen. On the right is a schematic of the layers of the retina under diabetic
retinopathy. Note, a reduced number of Mdller cells, horizontal cells, amacrine cells, and bipolar cells, while a significant number of adherent

leukocytes are depicted. The figure was created using BioRender.

cell apoptosis even in the early phases of diabetes. This early cell
death is also evident in human retinas (99). Also, in the late chronic
phase of DR, a significant amount of cell death was observed in
untreated DR rats and DR rats treated with anti-VEGF drugs (108).
In areas with more significant aggregation of activated microglia,
spectral-domain optical coherence tomography found neuronal
thinning in the retinas of diabetic rodents, consistent with this
manifestation (109, 110). Microglia could destroy neurons and
prune synapses, and their activation occurs before neuronal
thinning, while they could also phagocytose damaged but
functional neurons (111), which may help explain the faster loss
of neurons in the early stage of the disease. Caspase activation in the
human diabetic retina is well-known (112), and inhibition of
caspase activation prevents capillary degeneration in DR (113).
Also, inner retinal astrocyte dysfunction was demonstrated during
early diabetes with neuronal functional loss (114). Also, prolonged
increases in the levels of VEGF induce apoptosis. At the same time,
anti-VEGF treatment is concomitant with reduced levels of VEGF
and apoptosis (115). In DR, caspase 3 activated the progressive
death of retinal ganglionic cells and other retina cell types mostly
due to uncontrolled hyperglycemia-induced neurovascular
complications (99, 100, 116-119). Retinal cell death in DR is also
associated with significantly reducing GABA inhibitory
neurotransmitter signaling (120, 121). Treatment with GABA
analog pregabalin significantly suppressed retinal IL-1B, TNF-a,
CD11b, caspase 3, oxidative stress, and glutamate levels, suggesting
GABA requirement for retaining normal retinal function in DR
(121). Direct controlled nano delivery of GABA to the retina for
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protecting RGCs in DR needs further evaluation as such deliveries
significantly improved GABA deficiency symptoms in the
brain (122).

Neurotrophic factors such as nerve growth factor (NGF), Brain-
Derived Neurotrophic Factor (BDNF), Ciliary Neurotrophic Factor
(CNTEF), and Glial Cell-Derived Neurotrophic Factor (GDNF) in
the retina are essential for the development and survival of retinal
cells (123). NGF levels were significantly elevated in the serum and
tear fluid of PDR patients compared to non-diabetic controls and
NPDR patients (124). In DR, an increase in proNGF and a decrease
in NGF were detected in the retina, correlating with a significant
rise in retinal neuronal death (125). In the retinas of diabetic
humans and rats, substantial levels of lipid peroxidation,
nitrotyrosine, and the pro-apoptotic p75(NTR) receptor were
observed. Hyperglycemia-induced peroxynitrite accumulation in
the diabetic retina impairs NGF neuronal survival by nitrating the
TrkA receptor and increasing the expression of p75(NTR) (126,
127). Peroxynitrite accumulation also hampers the production and
activity of matrix metalloproteinase-7 (MMP-7), which
extracellularly cleaves proNGF, activates RhoA/p38MAPK, and
contributes to neurovascular death in the retina of DR patients
and rat models (125). In a mouse model of PDR, early treatment
with antagonists of p75(NTR) or proNGF or NGF inhibitors
suppressed retinal neuronal cell death and other pathologies,
indicating potential additional therapeutic targets for DR (128,
129). Indeed, it was shown that twice-daily treatment with NGF
eyedrops in DR rats significantly prevented retinal ganglion cell
death (130). Remarkably, a high molecular weight protein like NGF
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can be transported from the anterior to the posterior segment to
reach the retina and optic nerve, providing protection Serum and
aqueous humor levels of BDNF were significantly lower in diabetes
mellitus patients before DR development (131). Additionally,
BDNF levels were significantly reduced in the retina of DR rats
(132, 133). BDNF protects against neurodegeneration in DR, and
the neuroprotection and Miiller cell viability it offers are mediated
by VEGF (134). Syn3, a BDNF signaling enhancer, significantly
reduced retinal ganglion cell loss in DR 10 weeks after intravitreal
injection, suggesting a new approach for preventing DR progression
(135). However, conflicting reports exist, with studies showing
higher levels of NGF, BDNF, GDNF, NT3, NT4, and CNTF in
the vitreous of DR patients (136, 137) and elevated levels of NT3
and NT4 in the retina of DR rats (137). In summary, although
several neurotrophins in the retina were shown to be essential for
the development and survival of retinal cells, the specific roles of
individual neurotrophins on retinal cell survival require
further investigation.

Leukostasis in diabetic retinopathy

Leukostasis has been documented in both animal models and
human subjects with DR (13). Leukostasis involves the closure of the
retinal microvasculature and endothelial cell death temporally and
spatially associated with adherent leukocytes in DR (103). Leukocyte
endothelial interactions, which show the escalating inflammatory
response, occur intravascularly during the early phases of DR.
Leukostasis is brought about by activating myeloid cells like
neutrophils, monocytes, and granulocytes. Leukostasis is identified
by immune cells stuck in the narrow retinal blood vessels, leading to
blockage and lack of blood flow. In the microcirculation, the presence
of rolling and adherent neutrophils, their velocity of movement, and
the areas affected by leukostasis worsen with the severity of
hyperglycemia (138). Also, increased leukostasis was demonstrated
in different animal models of DR with short-term and long-term
studies (139). In advanced stages of DR, there is a rise in the systemic
neutrophil count, and these cells exhibit heightened expression of
myeloperoxidase and produce greater amounts of hydrogen peroxide
compared to cells sampled from individuals without diabetes (140).

Leukocyte-endothelium adhesion is characterized by increased
production of endothelial cell adhesion molecules and integrins.
Leukocytes engage in a multi-step process on the surface of
endothelial cells, where they interact with these molecules to stick
to the endothelial wall. For example, intercellular adhesion
molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-
1), and selectins, as well as leukocyte b2-integrins (CD11a, CD11b,
and CD18) (E-selectin) were shown to be elevated in DR. In human
subjects with DR soluble E-selectin and sVCAM-1 as well as CCL17,
CCL19, and TGF-B were shown to be elevated (141). Indeed, the
DR severity was correlated to the plasma levels of VCAM-1 and E-
selectin (142). In DR rats, a significant increase in the capillary
occlusions was noted due to granulocytes and monocytes associated
damage to endothelial cells, thus accumulating extravascular
leukocytes, neovascularization, and tissue damage (143). Not
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surprisingly, diabetic rats demonstrated significantly increased
leukostasis in the chronic phase of DR (108).

A variety of molecules and processes have been implicated in
higher levels of leukostasis in DR. VEGF has been shown to promote
ICAM-1 expression in endothelial cells, thus triggering leukocyte
activation and cytokine release, which in turn creates amplifying
inflammatory response and increasing VEGF expression. In the early
stages of DR progression, the specific endogenous VEGF inhibition
has been shown to reduce retinal leukostasis and BRB breakdown,
attesting to VEGF’s prominent role in leukostasis (19). Additional
studies using sulfonated oligosaccharides to inhibit VEGF in the
retina in diabetic rats resulted in the inhibition of leukostasis and
improved ERG (144). Leukocyte-induced microvascular damage by
physically blocking capillaries results in temporary ischemia,
resulting in increased VEGF or the release of cytokines and
superoxide through the respiratory burst (145). The renin-
angiotensin system, oxidative stress, and various other
abnormalities associated with diabetes are recognized factors that
elevate leukostasis within the retinal blood vessels of diabetic rats,
mice, and monkeys. Indeed, enhanced intravascular
polymorphonuclear leukocyte counts have been observed around
areas of capillary nonperfusion in the retinas of diabetic monkeys
(146, 147). In animal models, the deletion of ICAM-1 and CD-18,
essential for white blood cell adherence to the endothelium, greatly
slowed down diabetes-induced capillary degeneration (103).
Leukocytes from diabetic rats, but not control rats, caused in vitro
endothelial cell death, attesting to the ability of activated leukocytes to
damage the endothelial wall (147). The increased Fas (CD95)/Fas-
ligand pathway is associated with elevated leukostasis to endothelial
dysfunction and BRB impairment. Finally, inducible nitric oxide
synthase (iNOS) isoform is demonstrated as a key mediator of
leukostasis and BRB breakdown in DR (148).

Retinal inflammation in
diabetic retinopathy

Inflammation in the retina is directly linked with the severity of
DR (149, 150). However, to date, no single proinflammatory
molecule has been exclusively associated with the progression of
DR. Using both genetic and induced animal models of DR, it was
demonstrated that low-grade subclinical inflammation promotes
multiple vascular complications such as pericyte and endothelial
cell loss, formation of acellular capillaries, and thickening of the
basement membrane of retinal vessels in DR (18, 145). While
hyperglycemia is directly linked with increased levels of pro-
inflammatory cytokines (151), inflammation in DR is known to
persist from the early stages of diabetes to the vision-threatening
form of the disease (145).

Tumor necrosis factor (TNF-o), a widely recognized cytokine
associated with inflammation, has been demonstrated to have
negative implications in DR (152-156). TNF-a. triggers alterations
in endothelial cells, notably promoting the expression of
intercellular adhesion molecule ICAM-1, which is crucial in
recruiting leukocytes. Other than TNF-o, elevated levels of pro-
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inflammatory cytokines such as IL-1B, and IL-6 and chemokines
like MCP-1, CCL2, and CCL5 were documented in mouse models
(153). Not only ICAM-1 but also elevated levels of VCAM-1, draw
monocytes and leukocytes and encourage an ongoing inflammatory
response (157-159). Inflammatory cells invade, and damage tissues
as chronic inflammation builds up, increasing retinal vascular
permeability, vasodilation, and retinal thickness in DR subjects.
Increased levels of TNF-o,, IL - 1B, IL - 1o, rantes and MCP-1 were
also demonstrated in the serum/aqueous humor of DR patients
(160, 161). While the elevated levels of these cytokines might have
many downstream effects, increased TNF-a and hyperglycemia are
known to cause endoplasmic reticulum (ER) stress in retinal
endothelial cells (162). Interestingly, the elevation of ER-specific
protein, glucose-regulated protein (GRP78) at the plasma
membrane in endothelial cells interacts with the VE-Cadherin, a
junction protein in the endothelium that is required for cell-to-cell
adhesion in the blood vessels glycosylating VE-Cadherin
(GlcNAcylated VE-cadherin), thus increasing transmigration of
leukocytes across endothelium and increased permeability
creating a perpetual motion of inflammation and ER stress (163).

In both the serum and retinal Miiller cells, IL-33 levels are
elevated in diabetic conditions (164, 165), whereas IL-35 levels in
the vitreous are decreased in diabetic retinopathy (DR) (166). In the
peripheral blood mononuclear cells of patients with proliferative
diabetic retinopathy (PDR), IL-35 lowers IL-17 levels and inhibits
Th17 cell differentiation, offering protection against PDR (167). The
proinflammatory cytokine IL-17 is elevated in the plasma and
vitreous of diabetic patients, and the worsening of DR is linked to
increased retinal IL-17A expression through Actl signaling, which
leads to Miiller cell dysfunction (168, 169), and promotes retinal
neovascularization (170). In PDR, vitreous IL-17A levels are
associated with IL-10, IL-22, and TNFo levels in the aqueous
humor and vitreous (171). Administering intravitreal or
intraperitoneal injections of anti-IL-17A antibody or anti-IL-
17RA antibody to type 1 and type 2 diabetic mice significantly
reduces DR pathologies, including Miiller cell dysfunction,
leukostasis, leakage, downregulation of tight junction proteins,
and ganglion cell apoptosis in the retina (27, 172).

Other than pro-inflammatory cytokines, various other
molecules are well-known to be involved in DR. For example, in
diabetes patients, elevated intracellular glucose levels were known to
activate the polyol pathway, which metabolizes glucose (173),
resulting in elevated deposition of AGEs. This increased AGEs
activates protein kinase C (PKC), AGE receptor upregulation, and
overactivity of the hexosamine pathway (174). This, in turn,
increases the reactive oxygen species (ROS) within cells, resulting
in irreversible cellular damage and chronic inflammatory stress
(175). Chemokines that control the leukocyte recruitment and
activity play an essential role in the development of DR. To this
end, monocyte chemotactic protein-1 (MCP-1) and macrophage
inflammatory protein-1 alpha (MIP-1ct) have been shown to be
higher in diabetic individuals (176, 177).

The retinal glial cells, which encompass supportive structural
elements such as astrocytes, Miiller cells, and microglial cells, play a
vital role in maintaining cellular equilibrium. The development and
advancement of retinal inflammation in DR are associated with
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dysfunction within the retinal neuroglia (178). Research from both
laboratory experiments conducted in vitro and studies utilizing
animal models and human post-mortem samples have indicated
that the activation of retinal microglia may play a critical role in
modulating cytokine expression. This regulation of cytokine
expression by activated retinal microglia could have substantial
implications in regulating retinal inflammation associated with
diabetes (179). In the presence of hyperglycemia, glial cells exhibit
dysfunction, leading to an imbalance in oxidative stress and levels of
pro-inflammatory cytokines such as TNF-o,, growth factors, IL-1,
and IL-6. Retinal evaluation in the early experimental diabetes
models also revealed selective and progressive accumulation of
FDP-lysine. This, in turn, leads to Miiller glial cell dysfunction
and upregulation of VEGF, IL-6, and TNF-o.., providing evidence of
the contribution of advanced lipoxidation end-product formation
for the retinal inflammation and pathogenesis of DR (180).
Moreover, the pro-inflammatory cytokines released from glial
cells contribute to migrating monocytes and T lymphocytes.
Persistent inflammation further triggers fibrotic processes, leading
to the formation of scar tissue, which can ultimately result in retinal
detachment (119). While VEGF is a known inducer of
inflammation, various other modulators are also known to
enhance retinal inflammation independent of VEGF (181).
Equally, inflammation is also known to mediate angiogenesis in
DR (182) while the interaction of CD40 Ligand with CD40 is an
intermediate step between Inflammation and angiogenesis in
DR (183).

Advancing therapies for treating
diabetic retinopathy

Over the years, several therapeutic approaches have been
developed to manage DR, ranging from conventional treatments
to cutting-edge advancements in the field of ophthalmology
(Table 1). Some of the main modes of treatment available for DR
are photocoagulation, vitrectomy, steroid, and anti-VEGF
therapies. Two main types of lasers are used in photocoagulation:
pan-retinal photocoagulation (PRP) targets leaking blood vessels,
while focal laser therapy targets specific areas of abnormal growth.
These procedures can slow DR progression but may not always
restore vision. In severe cases such as in PDR with bleeding or scar
tissue in the vitreous, vitrectomy may be necessary to remove these
obstructions and improve vision. Corticosteroids can reduce
inflammation in the retina, while effective in some cases, their use
is limited due to potential side effects like cataracts and glaucoma.

Anti-VEGF therapy through intravitreal injections is preferred
for treating DME associated with vision loss (196-198). Several
anti-VEGF drugs, including Bevacizumab, Ranibizumab,
Aflibercept, Faricimab, and Brolucizumab have been used for the
treatment of DR. These agents improve visual acuity and reduce
retinal thickness due to edema. They continue to be frontline
therapies, building on results from landmark trials. Bevacizumab,
initially developed for cancer therapy (199), has shown efficacy in
treating DR and DME (184, 200). Ranibizumab was the first FDA-
approved anti-VEGF protein for treating DME in 2012. It is a 48
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TABLE 1 Salient exploratory therapeutic targets for DR.

Drug/protein/Biologics

Target

Clinical/preclinical studies and indications

10.3389/fendo.2024.1416668

References

Bevacizumab VEGE-A Off-label drug for DR, FDA-approved for neovascular (wet) age-related macular (184)
(Avastin) degeneration (AMD) and macular edema following retinal vein occlusion
FDA-approved for the treatment of DR in patients with DME and for other eye
Ranibizumab (Lucentis) VEGF A conditions such as neovascular AMD and macular edema following retinal (185)
vein occlusion.
Aflibercept VEGF B, PIGF = FDA-approved for DR in patients with DME and other eye conditions such as (186)
(Eylea) 1, PIGF-2 neovascular AMD and macular edema following retinal vein occlusion.
VEGF-A and
Faricimab angio oie?irxll ) FDA-approved for neovascular (wet) age-related macular degeneration (nAMD) and (187)
(VABYSMO) giop DME in clinical trials for DR
(Ang-2).
Brolucizumab FDA-approved for the treatment of neovascular (wet) age-related macular
VEGF . L R (188)
(Beovu) degeneration (AMD) and in clinical trials for DME and DR.
Infliximab TNF-ol C'linic?.l studies: Decreased macular thickness and improved visual acuity in a (189)
diabetic model.
SAR 1118 antagonist of Preclinical studies: Reduced leukostasis and retinal vascular leakage. Potential (190)
LFA-1 therapeutic for DR or other retinal vascular disorders.
Losartan, an ATIR blocker, or Enalapril, Clinical.studies: Re‘duced prolgressi('m‘ of re-tinstam)i by 70%, w}-u'le treatmént wit}}
i X X Enalapril reduced it by 65% in a clinical trial involving type 1 diabetes patients with
an angiotensin-converting RAS K . < X o (191)
enzvme inhibitor normotensive and normoalbuminuria. RAS blockade is potentially therapeutic in
4 preventing or delaying the development of DR.
. . . Preclinical studies: PEDF overexpression prevented neovascularization in a murine
Pigment Epithelium-Derived Factor . T . .
(PEDE) PEDF adult model of retinopathy, indicating a protective effect against abnormal blood vessel ~ (192)
growth in the retina, a hallmark of DR and age-related macular degeneration.
Preclinical studies: miR-182-5p exerts an inhibitory effect on retinal
. angiogenin neovascularization, indicating its regulatory role in the formation of abnormal blood
miR-182-5p ] ) - L e (193)
and BDNF vessels in the retina, which is a characteristic feature of diabetic retinopathy and
retinopathy of prematurity
Preclinical studies: Gene therapy mediated modulation of ANGPTL4 expression, a
Angiopoietin-like 4 ANGPTL4 potential therapeutic approach for stabilizing blood vessels and reducing vascular (194)
leakage in diabetic retinopathy.
BDNF . . - . . .
Syn3 enhancer Preclinical studies: Syn3 demonstrated significant protection against RGC loss in DR (135)
Anti-IL17A IL 17-A ‘Preclinical' studies: anti ‘lL-l?A injection halted diabete.s-médiatefi retinal @7
inflammation, vascular impairment, and the onset of diabetic retinopathy (NPDR)
Urokinase
tor-
UPARANT zeeiei\{)ezr ‘Preclinical studies: Protected the BRB integrity and prevented neovascularization (195)
i in DR.
peptide
inhibitor
XMD8-92 {2-[[2-Ethoxy-4-(4-hyd -1-
iperidin 1){ 5 [1[1 dihyro-5 (11 et Preclinical studics:
idinyl)-5,11-di -5,11-di - . . s . -
pip Y 4 2 ERK 5 XMD8-92 reduced diabetes mediated retinal inflammation, oxidative stress, vegf (25)

6H-pyrimido[4,5-b] [1,4]benzodiazepin-
6-one}

production, capillary degeneration and vascular leakage

kDa monovalent monoclonal antibody designed for ocular use and
binding (201). The small size and lack of the Fc domain of this drug
increase the penetration of the drug within the choroid and retina
(202, 203). Phase 3 clinical trials showed that patients with monthly
ranibizumab gained >15 letters at 2 years, with higher structural
improvement in optical coherence tomography and resolution of
leakage. They were also less likely to develop PDR (6, 185).
Aflibercept, also known as VEGF trap, is a 115-kda dimeric
glycoprotein and acts as a decoy receptor for VEGF isoforms -A&
B and PLGF. Its improved binding properties help to reduce
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treatment burden and follow-up visits (186). Faricimab is a
humanized antibody that targets both VEGF-A and angiopoietin-
2 (Ang-2). This multitarget profile presents intriguing new options
for treating exudative retinal disorders. In light of this, Faricimab’s
Promising data on the use of Faricimab in DME was provided by
the phase 2 BOULEVARD study, which demonstrated its
superiority over ranibizumab in terms of visual gain (187).
Further, in a phase 3, prospective, randomized, double-masked,
multicenter study, Brolucizumab demonstrated greater fluid
resolution compared with aflibercept (188). Despite the advances
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with anti-VEGF therapies, ~40% of cases are refractory with poor
response to this treatment (4-6, 196), indicating the requirement of
additional dossing or developing new targeting for treating DR. To
this end, repeated intravitreal injection of these drugs demonstrated
significant improvement in the visual acuity and retinal thickness
across studies or delivery of anti-VEGF drugs in nanoformulations
reduced the frequency of intravitreal injections in animal studies
(108). Apart from VEGF, other growth factors, including placental
growth factor (58-60), platelet-derived growth factor (55, 91), and
nerve growth factor (204), are known to play important roles in
neovascularization and neuronal loss. Individual or combined
inhibitions of these growth factors may provide optimal outcomes.

As consistent cell death occurs in different retina layers,
neurodegeneration could be a major factor in vision loss.
Neuroprotective strategies may be required to maintain the
sustained cell density of the retina in DR. Protecting retinal
neuronal cells from damage caused by diabetes is another
promising area of research. These drugs may help preserve vision
even if blood vessel abnormalities persist. For example, diabetic
mice demonstrating elevated NLRP3 inflammasome activation and
increased production of IL-1f by Miiller glia could be abrogated
with Miiller glia-specific Regulated in Development and DNA
damage 1 (REDDI1) deletion, thus improving vision (205). In
another example, changes in the microglial immune ligand-
receptor CD200-CD200R complex were shown to be associated
with neuroinflammation in DR, and CD200Fc, a CD200R agonist,
effectively mitigates microglial activity, providing a novel
immunotherapeutic target for treating DR (206). Finally,
glucagon-like peptide-1 (GLP-1) has been shown to reduce the
intracellular overload of Ca*' influx through voltage-gated Ca**
channels, thus protecting RGCs against excitotoxic Ca*" overload in
an STZ-induced diabetic animal model (207).

As persistent oxidative stress and inflammation initiate and
promote multiple molecular changes, sustained inhibition of
molecular pathways to block oxidative stress and inflammation in
the retinal tissue could provide an essential avenue in developing
therapies. For example, an increase in Takeda G protein-coupled
receptor 5 (TGR5) receptor signaling in diabetes is associated with
an increase in inflammation and ER stress in the retina and is
decreased upon treatment with tauroursodeoxycholic acid (208,
209). ER, stress is also known to augment 12/15-LO-induced retinal
inflammation in DR via activation of NADPH oxidase and
VEGFR?2, and thus, perturbation of the 12/15-LO pathway could
help develop DR therapies (210). In a clinical investigation
including four patients who did not improve after laser
photocoagulation treatment, Infliximab, a TNF-o neutralizing
antibody, was shown to decrease macular thickness to enhance
visual acuity (189). In a diabetic rat model, topical administration of
SAR 1118, a minor antagonist of LFA-1(leukocyte function
associated antigen-1) expressed in leukocytes, decreased
leukostasis and retinal vascular leakage in a dose-dependent
manner (190). Apart from these distinct inflammatory molecules,
the AGEs/RAGE pathway is also a potential target for DR due to its
prominent role in inducing retinal inflammation. In animal models
of DR, soluble RAGE blocking the RAGE activation improved
neuronal dysfunction, thus reducing the acellular capillaries and
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pericyte ghosts (211). Blockade of RAS with Losartan, an ATIR
blocker, or Enalapril, an angiotensin-converting enzyme inhibitor,
significantly reduced the progression of retinopathy by 70% and
65%, respectively, in a clinical trial involving type 1 diabetes patients
with normotensive and normoalbuminuria (191). Since NADPH
oxidase activity is dysregulated in DR and contributes to oxidative
stress and inflammatory cascades, blocking NADPH oxidase was
shown to reduce oxidative stress, NF-KB activation, reactive NOS
production, and inflammatory responses in retinal cells treated with
high glucose (212, 213). Also, intravitreal injection of tissue
inhibitor of matrix metalloproteinase-3 (TIMP-3) prevented BRB
breakdown in diabetes and downregulated NF-xB, ICAM-1 and
VEGEF (214). Urokinase plasminogen activator (uPA)/uPA receptor
(uPAR) system is another pathway that was shown to disrupt BRB
in DR (215, 216). uPA inhibition with a peptide inhibitor
UPARANT significantly protected the BRB integrity and
prevented neovascularization in DR rats (195). Additionally,
UPARANT also modulates transcription factors responsible for
inflammation (217).

Lastly, anti-inflammatory drugs that have demonstrated a
significant reduction in inflammation associated with other
complications of diabetes mellitus could be evaluated for DR
(218, 219). Similarly, regular use of plant-based phytochemicals
and dietary supplements with antioxidant and anti-inflammatory
properties modulates persistent retinal oxidative stress and chronic
inflammation in the retina and prevents DR progression (220-224).
Recently, Esculeoside A (ESA), a tomato-derived glycoside, has
been shown to alleviate retinopathy in an in-vivo rat model of
T1DM. The protective mechanism is found to be mediated by the
Nrf2/antioxidant axis (225). Overall, research on the drugs that
could reduce oxidative stress and inflammation likely help maintain
the cellular and molecular integrity of the neurovascular unit, and
research along these lines is necessary to prevent complications and
vision loss associated with DR.

The research landscape continues to evolve, with promising
new avenues, such as gene and cell therapies, which may offer new
avenues for managing diabetic eye disease. Gene therapy for
diabetic retina employs gene-specific targeted therapy, which is
split into two categories based on the pathophysiology of the disease
(226): therapies that target pre-existing neovascularization such as
the use of sFlt-1, a soluble splice variant of the VEGF receptor 1
(VEGFR-1 or Flt-1), that acts as a decoy VEGF receptor and
vascular hyperpermeability (227), and therapies that try to
prevent damage to retinal blood vessels such as pigment
epithelium-derived factor (PEDF) (192), angiogenin (193), and
glial fibrillary acidic protein (GFAP) (228) and those that protect
neurons such as the AAV vectors encoding brain-derived
neurotrophic factor (BDNF) (229) and erythropoietin (EPO)
(230). Some research suggests that modulating ANGPTL4
expression through gene therapy could help stabilize blood vessels
and reduce vascular leakage in DR (194). Clinical trials are needed
to evaluate the feasibility and effectiveness of this approach.
Exploratory cell therapies independent of gene therapies in DR
involve the transplantation or manipulation of cells to address the
underlying pathology of the disease. Some of these approaches
include mesenchymal stem cells (MSCs) (231, 232) or induced
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pluripotent stem cells (iPSCs) (233, 234) for their regenerative
properties to replace damaged cells, promote tissue repair, or
modulate the inflammatory response associated with the disease.
Cell therapy approaches involving the transplantation or
stimulation of endothelial progenitor cells (EPCs) and/or
endothelial colony-forming cells (ECFCs) aim to enhance
vascular repair mechanisms and improve blood vessel function in
the retina (235). Clinical trials are ongoing to assess the safety and
efficacy of EPC-based therapies in DR patients (NCT02119689).

Conclusions and future directions

In summary, the future of DR and DME management looks
promising, with ongoing trials aiming to advance treatment options
and improve visual outcomes. Despite the tremendous progress in
understanding various cell and molecular targets in DR, several
challenges need to be addressed soon in the near future. For example,
DR involves multifaceted processes, including inflammation,
angiogenesis, and neurodegeneration. Pinpointing specific targets
within this intricate web of interactions can be challenging.
Additionally, DR progresses over time, with varying molecular
profiles at different stages. Identifying targets that remain relevant
throughout disease progression is essential. Likely, single-target
approaches may not suffice. Combining multiple therapies could yield
better outcomes. We hope that as research progresses, personalized
approaches and innovative treatments may transform the management
of this sight-threatening condition.
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‘Department of Ophthalmology, The Second Affiliated Hospital of Kunming Medical University,

Kunming, China, 2Department of Ophthalmology, Dali Bai Autonomous Prefecture People’s Hospital,
Dali, China

Background: Diabetic retinopathy (DR) is considered one of the most severe
complications of diabetes mellitus, but its pathogenesis is still unclear. We
hypothesize that certain genes exert a pivotal influence on the progression of
DR. This study explored biomarkers for the diagnosis and treatment of DR
through bioinformatics analysis.

Methods: Within the GSE221521 and GSE189005 datasets, candidate genes were
acquired from intersections of genes obtained using WGCNA and DESeq2
packages. Mendelian randomization (MR) analysis selected candidate
biomarkers exhibiting causal relationships with DR. Receiver Operating
Characteristic (ROC) analysis determined the diagnostic efficacy of biomarkers,
the expression levels of biomarkers were verified in the GSE221521 and
GSE189005 datasets, and a nomogram for diagnosing DR was constructed.
Enrichment analysis delineated the roles and pathways associated with the
biomarkers. Immune infiltration analysis analyzed the differences in immune
cells between DR and control groups. The miRNet and networkanalyst databases
were then used to predict the transcription factors (TFs) and miRNAs,
respectively, of biomarkers. Finally, RT-gPCR was used to verify the expression
of the biomarkers in vitro.

Results: MR analysis identified 13 candidate biomarkers that had causal
relationships with DR. The ROC curve demonstrated favorable diagnostic
performance of three biomarkers (OSER1, HIPK2, and DDRGK1) for DR, and
their expression trends were consistent across GSE221521 and GSE189005
datasets. The calibration curves and ROC curves indicated good predictive
performance of the nomogram. The biomarkers were enriched in pathways of
immune, cancer, amino acid metabolism, and oxidative phosphorylation. Ten
immune cell lines showed notable disparities between the DR and control
groups. Among them, effector memory CD8+ T cells, plasmacytoid dendritic
cells, and activated CD4+ T cells exhibited good correlation with biomarker
expression. The TF-mRNA-miRNA network suggested that hsa-mir-92a-3p,
GATAZ2, and RELA play important roles in biomarker targeting for DR. RT-gPCR
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results also demonstrated a notably high expression of HIPK2 in patients with DR,
whereas notably low expression of OSERI.

Conclusion: OSER1, HIPK2, and DDRGK1 were identified as biomarkers for DR.
The study findings provide novel insights into the pathogenesis of DR.

KEYWORDS

diabetic retinopathy, enrichment analysis, immune infiltration, Mendelian
randomization, regulatory network

1 Introduction

Diabetic retinopathy (DR) is a disease that causes vision loss in
adults aged 20 to 74 years (1). The incidence of visual impairment
and blindness caused by DR in low- and middle-income countries
has increased significantly due to the increasing incidence of type 2
diabetes (2). About one-third of the 260 million people with
diabetes have DR, and one-third of these patients are diagnosed
with advanced DR or diabetic macular edema, and most of these
patients have severe vision loss and a serious impact on their quality
of life (3). In China, the incidence of diabetes is steadily increasing,
with projections indicating that by 2045, approximately 174 million
individuals will be diagnosed with diabetes (4). The diagnosis of DR
mainly depends on history of diabetes and changes in the fundus of
the eye as assessed by fundus photography, optical coherence
tomography, and fundus fluorescence angiography (5). At
present, DR is diagnosed solely based on the clinical
manifestations, and the corresponding symptomatic treatment is
based on the findings of fundus evaluation, but there is a lack of
predictive and effective evaluation methods for DR. Among the
many risk factors for DR, the most relevant factors are diabetes
progression and poor glycemic control (6). The pathogenesis of DR
is complicated, involving multiple molecular and biochemical
mechanisms related to the homeostasis of retinal blood vessels
and cells. The treatment for DR mainly includes intravitreous drug
injection and retinal laser photocoagulation (7)Due to our lack of
understanding of DR pathogenesis, there is also a lack of effective
clinical treatment options. Therefore, it becomes vital to identify
robust biomarkers for DR and further investigate the mechanisms
underlying DR pathogenesis. The ideal therapeutic strategy for the
clinical identification and management of DR should aim to
enhance the patients’ quality of life to the fullest.

Mendelian randomization (MR) is a novel epidemiological
design tool that follows the genetic law of random distribution of
alleles from parents to offspring (8). This tool has been increasingly
used for establishing causal relationships between exposure factors
and disease risks, made possible through advancements in statistical
techniques, availability of extensive datasets, progress in epigenetics
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research, and the emergence of various ‘omics’ technologies (9).
Therefore, in this study, we used MR to screen for biomarkers that
exhibit a causal relationship with DR.

We hypothesize that certain genes, which are biomarkers, exert
a pivotal influence on the progression of DR. In this study,
differential expression analysis, weighted gene co-expression
network analysis (WGCNA), functional annotation analysis,
protein-protein interaction (PPI) network construction, and MR
analysis of data related to DR in the Gene Expression Omnibus
(GEO) and the Integrative Epidemiology Unit (IEU) Open genome-
wide association study (GWAS) databases identified three
biomarkers with a causal relationship with DR. Furthermore,
functional enrichment analysis, immune infiltration analysis,
regulatory network construction, and drug prediction were
performed, and the expression levels of these biomarkers were
verified in the two datasets by RT-qPCR. Finally, a diagnostic
nomogram was constructed, which could provide new insights
into the diagnosis and treatment of DR. The flowchart illustrating
the entire analysis process was depicted in Figure 1.

2 Materials and methods
2.1 Data source

The GEO database (https://www.ncbi.nlm.nih.gov/) was used to
acquire mRNA expression profile of the GSE221521 and
GSE189005 datasets with the GPL24676 and GPL23126
platforms, respectively. The study included 41 and 50 venous
blood samples of DR and normal samples, respectively, in
GSE221521 as the training set. GSE189005 consisted of 10 and 9
venous blood samples of DR and normal samples, respectively. The
IEU OpenGWAS database (https://gwas.mrcieu.ac.uk/) was
employed to obtain the GWAS ID and data for exposure factors
and DR. DR was considered as the outcome (finn-b-
DM_RETINOPATHY). The finn-b-DM_RETINOPATHY dataset
comprised of 14,584 DR samples and 16,380,459 single nucleotide
polymorphisms (SNPs).
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FIGURE 1
The flowchart of entire analysis process.

2.2 Differential expression analysis

In the GSE221521 dataset, DR-differentially expressed genes
(DEGS) between DR and normal samples were identified conducted
utilizing the DESeq2 package (v 1.34.0) (|[Log2FC| > 0.5, p < 0.05) (10).
The P value was corrected by Benjamini-Hochberg (BH) method. The
volcano map and heat map were drawn employing the ggplot2 (v 3.4.1)
and ComplexHeatmap (v 2.16.0) packages, respectively (11, 12).

2.3 WGCNA

The WGCNA was implemented to seek DR key module genes. The
WGCNA package (v 1.71) was used to perform hierarchical clustering
of all samples in the GSE221521 dataset, and outliers were removed
(13). Then, the optimal soft threshold () was determined by realizing
scale-free distribution and setting R? above 0.85. Based on the B value,
the module was segmented by applying the standard of hybrid dynamic
tree cutting algorithm (deepSplit = 2, mergeCutHeight = 0.3), with each
module containing at least 100 genes. Modules with an absolute
correlation greater than 0.6 with DR were further analyzed, and
genes in these module were DR key module genes.

2.4 ldentification and functional annotation
analysis of candidate genes

The ggVennDiagram package (v 1.2.2) was used to determine
the overlap between DR-DEGs and DR key module genes, and
candidate genes were identified if there was overlap (14).
The clusterProfiler package (v 4.6.0) was used to perform
functional annotation analysis, including the Gene Ontology
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(GO) functions, Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways, and the disease ontology (DO) enrichment
analysis (p < 0.05) (15). The STRING database (https://string-
db.org/) was employed to predict interactions between proteins
corresponding to candidate genes with a confidence score threshold
of 0.4. The protein-protein interaction (PPI) network was
subsequently displayed adopting Cytoscape (v 3.10.0) (16).

2.5 MR analysis

The candidate genes served as exposure factors, and DR was
used as the outcome for MR analysis. In MR studies, the following
three assumptions were made: (a) the presence of a significant
correlation between instrumental variables (IVs) and exposure
factors is imperative, (b) IVs should not be affected by
confounding factors related to exposure factors or outcome, and
(c) IVs can affect the outcome only through exposure factors.

The mv harmonize data function in the TwoSampleMR package
(v 0.5.6) was used to unify effect alleles and effect sizes (17). Next,
SNPs exhibiting significant correlation with candidate genes were
selected as IVs (p<5><10’8), and IVs for linkage disequilibrium (LD)
were removed (clump=TRUE, R%~0.001, kb=10000). The function
extract instruments of TwoSampleMR package (v 0.5.8) was
employed for this procedure (17). MR analysis of causality was
carried out by five methods—MR Egger, Weighted median, Inverse
variance weighted (IVW), Simple mode, Weighted mode), of which
results of the IVW were the primary reference (p<0.05) (18-22).
Scatter plots, forest plots, and funnel plots were prepared to
visualize the results. An odds ratio (OR) greater than 1 indicated
that the gene was a risk factor for DR, while the value was less than
1, the gene was considered a protective factor.
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2.6 Sensitivity analysis for MR analysis

The reliability of MR analysis was assessed via sensitivity
analysis, consisting of heterogeneity and horizontal pleiotropy
tests, as well as Leave-One-Out (LOO) analysis. Initially, the
Cochran’s Q test for heterogeneity was conducted, with p>0.05
indicating the absence of heterogeneity. Subsequently, a horizontal
pleiotropy test was performed by employing the MR pleiotropy test
function, with p>0.05 indicating that SNPs affected the outcome
only through exposure factors. Finally, the LOO analysis was
conducted using the MR leave one out function to determine
whether a single SNP could significantly alter the overall effects.
Genes exhibiting causal relationships with the outcome and passing
the sensitivity analysis were identified as potential.

2.7 Receiver operating characteristic curve
analysis and nomogram development

The pROC (v 1.18.0) (23) package was employed to plot ROC
curves of potential biomarkers in the GSE221521 and GSE189005
datasets, and genes exhibiting area under the curve (AUC) values
greater than 0.7 were considered reliable biomarkers. Subsequently,
the biomarker expression levels in the GSE221521 and GSE189005
datasets were validated. Based on the expression of biomarkers, the
rms package (v 6.5.0) was used to develop a diagnosis nomogram
for DR patients (24). Calibration curves and ROC curves were
constructed to evaluate the accuracy and reliability of the
nomogram predictions. The calibration curve was plotted using
the calibrate function and boot method.

2.8 Gene set enrichment analysis and gene
set variation analysis

Using c2.cp.kegg.v2023.1.Hs.symbols.gmt as the background
gene set, GSEA of biomarkers was conducted with R
clusterProfiler (v 4.6.0) (p<0.05) (15). Based on biomarker
expression, all samples in the GSE221521 dataset were
reorganized into high and low expression groups. The GSVA
package (v 1.46.0) was used for GSVA of biomarkers in these two
groups (25).

2.9 Immune infiltration analysis

The single sample GSEA (ssGSEA) algorithm was used to assess the
abundance of 28 immune cells in the samples of DR and control groups.
The Wilcoxon test was used to compare the difference in immune cell
infiltration between the two groups (p<0.05). The Spearman correlation
coefficient between distinct immune cells, as well as between biomarkers
and these cells was computed (|r[>0.3, p<0.05).

Frontiers in Endocrinology

10.3389/fendo.2024.1410066

2.10 Construction of regulatory network
and drug prediction

The miRNA targeting biomarkers were predicted using the
miRNet database (https://www.mirnet.ca), while the transcription
factors (TFs) regulating biomarkers were obtained from the
networkanalyst database (http://www.networkanalyst.ca). Cytoscape
(v 3.10.0) was then used to construct a regulatory network involving
TF-mRNA-miRNA interactions (16). In order to explore potential
drugs for the treatment of DR, targeted drugs for biomarkers were
searched based on Drug Signatures Database (DSigDB) database
(http://tanlab.ucdenver.edu/DSigDB), and results with p < 0.05
were selected.

2.11 Reverse transcription-quantitative
polymerase chain reaction

Peripheral venous blood samples were collected from 20
patients in the Second affiliated Hospital of Kunming Medical
University, including 10 patients with DR and 10 patients without
DR. These samples were divided into two parts, each comprising of
five DR samples and five control samples, and RT-qPCR was
performed on each part to verify the screened biomarkers. This
experiment was approved by the Institutional Review Board of the
Second affiliated Hospital of Kunming Medical University (Review
-PJ- Research -2024-134). TRIzol (Ambion, Austin, TX) was used
to separate total RNA from 10 samples following the manufacturer’s
instructions. The concentration of RNA was extracted using
NanoPhotometer N50 (IMPLEN GmbH), and the purity of RNA
was assessed by measuring the ratio of A260/A280. The SureScript-
First-strand-cDRA-synthesis-kit (Servicebio, Wuhan, China) was
used for reverse transcription of total RNA into ¢cDNA as per the
manufacturer’s instructions. The temperature was set to 25°C for 5
minutes, followed by 50°C for 15 minutes, then raised to 85°C for a
duration of 5 seconds. Finally, maintain the temperature at 4°C
during reverse transcription. Subsequently, qPCR analysis was
performed using the 2xUniversal Blue SYBR Green qPCR Master
Mix (Servicebio) according to the provided manual. The
amplification conditions were 95°C for 1min, 95°C for 20s, 55°C
for 20s, and 72°C for 30s. The primer sequences for PCR are listed
in Supplementary Table 1. Gene expression levels were normalized
to GAPDH as an internal reference and calculated using the 2
-AACq method (26). The characteristics of patients are listed in
Supplementary Table 2.

2.12 Statistical analysis
R software (v 4.2.1) (https://www.R-project.org/.) was utilized

to process and analyze data. Statistical analysis was performed using
the wilcox.test method in R.
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3 Results

3.1 Acquisition of candidate genes

The differential expression analysis between DR and normal
samples in GSE221521 yielded 2,283 DR-DEGs, comprising 1,304
upregulated DR-DEGs and 979 downregulated DR-DEGs. The
volcano map illustrates both upregulated and downregulated DR-
DEGs (Figure 2A). The heatmap displays the expression of the top

10.3389/fendo.2024.1410066

50 DR-DEGs, ranked based on p.adj values, in the two
groups (Figure 2B).

Sample clustering analysis revealed two outliers (GSM6881234
and GSM6881340) in the GSE221521 dataset and were removed for
subsequent analysis (Figure 2C). The [ value was determined to be
13 by setting a threshold of scale-free R* above 0.85 to construct
gene modules (Figure 2D). As a result, 10 modules were obtained by
the hybrid dynamic tree cutting algorithm (Figure 2E).
Subsequently, the correlation between the green (R=0.73), light
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green (R=0.66), and midnight blue (R=0.63) module genes with DR
were greater than 0.6, and a total of 1,079 DR module genes were
obtained from these modules (Figure 2F). Finally, 423 candidate
genes were determined based on interaction between 2,283 DR-
DEGs and 1,079 DR module genes (Figure 2G).

3.2 Enrichment analysis of candidate genes

In order to understand the functions, diseases, and pathways of
candidate genes, enrichment analysis was performed. The GO
functions of candidate genes included semaphorin receptor
complex, semaphorin-plexin signaling pathway involved in axon
guidance, and regulation of cell shape (Figure 3A). The KEGG
enrichment analysis showed that candidate genes were markedly
enriched in endometrial cancer, basal cell carcinoma, fatty acid
biosynthesis, and apoptosis (Figure 3B). The DO enrichment
analysis showed that candidate genes were significantly related to
meningioma, tuberous sclerosis, intracranial arterial disease, and
cerebral arterial disease (Figure 3C).

The PPI network constructed to investigate the interactions
among genes contained 324 nodes and 815 edges. AGO2 had a
direct interaction with 18 genes (e.g., CLCN6, UBR4, SIDT2),
whereas ACTGI interacted with 14 genes (e.g., SRCAP, ITGA3,
HCLSI) (Figure 3D).

3.3 Candidate biomarkers exhibiting
significant causal relationships with DR

The 423 candidate genes served as exposure factors, with 176
genes exhibiting SNPs, and DR was used as the outcome for the MR
analysis. The IVW method was used to identify 13 candidate
biomarkers (OSERI, HIPK2, DDRGKI, PCK2, IK, IRF5,
COLGALTI1, TRPM2, SLC38A10, TSNAREI, PAQR7, ZNF142,
and ARIDIA) that exhibited significant causal relationships with
DR (p<0.05). Among them, eight candidate biomarkers (OSERI,
HIPK2, DDRGKI, PCK2, TRPM2, SLC38A10, TSNAREI, and
ZNF142) exhibited an OR greater than 1 and identified as risk
factors for DR. Conversely, five candidate biomarkers (IK, IRF5,
COLGALTI, PAQR7,and ARIDIA) demonstrated an OR less than 1
and were considered protective factors for DR (Table 1).

In the scatter plot, the effect of SNPs of OSER1, HIPK2, DDRGKI,
PCK2,TRPM2, SLC38A10, TSNAREI1, and ZNF142 on DR were
positively correlated overall, while the effect of SNPs of IK, IRF5,
COLGALTI, PAQR7, and ARIDIA on DR were negatively correlated
overall. These results confirmed the above conclusions (Supplementary
Figure 1). Consistent with the previous results, the forest map
illustrated that the MR effect size of risk factors for DR exceeded 0
and the MR effect sizes of risk factor were less than 0, providing further
evidence that IVs exhibit no or weak correlation with outcome
(Supplementary Figure 2). At last, the funnel plot illustrated that MR
analysis of 13 candidate biomarkers and DR was consistent with
Mendel’s second random law (Supplementary Figure 3).

Sensitivity analysis results showed that all 13 candidate
biomarkers passed the tests of horizontal pleiotropy and
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heterogeneity, and LOO analysis affirming the robustness and
reliability of our MR analysis (Supplementary Tables 3, 4,
Supplementary Figure 4).

3.4 OSER1, HIPK2, and DDRGK1 served as
dependable biomarkers

The AUC values in ROC curves of OSERI, HIPK2, and
DDRGKI1 were 0.868, 0.815, 0.806, respectively, in GSE221521,
and 0.700, 0.833, and 0.722, respectively, in GSE189005
(Figures 4A-F). Given that all the AUC values exceeded 0.7, these
three genes could serve as reliable biomarkers. The expression levels
of OSER1, DDRGKI1 and HIPK?2 were consistent in GSE221521 and
GSE189005 (Figures 4G, H). RT-qPCR results also demonstrated a
significant high expression of HIPK2 in patients with DR, whereas
OSERI exhibited a significant lower expression level (Figures 41-K,
Supplementary Figure S5). A nomogram was constructed based on
the expression levels of OSERI, HIPK2, and DDRGK1 (Figure 5A).
The AUC value for the nomogram was 0.942, and the calibration
curve of the nomogram was almost a straight line, indicating a good
predictive performance of the nomogram (Figures 5B, C).

3.5 GSEA and GSVA of biomarkers

GSEA analysis demonstrated significant associations between
HIPK2 and DDRGK1 with ribosome, Parkinson’s disease, oxidative
phosphorylation, and other pathways. OSERI was enriched in
spliceosome, neuroactive ligand receptor interaction, and
olfactory transduction (Figures 6A-C). The top 20 pathways
enriched by DDRGK1, HIPK2 and OSERI in GSVA are shown in
Figures 6D-F. The first three pathways (glycine serine and
threonine metabolism, base excision repair, etc.) of DDRGKI
were enriched in the high expression group, while the remaining
17 pathways (such as inositol phosphate metabolism and glioma)
were enriched in the low expression group. Similarly, the initial 11
pathways (lysine degradation, prostate cancer, etc.) of HIPK2 were
enriched in the high expression group, whereas the remaining nine
pathways (glycine serine and threonine metabolism, ribosome, etc.)
were enriched in the low expression group. Among pathways
related to OSERI, the first 14 (beta alanine metabolism, nitrogen
metabolism, etc.) were enriched in the high expression group, and
the remaining six (glyoxylate and dicarboxylate metabolism,
primary immunodeficiency, etc.) were enriched in the low
expression group.

3.6 The immune infiltration exhibited
notable disparities between the DR and
control groups

The distributions of the 28 immune cells in the sample were
visualized using a heatmap (Figure 7A). There were 10 immune cell
types exhibiting notable disparities between the DR and control
groups, such as central memory CD8" T cells, activated CD8" T
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Functional enrichment analysis and PPl network (A) GO functions enriched by candidate genes (B) KEGG pathways enriched by candidate genes
(C) Disease enriched by candidate genes (D) PPl network of candidate gene.
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TABLE 1 MR analysis results (IVW).

10.3389/fendo.2024.1410066

outcome exposure gene symbol Method P value OR
eqtl-a-ENSG00000132823 OSERI1 vw 0.04 1.052
eqtl-a-ENSG00000064393 HIPK2 VW 0.04 1.259
eqtl-a-ENSG00000198171 DDRGKI1 VW 0.022 1.064
eqtl-a-ENSG00000100889 PCK2 vw 0.002 1.078
eqtl-a-ENSG00000113141 IK vw 0.039 0.926
eqtl-a-ENSG00000128604 IRF5 vw 0.003 0.925
finn-b-
eqtl-a-ENSG00000130309 COLGALTI1 vw 0.002 0.906
DM_RETINOPATHY
eqtl-a-ENSG00000142185 TRPM2 vw 0.043 1.09
eqtl-a-ENSG00000157637 SLC38A10 vw 0.027 1.067
eqtl-a-ENSG00000171045 TSNAREL vw 0.0003 1.185
eqtl-a-ENSG00000182749 PAQR7 vw 0.003 0.893
eqtl-a-ENSG00000115568 ZNF142 vw 0.043 1.094
eqtl-a-ENSG00000117713 ARIDIA vw 0.022 0.942

cells, monocytes, effector memory CD8* T cells, activated CD4" T
cells, and myeloid derived suppressor cells (Figure 7B). There was a
significant positive association between activated CD8" T cells and
activated CD4" T cells (R=0.60). Conversely, a significant negative
correlation was identified between monocytes and activated CD4" T
cells (R=-0.52) (Figure 7C). DDRGK1 expression significantly and
positively correlated with effector memory CD8" T cells and
negatively with plasmacytoid dendritic cells. Activated CD4" T
cells correlated significantly and positively with OSERI
expression. HIPK2 expression significantly and positively
correlated with myeloid derived suppressor cells and negatively
with activated CD8+ T cells (Figures 7D-F).

3.7 Regulatory relationships
with biomarkers

TF-mRNA-miRNA network was composed of 25 TFs, three
biomarkers, and 191 miRNAs, with a total of 219 nodes and 233
edges (Figure 8). The hsa-mir-92a-3p linked with all three
biomarkers. GATA2 and RELA had strong associations with
HIPK2 and OSERI, thereby highlighting their role in the
pathogenesis of DR. The target drugs of HIPK2 mainly included
GW5074 (Rafl Kinase Inhibitor I) MRC, LY-317615 Kinome Scan,
and GSK650394A MRC. Furthermore, OSERI was primarily
targeted by Thioguanosine PC3 UP, Elesclomol CTD 00004602,
and Gedunin CTD 00003449 (Table 2).

4 Discussion

DR is a condition affecting the small blood vessels in the retina,
commonly seen in individuals with diabetes. It has emerged as a
leading cause of visual impairment among middle-aged people
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worldwide. Approximately 22.3% of diabetic patients are affected
by DR, and about 6.2% experience progressive changes in their
retina that can potentially lead to vision loss (27). Timely diagnosis
and prompt initiation of treatment can effectively mitigate over 90%
of vision loss attributed to DR (28). The occurrence and
development of DR are complicated, and its pathogenesis is still
unclear. Therefore, it is necessary to investigate further into
biomarkers for DR. Bioinformatic analysis techniques, based on
the gene expression profiles acquired from databases, have been
used to investigate target genes in disease diagnosis (29). For
example, inhibition of MAPK3 expression was found through
bioinformatics analysis to potentially impact the onset and
progression of DR through its regulation of autophagy (30).
Likewise, eight potential pyroptosis-related genes involved in the
occurrence of DR were analyzed (31). Bioinformatics analysis have
allowed us to derive novel insights into the immune mechanisms
involved in proliferative diabetic retinopathy, and M2 macrophage-
related biomarkers have been recognized to play a role in DR (32).
The engagement of hub genes HMOX1 and PTGS2, along with their
related TFs and miRNAs, have been shown to potentially play a role
in ferroptosis in DR (29).

MR analysis relies on genetic predictors as I'Vs to investigate the
causal association between exposure factors and diseases (33). MR
has been used to explore biomarkers of multiple diseases, including
diabetes mellitus and DR (34, 35). MR analysis offers crucial
evidence regarding the potential causal impacts of numerous
alterable exposures, encompassing conventional epidemiological
risk factors, lifestyle aspects, and targeted interventions (36).

In this study, based on transcriptome data in the GSE221521
and GSE189005 datasets, candidate genes were identified through
differential expression analysis and WGCNA. These candidate
genes served as exposure factors, and DR was used as the
outcome for MR analysis. A total of 13 candidate biomarkers that
exhibited causal relationships with DR were obtained by MR
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FIGURE 4

Identification and validation of biomarkers (A—F) ROC curve analysis of candidate biomarkers in GSE221521 and GSE189005 datasets (G, H) The
expression levels of OSER1, DDRGK1 and HIPK2 in GSE221521 and GSE189005 datasets (1-K) The expression levels of OSER1, DDRGK1 and HIPK2 in
clinical samples by RT-gPCR. *: p < 0.5, ***: p < 0.001, ns: not statistically significant.

analysis, and the ROC curve demonstrated favorable diagnostic
performance of three biomarkers (OSERI, HIPK2, and DDRGKI)
for DR. Enrichment analysis delineated pathways associated with
the biomarkers, including oxidative phosphorylation, as well as
amino acids and glucose. Immune infiltration analysis showed that
biomarkers were associated with pro-inflammatory cells such as
activated CD4+ T cells or Tth cells. Moreover, a TE-mRNA-miRNA
network was composed of 25 TFs, three biomarkers, and 191
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miRNAs, with a total of 219 nodes and 233 edges. Finally, RT-
qPCR verified the expression of the biomarkers in vitro. Then, we
delve into the in-depth discussion of the roles of OSERI, HIPK2,
and DDRGKI in DR.

The long noncoding RNA OSERI plays a crucial role in the
inflammation and apoptosis of rheumatoid arthritis fibroblasts (37),
and its low expression was markedly associated with poor survival
of cancer patients (38). In the present study, we found that low
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Construction and evaluation of the nomogram (A) Construction of the nomogram (B) Calibration curve of nomogram (C) ROC curve of nomogram

OSERI expression can also contribute to the pathogenesis of DR.
Inflammation is a major driver of DR, and OSERI is known to
promote the inflammatory cascades (37), thereby triggering DR.
HIPK2 regulates several pro-fibrotic pathways, such as Wnt/f3-
catenin, liver and cardiac fibrosis, pulmonary, and renal pathways
(TGE-B and Notch signaling) (39). HIPK2 inhibition can result in
cardioprotective effects as it would decrease EGR3 and CLEC4D
expression levels through ERK1/2-CREB inhibition in
cardiomyocytes, as well as through the suppression of Smad3
phosphorylation in cardiac fibroblasts (40). These findings suggest a
close link between HIPK2 expression and fibrosis. Diabetes-associated
fibrosis reflects the repair of primary injury and is involved in the
pathogenesis of diabetic nephropathy, cardiomyopathy, and liver
dysfunction, as well as the development of DR and neuropathy (41).
In the present study, we found that HIPK2 was upregulated in DR
patients, suggesting that HIPK2 may promote the development of DR
by promoting the pathological process of retinal cell fibrosis. miR-423-
5p is reported to directly bind to HIPK2, and its upregulation in DR
patients enhances angiogenesis by inhibiting HIPK2 expression,
thereby activating the HIF10/VEGF signaling pathway (42). This is
contrary to the results of the present study, and it is speculated that an
increase in the level of VEGF may promote the levels of HIPK2. It is
also possible that the discordant result was because our PCR was based
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on blood samples. In order to clarify the exact relationship between
HIPK2 and VEGEF, it is necessary to conduct a study using a larger
sample size for the extraction and analysis of vitreal fluids.

DDRGKI, a protein containing the DDRGK domain, plays a
crucial role in the recently identified ufmylation mechanism. Absence
of DDRGKI leads to significant levels of endoplasmic reticulum (ER)
stress (43) and causes a range of conditions, such as malignancies,
neurodegenerative disorders, diabetes, and inflammatory disorders
(44). Knocking out DDRGKI has been observed to trigger ER stress
and facilitate apoptosis (45). Due to hyperglycemia and insulin
resistance, apoptosis causes DR. Aligning with our finding that low
DDRGKI expression in DR patients, it is possible that ER stress
induced by decreased DDRGK1 may contribute to the development
of DR. However, the large variation in the RT-qPCR results may be
related to the small sample size, and more samples are needed for
verification of the results.

The present study is the first to demonstrate the association
between biomarkers OSERI and DDRGKI and DR. We found that
HIPK2 may affect fibrosis and VEGF levels through some signaling
pathways, suggesting that HIPK2 serves as reliable biomarkers for DR.

The primary pathophysiological alterations observed in DR are
attributed to long-term hyperglycemia, which triggers oxidative
stress and inflammation within the microvessels of the retina.
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Immune infiltration analysis (A) Heat map of the distributions of the 28 immune cells (B) Differences in the abundance of immune cells in DR and
Control groups (C) Differential immune cell correlation heat map (* represents the P-value < 0.05, the number represents the correlation coefficient)
(D-F) Lollipop chart analysis of correlation between DDRGK1, HIPK2, and OSER1 with differential immune cells (The size of the circle represents
correlation, and different colors represent different P-values). *: p < 0.5, **: p < 0.1, ***: p < 0.001, ns, not statistically significant.

Consequently, this leads to thickening of the basement membrane
surrounding retinal capillaries, increased permeability of retinal
blood vessels, and neovascularization (46). Glycemic control is
achieved through the coordinated interaction among glycolysis,
the Krebs cycle, and oxidative phosphorylation. Disturbing this
equilibrium results in various biochemical and molecular
alterations in DR (47). GSEA and GSVA of these three
biomarkers provided details of the enrichment between these
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genes and related pathways. The biomarkers were enriched in
pathways of oxidative phosphorylation, possibly indicating that
hyperglycemia disrupts the balance between glycolysis and
oxidative phosphorylation, leading to other biochemical and
molecular changes in retinal cells that have been linked to the
neural and microvascular complications of DR. In summary, the
expression of these biomarkers may influence the imbalance
between glycolysis and oxidative phosphorylation caused by
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FIGURE 8

TF-mRNA-miRNA regulatory network (Green represents TF, red represents biomarkers, and purple represents miRNA).

hyperglycemia, potentially leading to retinal microvascular changes
associated with DR.

Amino acids play a crucial role in the formation of tissues,
specialized proteins, hormones, enzymes, and neurotransmitters.
They also contribute to energy metabolism through
gluconeogenesis and play important roles in various metabolic
pathways (48). Glutamine and arginine levels in the peripheral
blood tend to increase in DR patients (49, 50), and methionine level
decreases in blood samples of DR patients (48). Therefore, these
amino acids can also be used as biomarkers for the early diagnosis of
DR. In this study, the pathway of glycine, serine, and threonine
metabolism was enriched in the high expression group of DDRGKI.
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Among OSERI-related pathways, beta alanine metabolism, nitrogen
metabolism, and other amino acid pathways were enriched in the
high expression group. Evidence from previous metabolomics
studies and our study suggests that metabolic pathways of many
amino acids are involved in the occurrence of DR. Consequently,
there may be numerous interactions between metabolic pathways of
amino acids and glucose associated with the three biomarkers
identified in our study, which require further investigation.
Diabetes is a metabolic disorder, and chronic inflammation
plays a vital role in the development of type 2 diabetes. We found
10 immune cell types exhibiting notable disparities between the
DR and control groups, including activated CD4" T cells. It is well
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TABLE 2 Predicted drugs of biomarkers.

10.3389/fendo.2024.1410066

Target genes Drugs Chemical formula Structure
GW5074 (Rafl Kinase Inhibitor -
C15H8Br2INO2 i e
1) MRC i L 5%
HIPK2
LY-317615 Kinome Scan C32H29N502 bl
4 &
GSK650394A MRC / /
- 4‘1
Thioguanosine PC3 UP C10H13N5048 ] {‘{
: ¥
OSERI -L-; 3
Elesclomol CTD 00004602 C19H20N40252 o
b &,
Gedunin CTD 00003449 C28H3407 Plades

established that CD4" T cells are involved in inflammation (51),
and the accumulation of CD4" T cells, B cells, and macrophages is
observed in the vitreous of DR patients (52). Inflammation can
also affect retinal vascular pathology in DR through the activation
of pro-inflammatory retinal microglia by the innate immune
system and the transformation of CD4" T cells into pro-
inflammatory Thl and Thl7 cells (53). OSERI can affect the
inflammatory response in DR patients by affecting activated
CD4* T cells, leading to the occurrence of DR. The number of a
relatively new subgroup of circulating CD4™ T cells i.e., follicular
helper T (Tth) cells, which are located at the germinal center, is
reported to increase in DR patients compared to healthy
individuals (52, 54). The present study also showed that the
number of Tfh cells increases in the DR group. These findings
further support our results that the number of activated CD4" T
cells significantly and positively correlated with OSERI
expression, suggesting OSERI may promote inflammation and
accelerate vascular injury, leading to the development of DR
through activated CD4" T cells or Tth cells.

In conclusion, three biomarkers, namely OSERI, HIPK2, and
DDRGK1, were found to play a role in DR pathogenesis. The
diagnostic nomogram for DR constructed in this study will help
further improve the diagnosis of DR. These three biomarkers are
expected to become potential targets for the diagnosis and
treatment of DR patients. One limitation of the present study is
that the results are based on the bioinformatic analysis of a public
database, and further experiments are needed to explore the detailed
roles of the biomarkers. Additional clinical studies are needed to
validate the results. OSERI and DDRGKI have not been studied
earlier in the context of DR, and additional studies are needed to
ascertain their role in DR pathogenesis. Our future studies will focus
on these two biomarkers. The relationship between HIPK2 and DR
in the present study was found to be opposite of what has been
reported earlier; again, further research is needed to explore
these pathways.
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Background: Diabetic retinopathy (DR) is a serious microvascular complication of
diabetes mellitus. Research has identified a close relationship between fibroblast
growth factor 21 (FGF21) and DR. FGF21 is a member of the FGF subfamily, which is
activated by the Klotho coenzyme involved in the occurrence of DR. However, the
association between FGF21, Klotho, and DR remains controversial.

Aim: To assess FGF21 and Klotho levels in patients with DR.

Methods: A literature search of the Web of Science, Wiley Online Library,
PubMed, China National Knowledge Infrastructure and Wanfang databases was
performed. The title or abstract search terms “diabetic retinopathy” and “DR”
were used in combination with “fibroblast growth factor 21", “FGF21", and
"Klotho". Meta-analysis results are presented as standardized mean difference
(SMD) with corresponding 95% confidence interval (Cl).

Results: Fifteen studies were included in this meta-analysis. FGF21 levels in
patients with DR were significantly higher than in non-DR patients with
diabetes (SMD: 2.12, 95% CI [1.40, 2.84]). Klotho levels in patients with DR were
significantly lower than in non-DR patients with diabetes (SMD: -0.63, 95% Cl [—
1.22, — 0.04]).

Conclusions: This systematic review is the first to evaluate the relationship
between FGF21, Klotho levels, and DR. FGF21 levels were significantly higher in
patients with DR. Fully elucidating the role of FGF21 will significantly contribute to
the treatment of DR.
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Introduction

Diabetes is a common metabolic disease characterized by
abnormally high blood glucose levels. Epidemiological studies have
reported that diabetes not only has an increasing annual incidence rate,
but is also projected to become the seventh leading cause of death
worldwide by 2030 (1), posing a serious threat to human health.
Diabetic retinopathy (DR) is a serious microvascular complication of
diabetes. In 2020, approximately 103 million individuals were affected
by DR globally, and this number is projected to increase to 160 million
by 2045 (2). DR is an ischemic disease characterized by early stage
retinal neurodegeneration, retinal microaneurysms, and bleeding, as
well as possible accompanying “cotton wool” patches, venous bead-like
changes, and retinal microvascular abnormalities (3). DR is the main
cause of visual dysfunction and blindness in working-age adults
worldwide and is significantly associated with a risk for future
cerebrovascular accidents, myocardial infarction, and congestive
heart failure (4). Conventional treatment methods for DR, such as
retinal laser photocoagulation, hypoglycemic drugs, and anti-vascular
endothelial growth factor (anti-VEGF) therapy, are ineffective and are
accompanied by numerous side effects (5). It is clear that DR imposes a
significant public health burden worldwide, seriously threatening the
vision and quality of life of affected individuals. As such, there is an
urgent need to further clarify the precise pathological and physiological
mechanisms of DR to improve prevention strategies for DR and
develop new treatment strategies.

Recent research has identified a close relationship between
fibroblast growth factor 21 (FGF21) and DR, which may be a
therapeutic target for pathological vascular growth in patients (6-8).
FGF21 is a member of the FGF subfamily, with a coding gene located
on chromosome 19 that encodes a long-chain protein comprising 209
amino acids. FGF21 binds to FGF receptors 1-4 under the action of the
Klotho coenzyme and enters the bloodstream, producing effects by
binding to different receptors (9, 10). FGF21 is expressed in multiple
tissues and organs of the human body, mainly in the liver, followed by
the pancreas, adipose tissue, myocardial cells, skeletal muscles (11).
FGF21, which participates in metabolic regulation in the bloodstream,
originates mainly from the liver. However, the association between
FGF21, Klotho, and DR remains controversial. The FGF21 and Klotho
levels of DR patients were various among studies. To our knowledge,
this systematic review is the first to evaluate the relationship between
FGF21 and Klotho levels and DR.

Methods
Literature search

A literature search of the Web of Science, Wiley Online Library,
PubMed, China National Knowledge Infrastructure (CNKI) and
Wanfang databases was performed. The title or abstract search
terms “diabetic retinopathy” and “DR” were used in combination
with “fibroblast growth factor 217, “FGF21”, and “Klotho”. The focus
of the search period was 1980 to 2024, with publication languages
limited to English and Chinese. The reference lists of the retrieved
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articles were manually searched to identify additional, potentially
eligible studies. To date, no studies have been conducted on this topic.
This systematic review and meta-analysis was registered with
PROSPERO under accession number CRD42024501425. All items
that should be reported for systematic reviews and meta-analyses are
listed in the Supplementary Table 1.

Inclusion criteria

Meta-analysis was conducted on studies fulfilling the following
criteria: sufficient data regarding FGF21, Klotho levels in DR
patients and non-DR patients with diabetes; case-control design;
and language limited to English and Chinese.

Data extraction and risk of bias

As part of the preliminary screening process, 2 reviewers
independently used the search strategy and read titles and abstracts
to exclude studies that did not fulfill the inclusion criteria. To
determine whether the studies met the inclusion criteria, the two
reviewers methodologically reviewed the full text. If the author’s
information is incomplete, they can contact and crosscheck the
author. If the conclusions of the two evaluators were inconsistent,
the differences were resolved through discussion. If the discussion failed
to resolve any differences, it was judged and arbitrated by a third
researcher. The Cochrane Collaboration recommends the Newcastle-
Ottawa Scale (NOS) as a tool to assess bias in observational studies (12,
13). Studies were rated according to the NOS, which ranged from zero
to nine stars, and star scores were used to determine quality. There are
three aspects in the NOS: the method for selecting case and control
groups, their comparability, and the method for assessing exposure.

Statistical analysis

Heterogeneity among the included studies was assessed using the I*
statistic, and the data are expressed as standardized mean difference
(SMD) and corresponding 95% confidence interval (CI). Fixed-effects
models were used if I* was < 50% and heterogeneity among studies was
low or moderate; otherwise, random-effects models were used if I* was
> 50%. A sensitivity analysis was performed to evaluate the stability of
the results. Begg’s and Egger’s tests were used to detect publication bias.
P < 0.05 was set as the significance level. Data analysis was performed
using Review Manager version 5.3. And the sensitivity analysis and
publication bias were performed using Stata version 12.0.

Results
Literature search and study selection

The initial literature search retrieved 85 studies from the Web of
Science, Wiley Online Library, PubMed, CNKI and databases. After
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screening, 15 studies including 1220 DR cases and 1447 controls were
included (6, 7, 14-26). A flow-diagram illustrating the study selection
process is presented in Figure 1. The characteristics of each of the
included studies are summarized in Table 1. All 15 studies included in
this meta-analysis fulfilled the criteria for the Newcastle-Ottawa Scale
categories of selection, comparability, and exposure.

Results of meta-analysis

There 10 articles were about FGF21 and DR. While, in these 10
articles, one article used healthy people as control group, not the
patients with non-DR diabetes. So, we have performed the analysis
in different control groups (non-DR diabetes patients and healthy
controls). FGF21 levels were significantly higher in patients with
DR than in non-DR patients with diabetes (SMD:2.12, 95% CI
(1.40, 2.84]; I = 97%) (6, 7, 14, 16, 17, 20, 21, 24, 25). Forest plot
and funnel plot of FGF21 levels in patients with DR compared to
those in non-DR diabetes are presented in Figures 2, 3. It was also
found that FGF21 levels in patients with DR were significantly
higher than that in healthy controls [SMD: 3.90, 95% CI (2.46, 5.35);
I = 98%] (6, 7, 14, 17, 21, 22, 25). In addition, there was no
difference in FGF21 levels between patients with non-proliferative
DR (NPDR) and those with proliferative DR (PDR) [SMD: 0.89,
95% CI (~1.21, 2.99); I> = 97%] (6, 14, 20-22). The Klotho
level in patients with DR was significantly lower than that in
non-DR patients with diabetes [SMD: -0.63, 95% CI (-1.22, -

10.3389/fendo.2024.1390035

0.04); = 92%] (15, 18, 19, 23, 26). Forest plots and funnel plot of
Klotho levels are presented in Figures 4, 5.

Sensitivity analysis and publication bias

Each study was subjected to a sensitivity analysis to determine its
influence. Sensitivity analysis showed no significant differences from
our previous estimates, indicating that a single study had a marginal
impact on the overall estimate (Supplementary Figures 1, 2).
Accordingly, the meta-analysis yields stable results. A thorough and
comprehensive search of the databases was conducted. Begg’s and
Egger’s tests were conducted to identify whether publication bias was
present in the reviewed studies. The results (P > 0.05) indicated that
there was no publication bias (Supplementary Figures 3-6).

Discussion

This systematic review is the first to evaluate FGF21 and Klotho
levels in patients with DR. In our previous research, we found the leptin
and chemerin levels in patients with DR were significantly higher than
those in non-DR patients (27). In this meta-analysis, fourteen
independent studies were included in the meta-analysis. We
conclude that FGF21 levels were significantly higher in patients with
DR than non-DR patients with diabetes, and that Klotho levels were

25 records 21 records 19 records 2 records from 18 records
from PubMed from Web of from CNKI Wiley Online from Wanfang
Science Library

ﬂ [ 39 duplicated records were excluded. ]

|

46 records were for
further reviewed.

|

20 records were reviews, letters, case
reports or animal articles.

[ |

|

26 records were
potentially relevant.

|

1 record was duplicated research.
5 records were irrelevant.
5 records provided insufficient data to

|

15 records including 1220 cases and 1447
controls were included for meta-analysis.

calculate.

FIGURE 1

Flowchart of the detailed procedure for the inclusion or exclusion of selected studies
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TABLE 1 Study characteristics of the published studies included in the meta-analysis.

S5t e Study _ Number Sex(M/F) Age(years)
Author Year Period Region Sample NOS
Case Control Case Control Case Control
October 2009 to 60.10 59.40
Lin Y 2014 Chi 83 34 43/40 20/14 FGF21 7
1 May 2012 na / / +1170  +10.20
56.50 55.00
Esteghamati A 2016 Iran 46 44 17/29 21/23 +9.00 +12.00 FGF21 5
. 56.00
Mousavi Z 2017 2016 to 2017 Iran 25 22 6/19 5/17 +00 | 540600 FGF21 6
2016 t 526
Zhang L 2018 January © China 99 127 48/51 59/68 5294825  Klotho 6
January 2018 +10.25
61. 35
March 2016 to 58.48
LiL 2019 Chi 34 160 19/15 96/64 + FGF21 6
i1 March 2018 mna / / Ly  E1
2016 t 52.14 51.44
XulZ 2020 January ° China 120 120 67/53 64/56 FGF21 6
December 2018 + 12.61 + 11.57
November 2015 5764 55,00
Ji B 2020 to China 33 27 11/22 12/15 N 6‘ 2 N 4' 7 Klotho 6
November 2016 o -
61.20 60.70
Corcillo A 2020 UK 46 35 4 8.80 + 930 Klotho 5
2018 t 162/ 58.58 57.11
Jin S 2021 January © China 309 345 185/160 FGF21 7
October 2019 147 +10.31 +11.99
5547 54.12
Heidari Z 2021 Iran 91 93 34/57 32/61 + 999 1107 FGF21 6
February 2018 to 4836 48.41
Cai LY 2021 uary China 90 85 51/39 45/40 FGF21 6
April 2018 +6.14 + 6.05
January 2017 to X 56.82 56.34
Wan F 2022 Chi 106 74 57/49 40/34 Kloth 5
an December 2019 mna ! / +1013  +£920 otho
November 2020 55.84 52.95
Hu W 2022 hi 4 112 25/21 4 Kloth 6
u 0 to October 2021 China 5 5120 63/49 +10.44 +12.01 otho
September 2020 53.04 5410
Xiao T 2023 to China 63 101 33/30 52/49 N 7'49 N 8‘36 FGF21 6
September 2022 o o
October 2019 t 53 43 5401 +
Gao YQ 2023 ctober ° China 30 68 16/14 38/30 FGF21 6
October 2022 +10.37 10. 56
Diabetic retinopathy Non-DR diabetes Std. Mean Difference Std. Mean Difference
_Study or Subgroup _Mean  SD _ Total Mean  SD Total Weight IV, Random. 95% Cl Year IV, Random, 95% CI
Lin Y 2014 654 848 83 3268 816 34 10.6% 3.87[3.23,4.52] 2014 —
Esteghamati A 2016 225 785 46 103 561 44 11.0% 1.77[1.28, 2.26] 2016 —
Mousavi Z 2017 324 177.8 25 259 1593 22 10.8% 0.38[-0.20, 0.96] 2017 s
LiLJ 2019 2754 622 34 1715 241 160 11.0% 3.06 [2.58, 3.54] 2019 -
Xu LZ 2020 347 051 120 291 048 120 114% 1.13[0.85, 1.40] 2020 i
Jin S 2021 500 846 309 3268 82 345 115% 3.16[2.93,3.39] 2021 -
Heidari Z 2021 3952 528 o1 272 273 93 112% 2.93[2.51,3.35] 2021 -
Xiao T 2023 276 66 63 185 42 101 11.3% 1.73[1.36, 2.09] 2023 -
Gao YQ 2023 353 062 30 289 054 68 11.1% 1.12[0.66, 1.58] 2023 —_
Total (95% Cl) 801 987 100.0% 2.12[1.40, 2.84]
L
Heterogeneity: Tau? = 1.16; Chi = 244.56, df = 8 (P < 0.00001); I = 97% 4 5 5 s "
Test for overall effect: Z = 5.79 (P < 0.00001) Diabetic retinopathy Non-DR diabetes
FIGURE 2

Forest plots of FGF21 level in patients with diabetic retinopathy compared to non-diabetic retinopathy diabetes patients. Diamond represents the
pooled SMDs at 95% CI. SMD, standardized mean difference; Cl, confidence interval.
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FIGURE 3

Funnel plots of FGF21 level in patients with diabetic retinopathy
compared to non-diabetic retinopathy diabetes patients. SMD,
standardized mean difference.

significantly lower in patients with DR than non-DR patients
with diabetes.

FGF21 is a key regulator of retinal lipid and glucose metabolism. It
can metabolize lipoproteins in the adipose tissue and maintain adipocyte
phospholipid homeostasis. FGF21 also increases lipid utilization during
amino acid starvation. FGF21 acts by regulating the activities of
peroxisome proliferator-activated receptors (PPARs) and peroxisome
proliferator-activated receptor Y coactivator-1 (PGC-1). FGF21 is crucial
in PPAR-0 agonists to improve metabolic processes in obese mice (28).
FGF21 inhibits the growth of pathological retinal neovascularization
through adiponectin (APN). FGF21 promotes APN expression in the
blood circulation in a dose-dependent manner (29). Fu et al. reported
that APN could inhibit neovascularization of the retina and choroid in
mice (30). The use of long-acting FGF21 analogs can increase the
concentration of retinal APN in mice, indicating that FGF21 has
important effects on metabolic functions (31). To determine whether
APN mediates the protective effect of FGF21 on retinal
neovascularization, the retinal vascular systems of mice with and
without long-acting FGF21 analogs were compared under oxygen-
induced retinopathy in APN gene knockout mice. Studies have shown
that APN deficiency exacerbates retinal neovascularization and
eliminates the beneficial effects of long-acting FGF21 analogs in
reducing hypoxic retinal neovascularization. In addition, APN can
inhibit retinal neovascularization by reducing the level of tumor

Diabetic retinopathy Non-DR diabetes

Std. Mean Difference

Zhang L 2018 404 35 99 398 37 127 21.0%
Corcillo A 2020 227 165 46 484 3615 35 19.3%
Ji B 2020 541 150 33 700 230 27 18.6%
Wan F 2022 190 93 106 3245 121 74 20.6%
Hu W 2022 20.42 9.33 45 2594 19.07 112 20.4%
Total (95% CI) 329 375 100.0%

Heterogeneity: Tau? = 0.41; Chi = 52.13, df = 4 (P < 0.00001); I> = 92%
Test for overall effect: Z=2.10 (P = 0.04)

FIGURE 4
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necrosis-alpha (TNF-o) (32). In summary, FGF21 inhibits the growth
of pathological retinal neovascularization by targeting APN and reducing
TNF-a, which is a key risk factor for hypoxia-induced retinopathy (33).

High blood glucose levels can induce oxidative stress, which is a
key factor in DR (34). Photosensitive cells are the most metabolically
active cells in the human body and are prone to metabolic disorders
and oxidative stress (35). Fu et al. (36) reported that the use of FGF21
in insulin-deficient diabetic mice reversed retinal neuron defects
caused by diabetes, improved the function and morphology of
photoreceptors, and reduced inflammation of photoreceptors.
NRE2 regulates oxidative stress and inflammatory response, and
interleukin (IL)-1P is an inflammatory factor causing retinal
neurovascular injury. FGF21 protects photoreceptor cells from
oxidative stress by upregulating the expression of the NRF2 protein
in the DR retina and decreasing the production of IL-1B (37, 38).
Photosensitive cells can release inflammatory products that stimulate
the surrounding cells (39) and cause changes in retinal vascular
permeability in diabetic mouse models (40). In addition, the effect of
long-term FGF21 administration on the inhibition of retinal vascular
leakage in in vivo and in vitro models has been verified (41). Retinal
tissue is highly sensitive to metabolism, and photoreceptors contain
the largest number of mitochondria in human cells. Among all cells
in the retina, photoreceptors mount the largest response to retinal
oxidative stress and inflammation caused by diabetes. In patients with
PDR and subsequent retinitis pigmentosa, retinal neovascularization
is slow. Therefore, enhancing the levels of antioxidants in
photoreceptor cells can prevent neurovascular damage in DR;
however, this is, to some extent, independent of the APN-TNF-o
pathway (36).

Experimental evidence suggests that FGF21 is beneficial in DR. In
the present study, we confirmed that FGF21 levels were significantly
higher in patients with DR than in those without DR. It is difficult to
explain this phenomenon in patients with DR. Some researchers have
named this phenomenon “FGF21 resistance” (42, 43). Although this
hypothesis is supported, the mechanism underlying FGF21 resistance
has not yet been elucidated. Once the role of FGF21 is fully
elucidated, however, we believe that it will contribute significantly
to the treatment of DR.

The FGF21 coenzyme Klotho has been found to be expressed in
the human retina, optic nerve, and lens (44, 45). Some evidence
suggests that Klotho regulates many mechanisms involved in
maintaining retinal cell homeostasis and function (44, 46, 47). First,
Klotho-knockout mice exhibit several morphological changes

Std. Mean Difference

Y v % Cl
0.17 [-0.10, 0.43] 2018

-0.95 [-1.41, -0.49] 2020 —
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Diabetic retinopathy Non-DR diabetes

Forest plots of Klotho level in patients with diabetic retinopathy compared to non-diabetic retinopathy diabetes patients. Diamond represents the
pooled SMDs at 95% CI. SMD, standardized mean difference; Cl, confidence interval.
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FIGURE 5

Funnel plots of Klotho level in patients with diabetic retinopathy
compared to non-diabetic retinopathy diabetes patients. SMD,
standardized mean difference.

compared with wild-type mice, including reduced pigmentation of the
retinal pigment epithelium layer, enlarged choroidal vessels, thinning
and deformation of the basement membrane, and signs of
degeneration of the outer photoreceptor layer (46). Proteomic
analysis has shown that proteins involved in eye development, visual
perception, and mitochondrial function are downregulated in Klotho-
knockout mice (47). Thus, Klotho-knockout mice have reduced retinal
function, with functional defects comparable to those observed in
insulin-like growth factor-1 knockout mice (44). Several experimental
models have shown that depletion of Klotho negatively affects
important functions of retinal cells, including oxidative stress, VEGF-
A secretion, and phagocytosis, thereby activating mechanisms that may
contribute to the onset and progression of DR. However, there is some
evidence that treatment with recombinant Klotho improves
retinal function.

The present study had some limitations. First, the duration of
diabetes and disease severity varied among the included studies, and
data regarding NPDR and PDR were limited. Second, the languages
of literature search were limited to English and Chinese. As such,
high-quality research investigating the role(s) of FGF21 and Klotho
in the treatment of DR is warranted. It is, therefore, important to
interpret the results of this meta-analysis cautiously.

Conclusion

This systematic review is the first to evaluate the relationship
between FGF21 and Klotho levels and DR. FGF21 levels were
significantly higher in patients with DR. Fully characterizing the
role of FGF21 will significantly contribute to the treatment of DR.
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The Begg's test of Klotho level in patients with diabetic retinopathy compared
to non-diabetic retinopathy diabetes patients.
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Background: The disruption of circadian rhythm has been reported to aggravate
the progression of diabetic retinopathy (DR). Rest-activity rhythm (RAR) is a
widely used method for measuring individual circadian time influencing behavior.
In this study, we sought to explore the potential association between RAR and the
risk of DR.

Methods: Diabetic participants aged over 40 from 2011-2014 National Health
and Nutrition Examination Survey (NHANES) were enrolled. Data from the
wearable device ActiGraph GT3X was used to generate RAR metrics, including
interdaily stability (IS), intradaily variability (IV), most active 10-hour period (M10),
least active 5-hour period (L5), and Relative amplitude (RA). Weighted
multivariable logistic regression analysis and restricted cubic spline analysis
were conducted to examine the association between RAR metrics and DR risk.
Sensitivity analysis was also conducted to examine the robustness of the findings.
An unsupervised K-means clustering analysis was conducted to identify patterns
in IV and M10.

Results: A total of 1,096 diabetic participants were enrolled, with a DR prevalence
of 20.53%. The mean age of participants was 62.3 years, with 49.57% being male.
After adjusting covariates, IV was positively associated with DR (B: 3.527, 95%Cl:
1.371-9.073). Compared with the lowest quintile of IV, the highest quintile of IV
had 136% higher odds of DR. In contrast, M10 was negatively associated with DR
(B: 0.902, 95%ClI: 0.828-0.982), with participants in the highest M10 quintile
showing 48.8% lower odds of DR. Restricted cubic spline analysis confirmed that
these associations were linear. Meanwhile, sensitivity analysis confirmed the
robustness. K-means clustering identified three distinct clusters, with
participants in Cluster C (high-1V, low-M10) had a significantly higher risk of DR
comparing with Cluster A (low-1V, high-M10).

Conclusion: A more fragmented rhythm and lower peak activity level might be

associated with an increased risk of DR. These findings indicate that maintaining a
more rhythmic sleep-activity behavior might mitigate the development of DR.
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Further research is necessary to establish causality and understand the
underlying mechanisms, and focus on whether interventions designed to
enhance daily rhythm stability and increase diurnal activity level can effectively
mitigate the risk of progression of DR.

KEYWORDS

diabetic retinopathy, rest-activity rhythm, circadian rhythm, fragmented

rhythm, NHANES

1 Introduction

Diabetic retinopathy (DR), is the leading cause of vision
impairment and blindness among work-age adults, characterized
by the progressive retina vascular damage as a severe complication
of diabetes mellitus. Paralleling the rise of diabetes, the prevalence
of DR had been increasing globally. According to a recent meta-
analysis, the global prevalence of DR among the diabetic population
is 22.27%, and the number of DR is projected to reach 160.50
million by 2045 (1). DR manifests through series of stages, from
microaneurysms abnormalities to proliferative DR marked by
neovascularization and retinal detachment (2). Understanding the
risk factors and pathophysiological mechanisms of DR is crucial for
developing effective prevention and treatment strategies.

Circadian rhythm is an intrinsic 24-hour cycle regulating
various biological processes in organisms. One critical output of
circadian rhythm is the rest-activity rhythm (RAR), which
encompasses the patterns of physical activity and rest throughout
the day and night (2). Disturbance of RAR, often resulting from
irregular sleep patterns, shift work, or exposure to artificial light (3-
5), has been implicated in various metabolic diseases and
cardiovascular disorders, such as hypertension, diabetes, and so
on (2, 6, 7).

Emerging evidence indicates that the disruption of circadian
rhythm may also influence the diverse facets of DR, from alterations
in clock genes to changes in rhythmic clinical manifestations (8, 9).
Notably, a remarkable decrease of a diverse array of clock genes
were observed in retina of diabetes rodent model (10, 11). Our
recent study revealed that diabetes reshapes the rhythmic profile of
retinal transcriptome (12). Aberrant expression or loss of core clock
genes could accelerate retinal endothelial dysfunction and increase
retinal permeability (13). Furthermore, disturbed rhythms in retinal
structures and physiological functions, such as retinal thickness and
melatonin rhythm, have been observed in DR (14). A recent cross-
sectional study explored alteration of circadian rhythm in DR by
examining 24-hour melatonin secretion, intrinsically photosensitive
retinal ganglion cell (ipRGC) and RAR (15). The results indicated
that DR patients exhibited lower melatonin output and reduced
ipRGC function. However, due to the small sample size (n=25), no
significant change in RAR was observed. In the present study, we
aimed to explore the association between RAR metrics and DR
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based on a large, population-based cohort, hypothesizing that
irregular RAR may be a potential risk factor for the development
and progression of DR. This will be investigated through a cross-
sectional study among middle-age or older diabetic participants
(age=40) within the U.S. National Health and Nutrition
Examination Survey (NHANES).

2 Methods
2.1 Study population

NHANES is a complex, multi-staged national survey in the
United States, that investigates the health and nutrition status of
U.S. civilian population through personal interviews, physical
examinations and laboratory tests (16). This survey is conducted
in two-year cycles. The NHANES protocols were approved by the
NCHS Research Ethics Review Board (Protocol #2011-17), and
written consent was received from each participant.

For present study, we limited the participants to those from
2011-2014 cycles of NHNAES. Participants with the following
characteristics were excluded: a) absence of diabetes mellitus; b)
age <40 years old; c) those with fewer than 4 days of valid
accelerometer data; d) pregnancy. As shown in Figure 1, a total of
1096 participants met inclusion criteria for the subsequent analysis.

2.2 RAR metrics

According to NHANES protocol, all participants aged 6 years
and older were required to wear the physical activity monitor
(PAM) ActiGraph GT3X+ accelerometer (Pensacola, FL) for
seven consecutive days to collect objective data. The
accelerometer data, recorded at a frequency of 80 Hz, and
ambient light measurements, taken at 1 Hz, were aggregated on a
per-minute basis for each participant, specified in Monitor-
Independent Movement Summary (MIMS) units.

The first and last days of accelerometer data were omitted due to
the incomplete 24-h periods. According to the previous research,
the raw data were pre-processed using accelmissing R package (17).
A valid day was defined as having more than 16 hours of wearing
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Participants extracted from
NHANES 2011-2014 (n=19931)
Excluded:
Without diabetic retinopathy status data (n=18503)
A
Included participants
(n=1428)
Excluded:
Less than 4 valid days of Actigraph data (n=256).
A
Included participants
(n=1174)
Excluded:
Pregnant paricipants (n=2)
Age <40 years old (n=76)
Y
Included participants
(n=1096)
FIGURE 1

Flow chart of the sample screening process

time, and subjects were required to have at least four valid days of
data to be included in the analysis. RAR metrics are reliable
variables for quantifying the strength, timing, and regularity of
sleep and physical activity patterns, partially reflecting the objective
behavioral manifestation of daily rhythm in response to
environmental cues (18). In this study, we employed non-
parametric methods to generate RAR metrics using nparACT R
package (19). The key RAR metrics included:1) Interdaily Stability
(IS), which assesses the consistency of the rest-activity pattern with
the 24h light-dark cycle; 2) intradaily variability (IV), which
measures the fragmentation of the 24-hour rhythm, with higher
IV values indicating greater rhythm fragmentation, commonly
associated with frequent snapping or inefficient sleep; 3) Most
active 10-hour period (M10), which measures the average activity
of ten consecutive hours with the peak activity among 24-hour
period; 4) Least active 5-hour period (L5), measures the average
activity of five consecutive hour with nadir activity; 5) Relative
amplitude(RA), which demonstrates the relative difference between
MI10 and L5, with higher RA values indicating greater circadian
rhythm strength.

2.3 Definition of diabetes mellitus and
diabetic retinopathy

Diabetes mellitus is defined according to the following criteria:
1) glycohemoglobin HbAlc > 6.5%; 2) fasting glucose > 7.0mmol/L;
3) self-reported previous diagnosis of diabetes by a doctor.
Participants were classified as having DR if they answered ‘yes’ to:
‘Has a doctor ever informed you that your eyes are affected by
diabetes or that you have retinopathy?’
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2.4 Covariates

The following covariates were included: age (40-60, >60 years),
sex (male, female), marital status (never married, married or living
with a partner, widowed/divorced/separated), education level
(<high school, high school or equivalent, >high school), poverty
income ratio (PIR, <1.3,1.3-3.5,>3.5) race ethnicity (non-Hispanic
white, other), self-reported sleep problems (yes, no), hypertension
(yes, no), and hyperlipidemia (yes, no). Missing values for
covariates were imputed with multiple imputation by chained
equations with the ‘mice’ R package. We generated five imputed
datasets with the random forest imputation algorithm and
subsequently pooled the results following Rubin’s standard rules.

2.5 Statistical analysis

In the present study, all statistical analyses were conducted with
consideration of the survey weights based on the NHANES
protocol. Participant characteristics were demonstrated using
descriptive statistical analyses based on the presence of DR.
Continuous variables were presented as weighted mean + SD, and
differences between groups were compared using one-way
ANOVA. Categorical variables were presented as weighted
percentage, and differences were compared using the Rao-Scott
chi-square test. To investigate the association between the risk of
DR and each RAR metric, weighted logistic regression analysis was
conducted. RAR metrics were categorized into quintiles, and the
first quintile was set as the reference. Three regression models were
generated: Model 1 was the crude model without any adjustments.
Model 2 was adjusted for the age, sex, race, marital status, PIR.
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Model 3 was further adjusted for hypertension, hyperlipidemia, and
sleep problems. In the fully adjusted model, the non-linear
relationship was explored using the restricted cubic spline (RCS)
method with four knots, setting RAR metrics as the exposure and
the risk of DR as the outcome. To identify patterns in IV and M10,
an unsupervised K-means clustering analysis was conducted with R.

For subgroup analysis, participants were stratified by age (40-
60, >60), sex (male, female), education level (<high school, high
school or equivalent, >high school), and race ethnicity (non-
Hispanic white, other) in the fully adjusted model. The
interaction between RAR metrics and potential modifiers were
calculated to examine the differences in effect across subgroups (p
for interaction). To assess the robustness of the main findings,
sensitivity analysis was performed after excluding the participant
with any missing covariates.

All statistical analyses were performed using R (version 4.2.2),
and two-side p-value <0.05 was considered statistically significant.

3 Results
3.1 Baseline characteristic

In this study, a total of 1,096 eligible participants with diabetic
mellitus were included (Figure 1), representing an estimated
weighted population of 16,930,542 in the United States. The
mean age of participants was 62.3 years, with 49.57% being male.
Detailed characteristics of the participants are summarized in
Table 1, covering a variety of social-culture backgrounds in the
United States. The prevalence of DR among the valid participants
was 20.53%. Notably, the majority of participants were non-
Hispanic white (63.27%), and more than (76.16%) had a high
school degree or above. In terms of marital status, the percent of
married or live with a partner is 60.35% in this cohort. The rest-
activity rhythm was quantified into five parameters: IS, IV, RA, L5
and M10. Compare to participants without DR, those with DR had
a lower M10 level (p=0.035) and tended to have higher IV level,
though this difference was not statistically significant (p=0.065).
Additionally, participants with DR were more likely to be never
married and had a lower prevalence of hypertension (p=0.044 and
0.048, respectively).

3.2 Association between RAR metrics
and DR

To investigate the association between RAR and DR, we
conducted weighted multivariable logistic regression analyses on
the RAR metrics. As shown in Table 2, after adjusting for a
comprehensive set of confounders, the results of Model 3
demonstrated a positive association between IV and the risk of
DR (OR=3.527; 95% CI, 1.371-9.073; p=0.011). Additionally, the
value of M10 was negatively associated with DR when adjusted for
sociodemographic factors and comorbidity (Table 2, Model 3,
OR=0.902; 95% CI, 0.828-0.982; p=0.02). Consistently, when we
categorized RAR metrics by dividing the values into quintiles, the
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TABLE 1 Baseline characteristics of participants in NHANES 2011-
2014 (N=1096).

Without ~ With
total DR DR
Characteristic  (N=1096)  (N=871) (N=225) p
Age, n (%) 0.784
40-60 373(40.49) 301(40.24) 72(41.72)
>60 723(59.51) 570(59.76) 153(58.28)
Sex, n (%) 0.185
Female 548(50.43) 452(51.55) 96(44.92)
Male 548(49.57) 419(48.45) 129(55.08)
Race, n (%) 0.115
Non-
Hispanic White 387(63.27) 314(64.44) 73(57.52)
other 709(36.73) 557(35.56) 152(42.48)
Education level,
n (%) 0.074
< High school 370(23.83) 290(22.89) 80(28.49)
High School
Grad/
GED
or Equivalent 256(25.51) 199(24.53) 57(30.35)
> High school 470(50.65) 382(52.57) 88(41.17)
Marital status,
n (%) 0.044*
Married or living
with a partner 598(60.35) 485(61.43) 113(55.04)
Never married 96(7.96) 77(6.92) 19(13.14)
Widowed,
divorced,
separated 402(31.69) 309(31.66) 93(31.82)
PIR, n (%) 0.126
<1.3 447(28.70) 347(27.08) 100(36.66)
1.3-3.5 415(39.69) 332(40.14) 83(37.50)
>3.5 234(31.61) 192(32.78) 42(25.84)
Smoke, n (%) 0.932
never 550(48.89) 444(48.63) 106(50.18)
former 393(37.23) 304(37.51) 89(35.84)
now 153(13.88) 123(13.86) 30(13.97)
Hypertension,
n (%) 0.048*
Yes 257(23.39) 216(24.58) 41(17.54)
No 839(76.61) 655(75.42) 184(82.46)
Hyperlipidemia,
n (%) 0.938
No 138(9.877) 112(9.901) 26(9.758)
Yes 958(90.123) 759(90.099) 199(90.242)
(Continued)
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TABLE 1 Continued

Without

total
Characteristic (N=1096)

Sleep problem,

n (%) 0.423
No 692(59.14) 553(58.51) 139(62.26)
Yes 404(40.86) 318(41.49) 86(37.74)
IS, mean + SD 0.37 + 0.00 0.37 £ 0.00 0.36 + 0.01 0.163
IV, mean + SD 0.64 £ 0.01 0.64 +0.01 0.68 £0.02 = 0.065
RA, mean + SD 0.79 + 0.01 0.80 + 0.01 0.78 £ 0.01 0.154
L5, mean + SD 1.08 + 0.04 1.09 + 0.04 1.08 £0.06 | 0.939
M10, mean * SD 9.64 + 0.14 9.76 + 0.14 9.06 £0.32  0.035*

PIR, poverty income ratio. IS, interdaily stability. IV, intradaily variability. M10, most active
10-hour period. L5, least active 5-hour period. RA, relative amplitude. *p value<0.05.

participants in the fifth quintile (Q5) of IV were 136% more likely to
develop DR than those in the first quintile (Q1) (Table 3, Model 3;
OR=2.360; p for trend = 0.047). The risk of DR in the Q5 group of
M10 showed significant reductions compared to the Q1 group, with
a decrease of 49% (Table 3, Model 3; OR=0.512; p for trend =
0.024). To explore the nonlinear relationship between IV/M10 and
the risk of DR, we conducted RCS analysis. No nonlinear
association was detected for either IV or M10 (Figure 2, p for
nonlinearity = 0.207 and 0.311, respectively). However, as
demonstrated in Figure 2, these two curves also do not
completely fit a linear relationship. For association between IV
and the risk of DR, the curve is relatively stable over most of the
range but shows a significant upward trend at high IV values
(IV>0.75). For association between IV and the risk of DR, when
MI10 <9, the OR value decrease significantly as M10 increases,
whereas when M10 value exceed 9, this downward trend gradually
stabilizes. In summary, as IV value increases and M10 value
decreases, the risk of developing DR tends to rise.

TABLE 2 Association between RAR metrics and DR (N=1096).

24-h Rest-
activity

rhythm
variables

Model 1

Model 2

10.3389/fendo.2024.1440223

3.3 Stratified and sensitivity analyses

To explore the impact of age, sex, race and education level on
the findings, we performed the subgroup analysis based on different
features (Supplementary Tables 1, 2). The IV quintiles displayed
interactions with different education level subgroups (p for
interaction = 0.014). The negative association between IV and DR
was predominantly significant among the population with a high
school education level or below.

In sensitivity analyses, participants with any missing covariates
were excluded, and the analysis was re-performed on the remaining
938 participants. The association between IV and M10 and the risk
of DR persisted, confirming that the main findings were reliable
(Supplementary Table 3).

3.4 Unsupervised cluster analysis of IV and
M10 in DR

Subsequently, we performed an unsupervised K-means
clustering analysis to cluster 1,096 participants based on their IV
and M10 values. As depicted in Figure 3A, three distinct clusters
were identified: Cluster A (n=230), Cluster B (n=519) and Cluster C
(n=347). These clusters demonstrated significant differences in IV
and M10 distribution, with Cluster A exhibiting lower IV and
higher M10, while Cluster C had higher IV and lower M10 values
(Figures 3B, C).

The baseline characteristics of participants in these three
clusters are summarized in Supplementary Table 4. There were
significant differences in age, sex, race, education level, PIR and DR
risk among the clusters. Notably, participants in Cluster C (high-1V,
low-M10) are more prone to have DR.

Logistic regression analyses were conducted to evaluate the
association between these clusters and the risk of DR. After
adjusting for a comprehensive set of covariates, participants in
Cluster C (high-IV, low-M10) were found to be 55% more likely to
have DR compared to those in Cluster A (low-IV, high-M10)(p for

Model 3

IS

v

L5

M10

OR (95%CI)
0.327(0.074,1.43)
0.249(0.035,1.786)
2.971(1.025,8.613)
0.993(0.813,1.211)

0.916(0.839,1.001)

0.135

0.160

0.045*

0.940

0.052

OR (95%CI)
0.375(0.087,1.610)
0.292(0.047,1.812)
3.554(1.373,9.202)
0.969(0.787,1.194)

0.903(0.830,0.982)

p OR (95%CI) p
0.178 0.366(0.084,1.589) 0.170
0.177 0.281(0.044,1.794) 0.170

0.011* 3.527(1.371,9.073) 0.011*
0.758 0.973(0.789,1.199) 0.787
0.020* 0.902(0.828,0.982) 0.020*

Model 1: crude model, without any adjustment.
Model 2: adjusted for age, sex, education level, marital status, PIR.
Model 3: adjusted for age, sex, education level, marital status, PIR, sleep problem, and hyperlipidemia and hypertension.
OR, odds ratios. CI, confidence interval. RAR, rest-activity rhythm. RA, relative amplitude. IS, interdaily stability. IV, intradaily variability. M10, most active 10-hour period. L5, least active 5-

hour period.
*p value<0.05.
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TABLE 3 Association between quintiles of RAR metrics and DR. TABLE 3 Continued
Modell Model2 Model 3 Model 2
24-h Rest-activity OR OR OR 24-h Rest-activity OR
rhythm variables (95% CI)  (95% CI) = (95% ClI) i (95% CI)  (95% CI)  (95% Cl)
IS
Q1 ref ref ref Q1 ref ref ref
0.957 1.022 1.006 0.885 0.905 0.905
Q2 (0.512,1.790) | (0.538,1.942) | (0.530,1.909) Q2 (0.450,1.741) = (0.450,1.821) | (0.445,1.840)
1.328 1515 1511 0.740 0.769 0.762
Q3 (0.664,2.656) | (0.751,3.056) | (0.748,3.049) Q3 (0.420,1.305) = (0.442,1.336) | (0.438,1.325)
0435 0.470 0.466 0.599 0.637 0.632
Q4 (0.236,0.800) | (0.264,0.838) | (0.258,0.842) Q4 (0.317,1.133)  (0.331,1.226) | (0.328,1.220)
0.895 0.938 0.924 0.595 0.608 0.602
Qs (0.480,1.666) | (0.538,1.638) | (0.521,1.639) Qs (0.265,1.336)  (0.271,1.365) = (0.266,1.363)
p for trend 0211 0.225 0.222 p for trend 0.09 0.111 0.108
v Model 1: crude model, without any adjustment.
Model 2: adjusted for age, sex, education level, marital status, PIR.
Q1 ref ref ref Model 3: adjusted for age, sex, education level, marital status, PIR, sleep problem, and
hyperlipidemia and hypertension.
1471 1.737 1.737 OR, odds ratios. CI, confidence interval. RAR, rest-activity rhythm. RA, relative amplitude. IS,
Q2 (0.804,2.693) = (0.943,3.198) = (0.933,3.232) interdaily stability. IV, intradaily variability. M10, most active 10-hour period. L5, least active
5-hour period. Ref, reference. *p value<0.05.
0.961 1.150 1.157
Qs (0501,1.843) | (0.571,2.315) | (0.575,2.331) trend=0.014, Figure 3D). This result further supports the above
1.185 1.438 1.443 finding that the risk of DR increases as M10 decreases and
Q4 (0.489,2.869) | (0.5783.581)  (0.5783.599) [V increases.
1.949 2368 2.360
Qs (1.016,3.738) | (1.214,4.621) | (1.2054.621)
p for trend 0.132 0.047* 0.047* 4 Discussion
M10
The present study uncovered the association between DR and
Ql ref ref ref RAR parameters in a representative U.S. working-age or older
0.686 0.696 0.696 diabetes population. Notably, our findings demonstrated that the
Q (0.317,1.483) | (0.327,1.481) = (0.325,1.488) risk of DR increases with the higher IV value and lower M10 value.
0416 0.449 0.444 This indicates that fragmented rhythms and lower peak activity are
Q3 (0.193,0.896) | (0.213,0.948) | (0.207,0.951) more common among DR participants. These findings highlight the
0369 0343 0343 potential advantages of maintaining a regular sleep-activity rhythm
Q4 (0.177,0.772) | (0.161,0.729) = (0.161,0.728) and having high activity levels during the daytime in terms of
0.593 0.518 0512 delaying the onset of DR.
Q5 (0.248,1.419) | (0.212,1.263) = (0.208,1.260) It is well documented that circadian rhythm plays a crucial role in
regulating glucose homeostasis (20). Previous studies have revealed that
p for trend 0.063 0.026* 0.024* ) ’ . ) ) ]
the disruptions of circadian rhythm, induced by lifestyle factors such as
5 shift work (21) and social jetlag (22), are associated with type 2 diabetes.
Q1 ref ref ref Glucose homeostasis is essential for maintaining the normal
. 1233 1233 physiological function of retinal cells. Hyperglycemia triggers a
Q (0.587,2.652) | (0.591,2.574) = (0.584,2.603) cascade of complex pathophysiological changes in retinal cells (23).
i34 Log3 Lom For example, chronic hyperglycemia can cause endothelial dysfunction,
Q3 (0.49'6 2.593) (0.50'3 2.333) (0.49'5 2.319) pericyte loss, and the perturbations of endothelial glycocalyx in the
retina (24, 25). In addition, hyperglycemia activates retinal microglia
1.720 1715 1.730 Jd Miiller cell. inducine the rel fvarious infl " i
o (0839.3.526) | (0.8563.436) | (0.8483.531) an er cell, inducing the release of various inflammatory cytokines
and vascular growth factors (26, 27). The production of reactive oxygen
1190 1102 L3 species and the formation of advanced glycation end products also
Q5 (0.642,2.205) | (0.600,2.022) | (0.601,2.059) .
increase under poorly controlled blood glucose. These processes
p for trend 0-386 0-544 0515 exacerbate retinal vascular damage, promote neovascularization, and

(Continued)  ultimately lead to the progression of DR (28).
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RCS results between [V/M10 and DR. (A) IV and the risk of DR. (B) M10 and the risk of DR. Adjusted for age, sex, race, education level, marital status,
PIR, sleep problem, and hyperlipidemia and hypertension. The shaded part represents the 95%CI. RCS, restricted cubic spline.

Additionally, clinical findings and laboratory studies have

indicated that circadian rhythm disturbances are directly associated

with DR (29). Melatonin, a hormone acting as a dark signal for the

retina, was found to be decreased in DR patients (15, 30).

Furthermore, DR patients suffer from ipRGC dysfunction (15),
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which is a crucial component of the light entrainment in
synchronization of the central clock to environment cues (31). Our
previous study found that circadian oscillations of the transcriptomic
profile in the retina were reshaped in streptozocin-induced diabetic
mouse model (12). The expression of clock genes was altered in retina
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Unsupervised Cluster analysis results of IV and M10 in DR. (A) three distinct clusters were identified by K-means clustering. (B) violin plot of IV
distribution among clusters. (C) violin plot of IV distribution among clusters. (D) Forest plot of clusters and the risk of DR. Model 1: crude model,
without any adjustment. Model 2: adjusted for age, sex, education level, marital status, PIR. Model 3: adjusted for age, sex, education level, marital
status, PIR, sleep problem, and hyperlipidemia and hypertension.
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of diabetic mice (32), and the loss of core clock gene was related to the
phenotype of DR. For instance, Per2 mutant mice showed DR-like
retinal vascular, including increased retinal vascular permeability and
avascular capillaries (13). Interestingly, deletion of another core clock
gene Bmall, reduced neovascularization and vascular leakage,
indicating Bmall could drive neovascularization (33). In a
summary, circadian rhythm disruption and altered expression of
clock genes play crucial roles in the development of DR. The
development of wearable device Actigraphy enables individuals to
conduct 24-hour sleep and activity monitoring. The introduction of
the RAR, generated from Actigraphy data, provides a robust
quantification of daily rhythm. Recently, researchers have
uncovered the association between RAR and various diseases, such
as Parkinson’s disease, non-alcoholic fatty liver disease (34, 35).
Additionally, it was found that blunted RAR is strongly correlated
with biological aging and may negatively affect well-being and
longevity (36). However, there are limited studies on relationship
between RAR and DR

Recently, Mayuko et al. examined RAR in relation to common
diabetic complications, including DR (37). The findings of our
study share similarities with those of Mayuko et al., but also exhibit
differences. They stated that the presence of DR was associated with
higher IV and lower daytime activity, consistent with our findings.
However, Mayuko et al. found that RA and L5 were also
significantly associated with DR, which was not observed in our
study. The differences could be explained by a few reasons. Firstly,
considering the complex survey design, sample weights for each
individual was calculated when conducting analysis in our study,
whereas Mayuko et al. had a limited sample size. Secondly, Mayuko
et al. further graded DR into simple diabetic retinopathy and
proliferative diabetic retinopathy, whereas we only considered the
presence of DR without considering its severity.

MI0, representing the mean activity level during the most active
10-hour period within 24-hour cycle, which is used to analyze
activity patterns. In this study, M10 was found to be negatively
associated with the risk of DR. It is well known that environmental
and lifestyle modifications can alter circadian rhythm (38).
Research in animals has shown that db/db mice, a well-
acknowledged diabetic mouse model, showed sporadic wheel-
running activity with no consistent pattern (39). There is
substantial evidence supporting the insight that increasing
physical activity alleviates the progression of DR (40). Several
prospective cohort studies have reported that higher physical
activity is independently associated with a lower incidence of DR
(41, 42). The mechanism is speculated to be that physical activity
might improve glycemic control and 25-hydroxyvitamin D level
(43, 44). It was reported that 25-hydroxyvitamin D could inhibit
retinal inflammation and retinal neovascularization in vivo and in
vitro (45-47). Thus, we speculate that subjects with high activity
pattern (high M10 value) may have better glycemic control and
higher level of 25-hydroxyvitamin D, thereby ameliorating DR-
related pathogenesis.

Intradaily variability (IV), refers to fluctuation or change in an
individual’s activity levels and rest periods within a single day. High
IV indicates a less stable or more fragmented rest-activity pattern,
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with frequent transitions between activity and rest states. This
instability generally results from irregular sleep patterns,
inconsistent wake times or frequent napping. A case-control
study compared sleep quality among diabetic patients with and
without DR, and found that poor sleep, sleep latency and daytime
dysfunction were more common in DR patients (48). A recent
meta-analysis also reported poor sleep satisfaction was associated
with a 2-fold risk of having DR (48). Sirimon et al. found DR
patients were more likely to have insomnia and greater sleep
variability (49). Melatonin, the primary hormone involved in
regulating the sleep-wake cycles, is known that melatonin
deficiency is responsible for sleep disorders (50). Melatonin
exhibits multiple protective effects that could benefit DR patients,
including anti-oxidative, anti-inflammatory and anti-apoptotic
properties (51). Accordingly, we speculate that some participants,
due to a lack of melatonin, may lose its protective effect on the retina
and become more prone to developing DR. Additionally,
melatonin-deficient participants are more likely to experience
sleep disorders or fragmented rest-activity patterns, as evidenced
by elevated IV value in RAR.

The main strength of this study is its nationally representative
and diverse population-based cohort, which enhances the
generalizability of the findings. However, there are several
limitations to consider when interpreting the results. Firstly, due
of the cross-sectional study design, causality between RAR metrics
and DR cannot be established. Given that advanced stages of DR
can cause severe vision loss and dysfunction of ipRGCs, leading to
misalignment of circadian photoentrainment, it is possible that
blunted RAR is a result of DR. Secondly, the diagnosis of DR was
obtained from the self-reports in the medical conditions
questionnaire, which could lead to diagnostic omissions.
Additionally, in this study, only the presence of DR was available
for analysis without considering the severity of DR. Future research
should incorporate fundus photo and optical coherence
tomography images for more accurate DR diagnosis and grading.

5 Conclusions

We demonstrated that altered RAR parameters are associated
with the onset of DR. Notably, the significant associations were
observed for IV, reflecting the fragmentation of rhythm, and for
M10, reflecting the daytime activity level. These findings indicate
that the fragmented rhythm and lower peak activity may increase
the risk of DR. Further interventional research aimed at improving
circadian rhythm through lifestyle, behavioral and environmental
modification should be conducted to elucidate the casual links
between circadian disruption and DR.
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Introduction: Diabetic retinopathy (DR) is a microvascular complication of
diabetes in which neurodegeneration has been recently identified as a driving
force. In the last years, mesenchymal stromal cells (MSCs) and neurotrophins like
Nerve Growth Factor (NGF), have garnered significant attention as innovative
therapeutic approaches targeting DR-associated neurodegeneration. However,
delivering neurotrophic factors directly in the eye remains a challenge. Hence,
this study evaluated the effects of MSCs from human amniotic fluids (hAFSCs) and
recombinant human NGF (rhNGF) delivered by human corneal lenticule (hCL) on
a high glucose (HG) induced ex vivo model simulating the molecular mechanisms
driving DR.

Methods: Porcine neuroretinal explants exposed to HG (25 mM for four days)
were used to mimic DR ex vivo. hCLs collected from donors undergoing
refractive surgery were decellularized using 0.1% sodium dodecy! sulfate and
then bioengineered with hAFSCs, microparticles loaded with rhNGF (rhNGF-
PLGA-MPs), or both simultaneously. Immunofluorescence (IF) and scanning
electron microscopy (SEM) analyses were performed to confirm the hCLs
bioengineering process. To assess the effects of hAFSCs and rhNGF,
bioengineered hCLs were co-cultured with HG-treated neuroretinal explants
and following four days RT-PCR and cytokine array experiments for
inflammatory, oxidative, apoptotic, angiogenic and retinal cells markers
were performed.
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Results: Data revealed that HG-treated neuroretinal explants exhibit a
characteristic DR-phenotype, including increased level of NF-kB, NOS2, NRF2
GFAP, VEGFA, Bax/Bcl2 ratio and decreased expression of TUBB3 and Rho. Then,
the feasibility to bioengineer decellularized hCLs with hAFSCs and rhNGF was
demonstrated. Interestingly, co-culturing hAFSCs- and rhNGF- bioengineered
hCLs with HG-treated neuroretinal explants for four days significantly reduced
the expression of inflammatory, oxidative, apoptotic, angiogenic and increased
retinal markers.

Conclusion: Overall, we found for the first time that hAAFSCs and rhNGF were able
to modulate the molecular mechanisms involved in DR and that bioengineered
hCLs represents a promising ocular drug delivery system of hAFSCs and rANGF
for eye diseases treatment. In addition, results demonstrated that porcine
neuroretinal explants treated with HG is a useful model to reproduce ex vivo
the DR pathophysiology.

diabetic retinopathy, mesenchymal stromal cells, rhNGF, corneal lenticule,

ocular delivery

1 Introduction

Diabetic retinopathy (DR) is a leading cause of vision impairment
and blindness in working-age populations worldwide (1). This is
considered one of the most frequent complications of diabetes mellitus
(DM) related to hyperglycemia and may occur in approximately 27% of
patients with diabetes (2). Of note, high glucose concentration, a
common characteristic of poorly controlled diabetes, plays a defining
role in activating the mechanisms that cause DR, including genetic and
epigenetic factors, inflammation, heightened production of free radicals,
oxidative stress and vascular endothelial growth factor (VEGF), which
induce vascular endothelial cell proliferation, migration, and increased
vascular permeability (3-6).

Clinically, DR can be divided into two stages: non-proliferative
(NPDR) and proliferative (PDR) (4). NPDR is asymptomatic and
characterized by inflammation, loss of endothelial and neuronal
cells, and retinal microvasculature abnormalities. As the disease
progresses in PDR, neovascularization is characterized by the
presence of fragile vessels, which can easily break and hemorrhage
into the vitreous, leading to sudden vision loss and often retinal
detachment (3).

Although for several years DR has been considered a
microvascular complication of DM, recently growing evidence
suggests that the vascular phase of DR might be preceded by a
diabetes-driven neurodegenerative process, which particularly
interests the retinal ganglion cells (RGC) (7). These findings led
to the definition of DR as a highly specific neurovascular
complication (8, 9).

Currently, in addition to controlling blood glucose, blood
pressure, and serum cholesterol levels, various therapeutic
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approaches have become the standard for managing DR (10).
These encompass laser photocoagulation, intravitreal injection of
triamcinolone acetonide (IVTA) or anti-VEGF agents and
intravitreal steroid implants (11). However, these options are
principally used to target the late PDR stages, when vision is
already significantly impaired (12). In addition, despite the
discovery of therapeutic applications that have revolutionized the
handling of DR, different side effects are related to its use, including
endophthalmitis, intraocular inflammation, rhegmatogenous
retinal detachment, tractional retinal detachment, intraocular
pressure elevation, ocular hemorrhage, and ghost cell glaucoma
(4). Thus, there is a strong need to develop novel treatments,
particularly targeted at the initial phase of DR, where
neurodegeneration is the driving force. From this perspective,
there has been growing interest in stem cell (SCs) therapy and
neurotrophins, with particular attention being paid to mesenchymal
stromal cells (MSCs) owing to their modulatory potential. This is
based on secreted soluble factors, including growth factors,
cytokines, and chemokines, which are primarily responsible for
therapeutic benefits through paracrine effects (13). Among the
different cell sources, human SCs from amniotic fluid appear to
be promising for the treatment of DR. Indeed, as reported by Costa
et al., the secretome of fetal and perinatal human amniotic fluid SCs
(hAFSCs) is enriched in immunomodulatory, anti-inflammatory,
anti-fibrotic, and neurotrophic factors (14).

Neurotrophins, a family of structurally and functionally related
growth factors, have gained attention for DR management because
they are essential for the growth, differentiation, and survival of
several cell types, including retinal neurons and glial cells. Among
these, one of the main members is the nerve growth factor (NGF),
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which plays a key role in neurodegeneration, inflammation,
vascular permeability, and injury processes involved in DR
pathogenesis (15).

While numerous studies (16-21) have highlighted the positive
effect of MSCs and NGF in in vitro and in vivo DR models, the
delivery of these factors directly in the eye remains a challenge.
Concerning this, we recently demonstrated the feasibility of using
human corneal lenticules (hCLs), a thin and disc-shaped part of the
cornea obtained and discarded during refractive surgery, as an
ocular drug delivery system. In fact, we have proven that hCLs can
be bioengineered with polylactic-co-glycolic-acid (PLGA)
microparticles loaded with rhNGF (thNGF-PLGA-MPs), and that
active thNGF is sustainably released from such bioengineered hCLs
for up to 1 month (22). In addition, Gary Hin-Fai Yam emphasized
the reinnervation potential of decellularized hCLs in grafted chick
dorsal root ganglion models in the presence of NGF (23).

It is well established that tissue culture models have the
advantage of preserving the different cell types within the tissue
structure (24-26). However, to transfer experiments from animal
models or animal tissues to humans, it is crucial to consider the
anatomical, physiological, and morphological differences between
species and humans when selecting a model organism (27). In this
context, pigs are used as experimental model in various medical
fields because of their anatomical and morphological similarities to
humans (15, 28). In particular, the pig eye has a high morphological
similarity to the human eye, especially in terms of size, retinal
structure, and histology, making it suitable as a retinal DR model
(27, 29-31).

Based on these assumptions, the present study aimed to
evaluate the effects of hAFSCs and rhNGF, delivered by hCLs, on
the molecular mechanisms underlying DR using an ex vivo model
represented by porcine neuroretinal explants treated with high
glucose (HG). In particular, by using the entire neuroretina, we
can mimic the DR milieu across all retinal tissues cell types,
enabling a thorough assessment of how HG treatment, as well as
hAFSCs and rhNGF, could influence the entire retinal structure and
its cellular components.

2 Materials and methods

2.1 Pig eyes handling, isolation and
cultivation of retinal explants

Eyes were obtained from 6-month-old pigs euthanized by
electrocution at a local abattoir and transported at 4°C to the
laboratory within 3h of animal death. After arrival at the
laboratory, the eyes were washed and disinfected prior to
neuroretinal explant isolation. According to established procedure
(32, 33), retinas were pierced with a dermal punch (@ = 8 mm; Pmf
medical AG, Germany) on the previously generated clover-leaf-like
structures. These were placed in a petri dish with neurobasal
medium (Neurobasal-A medium; Thermo Fisher Scientific,
Karlsruhe, Germany) and neuroretinal explants were removed
with a spoon and placed on a 12-well Millicell culture insert
(Merck, Germany, with a pore size of 4 um) containing 100 puL of
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retina culture medium per insert and 1 mL per well (50 mL
Neurobasal-A medium supplemented with 2% B27 (Thermo
Fisher Scientific, Karlsruhe, Germany), 1% N2 (Thermo Fisher
Scientific, Karlsruhe, Germany), 1% penicillin/streptomycin (P/S),
0.5 pL ciliary neurotrophic factor (CNTF;Merck, Darmstadt,
Germany), and 0.5 pL brain-derived neurotrophic factor (BDNF;
Merck, Darmstadt, Germany) with the ganglion layer (GCL) facing
up. Neuroretinal explants were placed in an incubator at 5% CO,
and 37°C for 3 h.

2.2 HG ex vivo model

3 h after explantation, the 8 mm neuroretinal explants were
exposed to HG concentration for 96 h. To this end, retinal culture
medium was replaced by a basal medium (1:1 retina culture
medium and o-MEM with 10% of fetal bovine serum, Gibco-Life
Technologies, Waltham, MA, USA, 1% L-glutamine and 1%
penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA)
added with D-glucose (HG-medium; SIGMA, St. Louis, MO,
USA; G8270-100G) at a final concentration of 25 mM. After 48
h, HG medium was completely replaced with fresh medium. The
same concentration of mannitol (25 mM) was added to 1:1 basal
medium as the osmotic control.

2.3 hCLs collection and decellularization

The hCLs obtained from the cornea of healthy patients
undergoing to small-incision lenticule extraction (SMILE)
refractive surgical procedure were collected in accordance with
the Declaration of Helsinki and following the “G. d’Annunzio” of
Chieti-Pescara University’s Institutional Review Board and Ethical
Committee approval (authorization n.: 03/07-02-2019). To obtain a
human corneal keratocytes-free scaffold, hCLs were decellularized,
as previously described (22). Briefly, the tissues were washed in
phosphate buffer solution (PBS 1X, Sigma-Aldrich) and incubated
in a 0.1% sodium dodecyl sulfate (SDS) solution for 24 h under 300
rpm agitation at room temperature (RT).

2.4 hAFSCs isolation

hAFSC were isolated from leftover samples of human amniotic
fluid (hAF) collected by amniocentesis during II trimester prenatal
diagnosis screening from the Fetal and Perinatal Medical and
Surgery Unit and the Human Genetics Laboratory at IRCCS
Istituto Gaslini hospital (Genova, Italy), following written
informed consent and according to local ethical committee
authorization (as obtained from Comitato Etico Territoriale
Liguria, protocol P.R. 428REG2015). Donor’s age of AF ranged
from 36 to 41 years, with an average age of 37.42 + 0.32. hAF were
processed as previously described (34-36) by centrifugation at 1200
rpm for 5 min to retrieve cellular components. The pellet was
seeded on a glass coverslip in Chang Medium C (Irvine Scientific)
supplemented with 1% L-glutamine and 1% penicillin/streptomycin
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(Gibco, Thermo Fisher Scientific) and cultured in an incubator at
37°C with a 5% CO, and 20% O, atmosphere. hAFSC were isolated
from a population of adherent amniotic fluid mesenchymal stromal
cells by immunomagnetic sorting for ¢c-KIT expression (CD117
MicroBead Kit, Miltenyi Biotechnology). c¢-KIT+ hAFS were
further expanded in Minimal Essential Medium (MEM)-alpha
with 15% fetal bovine serum (FBS; Gibco - Thermo Fisher
Scientific), 20% Chang Medium C (Irvine Scientific) with 1% L-
glutamine, and 1% penicillin/streptomycin (Gibco - Thermo Fisher
Scientific), in an incubator at 37°C with 5% CO, and 20% O,
atmosphere. hAFSC were cultured and expanded to 3-4 passages
before cryopreservation in liquid nitrogen until further application.

2.5 rhNGF-MPs preparation

PLGA microparticles (MPs) loaded with rhNGF were
synthesized following a previously described customized double
emulsion solvent evaporation technique (22). The MPs produced
had an average size of 5 um, and the encapsulation efficiency of
rhNGF exceeded 65%.

2.6 hCLs bioengineering

Decellularized hCLs (Decell_hCL) were dehydrated for 2 h at
60°C and then bioengineered (BioE_hCL) in three different ways
as follows:

with hAFSCs (BioE_hCL_A): Decell_hCLs were incubated for
72 h in a 96 well plate with 200 pL suspension of c-KIT™ hAFSCs
(80 x 10 cells/hCL; 5% CO,, 37°C).

with thNGF-PLGA-MPs (BioE_hCL_B): rhNGF-PLGA-MPs
were suspended in 0.175 mL of 0.9% NaCl (highest saturation
degree). One Decell hCL per tube was incubated with MPs
solutions for 3h at RT with orbital shaking at 200 rpm. Following
the incubation time, samples were finally washed 10 times in 0.4 ml
of 0.9% NaCl. Fluo-PLGA-MPs (Cat. LGFG20K; Sigma-Aldrich).
Louis, MO, USA) were used as controls for the bioengineering
process with PLGA-MPs (BioE_hCL_Fluo-PLGA-MPs).

with hAFSCs and rhNGF-PLGA-MPs (BioE_hCL_C): For a
double bioengineering, Decell hCLs were first incubated with
rhNGF-MPs solutions, as reported above. Subsequently, hCLs
bio-engineered with rhNGF-MPs were incubated for 24 h with
200 pL of the hAFSCs suspension (80 x 10? cells/hCL; 96 well plate).

All bioengineering processes were confirmed by
immunofluorescence (IF) and scanning electron microscopy
(SEM) analyses.

2.7 Immunofluorescence and
histological analyses

For IF experiments neuroretinal samples were cryoprotected
using Tissue Tek (Sakura, Umkirch, Germany) and frozen in liquid
nitrogen. Neuroretinal explants were then cut on cryostat (10 pm
sections) and fixed with 4% PFA. 1 h of 5% BSA blocking was
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performed. After washing, neuroretinal explants slices were stained
with monoclonal Purified Mouse Anti-GFAP Cocktail (1:200; BD
PharmingenTM, Franklin Lakes, New Jersey, USA, cat. 556330), Anti-
Rhodopsin antibody (1:1000; Cambridge, UK, cat. ab98887), Anti-
Nerve Growth Factor Receptor antibody (NGFR p75, 1:50; Sigma-
Aldrich, St. Louis, MO, USA, cat. S-N5408), and Trka monoclonal
primary antibody (1:50; Danvers, Massachusetts, USA cat. 2505S). Cy3
anti-mouse (1:200; Jackson ImmunoReasearch, Laboratories, cat. 111-
165-144), Alexa Fluor 488 anti-rabbit (1:500; Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA, cat. A11034) and Alexa Fluor
546 anti-mouse (1:500; Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA, cat. A-11030) were used as the secondary
antibodies. Counterstaining with DAPI (4'6’-diamidino-2-
phenylindole; Thermo Fisher Scientific, Karlsruhe, Germany) was
performed. The slices were mounted using FluorSafe (Merck,
Darmstadt, Germany). Images were captured using a confocal
microscope (Zeiss LSM-800; Carl Zeiss Meditec AG, Oberkochen,
Germany). Staining intensity of GFAP and Rho were measured by
using Image] software (NTH, United States Image] software, public
domain available at: http://rsb.info.nih.gov/nih-image/).

To evaluate retinal tissue morphology, cryosections (10 pm) of
control and HG-treated neuroretinal explants, were stained with
Hematoxylin and Eosin (H&E). The sections were photographed
under light microscopy objectives (10X and 20X) using the slide
scanner system NanoZoomer. Quantification analyses was
performed with Qu-Path 0.3.2 software using cell detection tool.

To confirm the bioengineering process, Decell hCL and the
three different BioE_hCLs were fixed in 4% paraformaldehyde
(PFA; 10 min, RT) and blocked for 1 h at RT with 1% of albumin
bovine serum (BSA) (SIGMA, St.Louis, MO, USA). Louis, MO,
USA, A4503). hCLs were stained with paxillin (5 pg/mL: Thermo
Fisher Scientific, Waltham, MA, USA, cat. MA5-13356) or
phalloidin-rhodamine-conjugated primary antibody (1:300;
Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA, cat.
R415). FITC-goat anti-mouse was used as secondary antibody
(1:100; Jackson ImmunoResearch Europe Ltd., Cambridge House,
St. Thomas’ Place, cat. 115-095-006). DAPI staining was used to
determine the nuclei.

2.8 Scanning electron microscopy

Decell_hCLs and the three different BioE_hCLs were fixed and
dehydrated using an ascending ethanol series (50%, 70%, and
100%), followed by immersion in hexamethyldisilazane and air
drying at RT in a desiccator. The dried samples were then mounted
onto SEM stubs and sputter-coated with gold layers (150 A thick).
Samples were examined using a Phenom XL microscope (Alfatest,
Phenom World).

2.9 Co-culture of neuroretinal explants
with BioE_hCL_Fluo-MPs

Control (CTRL) neuroretinal explants were placed in direct
contact with BioE_hCL_Fluo-PLGA-MPs to assess the possible
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release of Fluo-PLGA-MPs from hCLs and their incorporation into
the retinal layers. In detail, after four days of co-cultivation,
BioE_hCL_Fluo-PLGA-MPs were removed from the co-culture
system. Then, the neuroretinal explants were collected,
cryoprotected and cut as described in 2.7 for the subsequent IF
analyses performed with the Zeiss LSM-800 (Carl Zeiss Meditec
AG, Oberkochen, Germany). Counterstaining with DAPI was
performed to visualize retinal cells and layers.

2.10 Co-culture of HG-treated neuroretinal
explants with BioE_hCLs

HG-treated neuroretinal explants were placed in direct contact
with Decell_hCLs or with each of the three different BioE_hCLs to
evaluate the effects of neurotrophic and regenerative factors.
Specifically, hCLs were placed over the HG-treated neuroretinal
explants. HG medium was completely replaced with fresh medium
after 48 h of co-culture. After four days of co-cultivation, the
BioE_hCL were removed from the co-culture system. Finally,
neuroretinal explants were collected and processed for subsequent
real-time PCR.

2.11 Real-time PCR

RNA isolation from neuroretinal explants was conducted using
TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA)
according to previously established protocols (Pelusi L., 2022)
following the manufacturer’s instructions. The quality and
concentration of the total RNA were assessed using a NanoDrop
2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). A high-capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific, Waltham, MA, USA) was used for cDNA synthesis.
The TagMan Universal PCR Master Mix (Thermo Fisher Scientific,
Waltham, MA, USA) and TagMan Gene Expression Assay (Thermo
Fisher Scientific, Waltham, MA, USA) probes for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; Ss03375629_ul), glial fibrillar
acid protein (GFAP; Ss03373547_ml), Cyclin Dependent Kinase
Inhibitor 1A (p21; Ss06866662_ml), Nuclear factor erythroid 2-
related factor 2 (NRF2; Ss06886078_m1l), Nitric oxide synthase 2
(NOS2; Ss03374886_ul), Bcl2-associated X protein (Bax;
Ss03375842_ul), B-Cell Leukemia/Lymphoma 2 (Bcl-2;
Ss03375167_s1), nuclear factor kappa B subunit 1 (NF-kBI;
Ss03388575_m1); Tubulin Beta 3 Class III (TUBB3; Ss06898264_g1)
RHO, VEGFA (Ss03393990_m1) were used according to the
manufacturer’s instructions. All samples were analyzed in duplicate.
The relative expression of the target genes in each group was
expressed as the fold change in mRNA expression by means of by

24 considering GAPDH as housekeeping.

2.12 Cytokine array

Conditioned media derived from HG-treated neuroretinal
explants co-cultivated with each of the three BioE_hCLs were
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pulled (n > 6) and analyzed using a semi-quantitative Cytokine
Array (RayBiotech, Inc. Parkway Lane, GA, cat. AAP-CYT-1-8),
according to the manufacturer’s instructions. After blocking the
membranes, samples were pipetted into each well and incubated for
5 h at RT. After two washes, the biotinylated antibody cocktail was
pipetted into each well and incubated overnight at 4°C. Afterwards,
1X HRP-Streptavidin was added and incubated for 2 h at RT. The
immune complexes were visualized using the Detection Buffer (1:1
C+D) provided by the array kit. Data were processed using the
UVITEC Alliance software, and spot signal intensities were
quantified using the Image] software.

2.13 Statistical analyses

Statistical significance was analyzed using GraphPad Prism
Software Analysis (version 9, San Diego, USA). D’Agostino and
Pearson normality tests were performed. Then, data were analyzed
via unpaired Student’s t-test or Mann-Whitney test for comparison
between two groups. While, to compare more than two groups one-
way ANOVA or Kruskal-Wallis followed by post hoc tests (Tukey or
Dunn). Data are shown as the mean + standard error (SEM). The
value of p was set at 0.05.

3 Results

3.1 Effect of HG on porcine
neuroretinal explants

mRNA expression of markers associated to a pre-stage step of the
DR-ex vivo model was evaluated to assess molecular changes
associated to four days HG treatment (25 mM) in neuroretinal
explants. Interestingly, HG treatment induced an upregulation of
the inflammatory and oxidative stress processes, as shown by the
significant increase of NFkB, NOS2 and NRF2. In addition, GFAP
expression was significantly increased by HG and as expected, this
was accomplished with a significant enhance in VEGFA.
Furthermore, induction of apoptosis was also observed following
HG treatment, as evidenced by the notable increase in BAX/Bcl-2-
ratio expression. This was accompanied by a significant decrease in
the expression of TUBB3 and a trend in downregulation of RHO,
typical markers for retinal ganglion cells (RGCs) and photoreceptors
respectively, indicating a reduction in their functionality (Figure 1).
To validate the mRNA expression analyses, IF for GFAP and Rho
protein expression were performed. As showed by the representative
IF images and by the histograms in Figure 2, HG treatment induced a
significant increase in GFAP expression, confirming the activation of
an inflammatory process. While the reduction of Rho expression
highlighted a retinal cells structure alteration (Figure 2). In support of
this, the histological analyses of retinal morphology evaluated
through H&E staining (Figure 3A) revealed tissue structure
alterations in HG treated neuroretinal explants, primarily affecting
the inner plexiform layer (IPL). Of note, the quantification analyses
(Figure 3B) showed that HG treatment caused a significant reduction
in the cells number of ganglion cell layer (GCL) and inner nuclear
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Molecular analyses of HG-treated porcine neuroretinal explants. mRNA levels of inflammatory/oxidative (NFxkB, NOS2, NRF2, and GFAP), pro-
angiogenic (VEGFA), apoptotic (Bax/Bcl-2), and retinal (TUBB3 and Rho) markers in porcine neuroretinal explants cultured for 4 days in the presence
or absence of HG (25 mM). Results are shown as the mean + error standard (SEM) (n>5); *p<0.05; **p<0.01; ***p<0.001.

layer (INL). Finally, to confirm that the observed effects were
specifically induced by HG treatment, neuroretinal explants were
treated with mannitol (MANN; 25 mM) as an osmolarity control.

Treatment with mannitol did not induce any significant
changes in the expression of NOS2, NFkB, TUBB3, and GFAP,
thus confirming the specificity of the HG treatment, which was able
to reproduce the DR scenario in ex vivo neuroretinal explants
(Supplementary Figure S1).

3.2 Analyses of bioengineered hCLs

The bioengineering processes of hCLs were demonstrated using
IF and SEM analyses. The efficacy of 0.1% SDS in removing from
untreated control hCL (CTRL_hCL) both cellular and nuclear
material derived from human corneal keratocytes, was firstly
confirmed through the IF staining of Decell_hCLs for phalloidin
(intracellular F-actin) and DAPI (nucleic acids) (Figure 4,
Decell_hCL image in IF panel). This result was corroborated by
the SEM images which showed how the surface of Decell_hCLs
(Figure, Decell_hCL image in SEM panel) appears smooth when
compared to the surface of untreated control hCLs (Figure 4,
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CTRL_hCL image in SEM panel). Subsequently, the feasibility of
bioengineering hCLs with hAFSCs (BioE_hCL_A condition) was
proven. To this end, Decell hCLs were incubated for 72 h with
hAFSCs and then IF staining for the nuclei and F-actin revealed the
ability of hAFSCs cells to repopulate the surface of Decell_hCLs
(Figure 4, BioE_hCL_A image in IF panel). Of note, the presence of
focal adhesions of hAFSCs was also found as evidenced by the
presence of paxillin localized along the cell periphery and
interacting with F-actin on the plasma membrane (Figure 3,
BioE_hCL_A image in IF panel). In support of this, SEM images
clearly displayed the monolayer of hAFSCs and their close
adherence on Decell hCL surface (Figure 4, BioE_hCL_A image
in SEM panel). Then, the BioE_hCL_B condition was firstly verified
in IF incubating Decell_hCLs with a suspension of Fluo-PLGA-
MPs, which were used as bioengineering process control. In detail,
confirming our previous findings (22), the IF images confirmed that
Fluo-PLGA-MPs are able to attach the hCLs surface (Figure 4,
BioE_hCL_B image in IF panel). While the bioengineering process
with rhNGF-PLGA-MPs was confirmed by SEM analyses which
highlighted the attachment of rhNGF-PLGA-MPs to the collagen
fibers of Decell hCLs surface (Figure 4, BioE_hCL_B image in
SEM panel).
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Immunofluorescence analyses of HG-treated porcine neuroretinal explants. Representative immunoflorescence (IF) images of CTRL and HG-treated
neuroretinal explants and quantification of fluorescence intensity for GFAP (in red) and Rho (in green) markers. Nuclei were stained with DAPI (in
blue) (n=3); *p<0.05

] GeL
x
= IPL
o
INL
OPL
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, A ONL
7777777777777777777777777777777777 GCL
(L) PL
T INL
OPL
ONL
— LTS SRS | E—
3000 ol 15000
< < *
3
E £
2 2000+ 2 10000
S 3
e kS
2 >
5 =
£ 1000 2 5000
()
© ©
= |
Q
) z
0- 0-L
CTRL  HG CTRL  HG

FIGURE 3

Hystological analyses of HG-treated porcine neuroretinal explants. (A) Representative H&E images (10X and 20X) of CTRL and HG-treated
neuroretinal explants and (B) quantification anlyses of cells density expressed as number of cells/mm?2 of area for GCL and INL (n=3);
*p<0.05; ***p<0.001
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Analyses of BioE_hCLs. Representative immunoflorescence (IF) and scanning electron microscope (SEM) images: hCLs (CTRL_hCL); decellularized
hCLs with SDS 0.1% (Decell_hCL); Decell_hCL bioengineered with hAFSCs (BioE_hCL_A); Decell_hCL bioengineered with Fluo-PLGA-MPs or rANGF-
PLGA-MPs (BioE_hCL-B); Decell_hCL bioengineered with hAFSCs and Fluo-PLGA-MPs or rhNGF-PLGA-MPs (BioE_hCL_C).

Finally, the feasibility of double-bioenginering Decell_hCLs with
hAFSCs and rhNGF-PLGA-MPs was investigated. In particular, for
IF analyses, Decell_hCLs were first incubated with Fluo-PLGA-MPs
solutions and then with hAFSCs. Of note, IF images demonstrated
that both Fluo-PLGA-MPs and hAFSCs are simultaneously able to
adhere and attach hCLs surface (Figure 4, BioE_hCL_C image in IF
panel). These results were validated by SEM analyses which showed
the presence of rhNGF-PLGA-MPs below the hAFSCs monolayer in
the doubly bioengineered hCL thus demonstrating for the first time
the successful development of a doubly bioengineered hCL (Figure 4,
BioE_hCL_C image in SEM panel).

3.3 Expression of NGF receptor and release
of Fluo-MPs from BioE_hCLs in the
neuroretinal explant

Before assessing the effect of BioE_hCLs on our ex vivo model,
we evaluated the expression of NGF receptors (NGFR p75 and
TrkA) in the neuroretinal explants and the possible release of Fluo-
PLGA-MPs from BioE_hCLs in the retina layers.

Regarding NGF receptor expression, representative IF images
revealed that both NGF receptors are expressed in porcine retinal
cells. In particular, TrkA was highly expressed in the Inner
Plexiform Layer (IPL), whereas NGFR p75 was expressed in the
Outer Nuclear Layer (ONL) (Figure 5A).

Our previous results (22) demonstrated that hCL bioengineered
with thNGF-PLGA-MPs sustained the release of active rhNGF for
up to one month. Hence here we investigated whether the growth
factors and MPs, probably released from BioE_hCL, were able to
reach the neuroretinal explants. This was achieved by using Fluo-
PLGA-MPs as a control delivery and thus co-culturing the
neuroretinal explants with BioE_hCLs_Fluo-PLGA-MPs.
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Representative IF images (Figure 5B) showed that Fluo-PLGA-
MPs were released from BioE_hCLs and subsequently incorporated
into the retinal layers, particularly into theIPL.

3.4 Effect of hAFSCs and rhNGF released
from BioE_hCLs on the ex vivo DR model:
MRNA expression analyses

HG-treated neuroretinal explants were placed in direct contact
with BioE_hCL for four days. Interestingly, depending on the
markers analyzed, we observed different effects after co-culturing
with each of the three BioE_hCL (Figure 6).

Regarding NFKb, NOS2, NRF2, and Bax/Bcl-2, the co-culture with
each of the three BioE_hCLs reduced their expression. However,
statistical significance was only achieved with BioE_hCLs_B and
BioE_hCLs_C, suggesting that the inflammatory and oxidative stress
processes induced by HG treatment may be mainly modulated by the
release of rhNGEF.

The co-culture with BioE_hCL_B and BioE_hCL_C also
reduced the expression of GFAP in the HG-treated neuroretinal
explant. On the contrary, GFAP levels were improved following the
co-culture with BioE_hCL_A. This condition also significantly
increased VEGFA expression, probably due to the release of pro-
angiogenic factors from hAFSCs. Of note, this pro-angiogenic effect
was significantly reverted in the BioE_hCL_B and BioE_hCL_C
conditions compared to the HG and BioE_hCL_ A ones.

Regarding the retinal cell’s markers, a similar pattern was
observed for TUBB3 and RHO. Although no difference was found
in BioE_hCL_A and BioE_hCL_B compared to HG treatment, the
reduction of TUBB3 and RHO induced by HG treatment was
significantly reversed in BioE_hCL_C, indicating a synergistic effect
between rhNGF and hAFSCs in the double bioengineered hCL.
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FIGURE 5

Immunofluorescence analyses of NGF receptor and Fluo-MPs in porcine neuroretinal explants. Representative immunofluorescence (IF) images of
(A) NGF receptors in porcine neuroretinal explants. Alexa Fluor 576 was used to stain NGFR p75 and Alexa Fluor 488 for TrkA, and (B) Fluo-
PLGA-MPs were incorporated into the porcine neuroretina layers after release from BioE_hCL
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Molecular analyses of HG-treated porcine neuroretinal explants co-cultured with BioE_hCL. mRNA levels of inflammatory/oxidative (NF-xB, NOS2,
NRF2, and GFAP), pro-angiogenic (VEGFA), apoptotic (Bax/Bcl-2), and retinal (TUBB3 and Rho) markers in HG-treated porcine neuroretinal explants
co-cultured with each of the three BioE_hCL. Results are shown as the mean + error standard (SEM) (n>4); *p<0.05; **p<0.01;

*4k0p<0.001; ****p<0.0001

To better appreciate this synergic effect on our DR-ex vivo
model, we normalized the computed values of BioE_hCL_C versus
the HG condition (Table 1). Notably, this comparison highlighted
that co-culture with BioE_hCL_C significantly reduced
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inflammatory (NFkB, NOS2, GFAP), oxidative (NRF2), angiogenic
(VEGF), apoptotic (Bax/Bcl-2), and retinal cell (TUBB3 and RHO)
markers, reinforcing the assumption that hAFSCs and rhNGF have

a synergistic effect.

frontiersin.org


https://doi.org/10.3389/fendo.2024.1462043
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Pelusi et al.

TABLE 1 HG-treated porcine neuroretinal explants co-cultured
with BioE_hCL_C.

ETES 2 [€] BioE_hCL_C p-value Sig.
level
NFKB 1.00 + 0.00 041 + 0.099 0.0001
NOS2 1.00 + 0.00 059 + 0.32 0.006 o
NRF2 1.00 + 0.00 0.77 + 0.1 0.03 *
GFAP 1.00 + 0.00 057 + 0.99 0.02 *
VEGFA 1.00 + 0.00 0.76 + 0.099 0.0026 »r
Bax/Bel2 | 1.00 + 0.00 0.69 + 0.13 0.0002
TUBB3 1.00 + 0.00 3.017 + 0.62 <0.0001
RHO 1.00 + 0.00 1.72 + 0.66 0.004 *

Normalized computed values of BioE_hCL_C versus HG condition. *p<0.05; **p<0.01;
*4p<0.001; ****p<0.0001.

3.5 Effect of hAFSCs and rhNGF released
from BioE_hCLs on the ex vivo HG-model:
cytokine release analyses

To strengthen the mRNA expression results, conditioned media
collected from each experimental condition were analyzed using a
48-cytokine array.

In general, as reported by the heatmap in Figure 7A, a
modulation of cytokines involved in inflammation, angiogenesis,
and cell growth was observed. Notably, the values of the principal
markers of interest were extrapolated and plotted.

As expected, the dot plots shown in Figure 7B disclosed that HG
treatment activated an inflammatory process in the neuroretina explants,
as revealed by the increased release of pro-inflammatory cytokines such as
granulocyte-macrophage colony-stimulating factor (GM-CSF),
interleukin 1§ (IL-1p), and interleukin 1 Receptor Antagonist (IL-1 ra)
and by the decrease of the anti-inflammatory cytokine IL-10.

Notably, the release of pro-inflammatory cytokines was reduced in
HG-treated neuroretinal explants co-cultured with each of the three
BioE_hCLs. In contrast, IL-10 levels increased only in BioE_hCL_B and
BioE_hCL_C. In addition, HG induced an increase in platelet-derived
growth factor-BB (PDGF-BB), indicating activation of the
neovascularization process. This was successively reversed in the HG-
ex vivo neuroretinal explants treated with BioE_hCL_B and
BioE_hCL_C. Interestingly, we also observed a decrease in INSULIN
levels in HG-treated neuroretinal explants, confirming that HG reduced
the levels of this important neuroprotective factor (37). Notably, co-
culture with BioE_hCL_B and BioE_hCL_C restored INSULIN levels.

4 Discussion

DRis a complex ocular disease affecting a high percentage of
diabetic patients (38). Even though it is considered a microvascular
complication of DM, recent studies define DR as a tissue-specific
neurovascular impairment of multiple retinal cells, including
neurons, glial cells, and vascular cells that constitute the

Frontiers in Endocrinology

10.3389/fendo.2024.1462043

neurovascular units (NVUs) (8, 39). Therefore, the development
of new therapeutic approaches for the management of DR
associated neurodegeneration requires in depth investigation of
the underlying molecular mechanisms (40).

In this context, several in vitro and in vivo experimental models of
DR have been developed over the years which, however, are affected
by different drawbacks (40-44). Cell culture models fail to replicate in
vivo conditions because they lack a tissue microenvironment, which
can significantly influence cellular responses. Likewise, in vivo models
encounter growing ethical and regulatory challenges in the animals
use (25). Therefore, tissue culture models have been highlighted as
promising alternatives, especially in the field of ocular disease such as
DR (25,27,45-48). However, although the anatomy of pig eye is highly
similar to that of the human eye (29), no studies have explored the
feasibility of replicating the DR milieu in porcine neuroretinal explants.

In light of this, in the present study, porcine neuroretinal explants
were collected and treated with HG (25 mM), allowing us to evaluate
the effects of HG in all retinal cell types thus replicating the diabetic
milieu on the entire retinal structure. Notably, HG treated neuroretinal
explants showed elevated expression of NFkB, implying the onset of a
pro-inflammatory state, the initiation of a pro-apoptotic program
leading to DNA damage through the increase of reactive oxygen
species (ROS) production (49, 50). Additionally, in our ex vivo
model, HG caused an increase in the Bax/Bcl-2 ratio and Nrf2 levels,
supporting the relationship between NFxB activation and cell
apoptosis. Indeed, it is known that both factors work together to
maintain redox homeostasis in healthy cells and this regulation may be
disrupted under DR condition (51-56).

Among the pro-inflammatory and oxidative stress mediators
involved in the early stage of DR, NOS?2 plays a critical role in tissue
injury, neurodegeneration, and cell apoptosis. According to the
state of the art (57-60), we found a significant increase of the NOS2
level following the HG treatment.

Moreover, in line with the study of Lechner and colleagues (61),
our DR model also underlined the activation of a neurodegenerative
process revealed by the GFAP modulation, confirmed also by the IF
analyses performed on cryosections of control and HG-treated
neuroretinal samples.

Furthermore, although we also observed a modulation of the
vascular markers VEGF, we were unable to evaluate the microvascular
changes typical of DR. Indeed, in our model, the porcine neuroretinal
explants were treated with HG for four days, which is a relatively short
period and likely insufficient to observe significant microvascular
changes. Furthermore, despite the porcine eye being represents an
excellent research model, largely due to its anatomical and vascular
similarities to the human eye (29), there are important differences that
must be acknowledged. Unlike humans, where the central retinal artery
and vein travel within the optic nerve before reaching the optic disc, pigs
have retinal vessels that originate from chorioretinal arteries and veins at
the optic disc periphery (62). For these reasons and since from the start of
the enucleation process there is probably a rapid degeneration of vascular
components, principally due to the lack of blood flow and biomechanical
tissue support, it was difficult to study microvascular changes in our
model, shifting the focus mainly to neural damage.

In addition to the markers discussed above, a decreased expression
of TUBB3 and RHO was found confirming that, RGCs and
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FIGURE 7

Cytokine array analyses of HG-treated porcine neuroretinal explants co-cultured with BioE_hCL. Cytokine release (A) Heatmap and (B) scatter dot
plot showing the release of pro-inflammatory (GM-CSF, IL-1B, and IL-1 ra), anti-inflammatory (IL-10), pro-angiogenic (PDGF-BB), and
neuroprotective (INSULIN) cytokines in conditioned media of CTRL and HG-treated porcine neuroretinal explants co-cultured with each of the three

BioE_hCL. (n > 6 for pooled conditioned media).

photoreceptors respectively, were affected to the HG treatment (63). In
support of this, in line with Jeong JS and colleagues (64) H&E staining
also revealed evident morphological changes in HG treated
neuroretinal explants which mainly interest the IPL. Interestingly,
compared to the CTRL group, a reduction in the numbers of nuclei in
the GCL and INL were observed in HG treated samples, thus
supporting the gene expression data.

Despite these observations, to note is that just the severing of
the optic nerve initiates a degenerative program which primarily
affect the RGCs (27, 65). This could influence the interpretation of
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RGC state, representing a limit of our model. However, although
the model cannot fully discriminate the effects of HG treatment
from the impact of optic nerve severing due to the enucleation
process, the observed differences between the CTRL neuroretinal
explants (basal condition) and the HG treated ones suggest that HG
significantly contributes to worsen retinal damage.Considering the
neurodegenerative signature of DR, recently gained attention has
been focused on the development of new therapeutic approaches
based on the use of MSCs and the replacement of neurotrophic
factors (15).
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MSCs therapy has been recognized as one of the most effective
treatments for various degenerative diseases, including DR conditions
(66, 67). It is well established that MSCs release several factors, such as
insulin-like growth factor (IGF), VEGF, basic fibroblast growth factor
(bFGF), BDNF, ciliary neurotrophic factor (CNTF), and NGF, which
exert anti-apoptotic, angiogenic, pro-regenerative, and anti-fibrotic
effects. Several studies demonstrated that intravitreal injections of
different sources of MSCs promote in DR models the
downregulation of GFAP, IL-1B, TNF-q, IL-10, and VEGF protein
expression (18, 68, 69). While for the use of neurotrophic factors,
experimental evidence has proven the effectiveness of NGF treatment
in degenerative diseases of the retina, such as glaucoma, retinitis
pigmentosa, and diabetic retinopathy (70-72). However, the direct
delivery of these factors to the eye remains a challenge.

As regard of this, we previously demonstrated the feasibility of using
hCLs as a natural ocular drug delivery system able of releasing rhNGEF-
PLGA-MPs for one month (22). In particular, Decell_hCL, through a
phenomenon of ‘soaking” allows the rhNGF-PLGA-MPs to adhere
uniformly to the hCL surface and incorporated within its stroma.
Consequently, rhNGF-PLGA-MPs do not form covalent bonds but
rather adhere to the hCL surface due to the polymeric and mucoadhesive
properties of PLGA, which facilitate interaction with the collagen fibers
of the hCLs. Thus, the mucoadhesive property of PLGA resulted
particularly advantageous as allows to rhNGF-PLGA-MPs to adhere
to the collagen fibers on the surface of the hCL, preventing them from
falling oft even after the washing phase of the procedure also allowing the
sustained release over time of rhNGF. Furthermore, recently it has also
been shown that hCLs can be recellularized with primary human stromal
fibroblasts or with MSCs (73-75). In the wake of these studies, we
demonstrated the feasibility of bioengineering hCLs with both hAFSCs
and thNGF-PLGA-MPs and their effect on the ex vivo DR model.
Interestingly, by co-culturing each of the three BioE_hCLs here
developed with HG-treated porcine neuroretina, we observed that
hAFSCs and rhNGF ameliorate the HG induced damaged status.
Nevertheless, a closer investigation showed that depending on the
markers analyzed, the three BioE_hCLs displayed different patterns.

Among the existing sources, we selected hAFSCs thanks to their
secretome enriched in proregenerative and neuroprotective factors (14).
In detail, we found that hCLs bioengineered with only hAFSCs
(BioE_hCLs_A) did not restore the increased levels of GFAP and
VEGF in the HG-treated neuroretinal explant. While it reduced HG
induced inflammation, oxidative stress, and apoptosis probably due to
the release of well-known anti-inflammatory, immunomodulatory, and
neurotrophic factors present in the hAFSCs secretome. Therefore,
assuming that the effects are mediated by the release of paracrine
factors from hAFSCs, it would be interesting to evaluate in the future
the possibility of bioengineering hCLs with EVs derived from hAFSCs,
thereby overcoming the current limitations in the clinical application of
these cells.

As regard the replacement of neurotrophic factors, it was found
that in DR rats model the retrobulbar injection of NGF attenuates
visual damage by reducing RGCs apoptosis (20). However, ST-induced
diabetic rats treated with NGF eye drops showed a non-significant
trend toward protecting ganglion cells from diabetes-induced
degeneration (76, 77). Interestingly, our data strikingly concurs with
these results since the thNGF released from BioE_hCLs_B significantly
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decreased inflammation, oxidative stress, neovascularization, and
apoptosis. Probably, the rhNGF binding to its high affinity TrkA
receptor, activating pathways like Ras-MAPK, ERK, PI3K-Akt, and
PLC-Y (78-80). However, rhNGF did not improve the levels of retinal
markers such as TUBB3 and RHO.

To confirm that these results were due to the release of thNGF from
BioE_hCLs, we co-cultured neuroretinal samples with BioE_hCL_Fluo_
PLGA-MPs, as delivery control. Interestingly, we provided evidence that
Fluo-PLGA-MPs were released by BioE_hCL_Fluo-PLGA-MPs and
that these were internalized into the retinal layer. This confirmed our
previous results (22) and allowed us to hypothesize that BioE_hCLs were
also able to release hAFSC-derived paracrine factors.

Although various studies have investigated the effects of MSCs and
NGF on DR-model, none have explored the potential synergistic effect
that could arise from their simultaneous release. Here, for the first time,
we propose that they might have synergistic beneficial effects. Indeed,
when BioE_hCLs_C were co-cultured with HG-treated neuroretinal
explants a better effect was displayed compared to BioE_hCLs_A and
BioE_hCLs_B, since a significant decrease of NFkB, NOS2, VEGFA,
and Bax/Bcl2 and an increased in TUBB3 expression was observed.
Additionally, a trend in the downregulation of Nrf2 and GFAP and in
the upregulation of RHO were detected. In accordance with Zha et al.
(81) we hypothesis that the rhNGF released stimulates hAFSCs
paracrine factor production through the TrkA-MSCs receptor
interaction thus resulting in a synergistic effect.

Although the results obtained are promising, the study here
reported has some limitations. Firstly we considered a sample size of
neuroretinal explants equal to or greater than five (n > 5) external
factors such as the time of animal euthanasia as per day or night, which
may affect photoreceptor activation, as well as the variability among
animals often make it difficult to achieve statistical significance.
Furthermore, the present study mainly focused on profiling the
modulation of mRNA expression. A significant technical challenge
we encountered was performing IF or histological analyses on
neuroretinal explants following co-culture with BioE_hCLs. Indeed,
due to the close contact between BioE_hCLs and the retinal explants,
removing the BioE_hCLs could potentially cause a damage in the
neuroretinal tissue structure, making the protein markers analyses
performed directly ex vivo on the retina difficult. However, to support
our mRNA expression results, we analyzed the conditioned medium of
neuroretinal explants co-cultured with BioE_hCLs to quantify the
levels of 48 cytokines involved in the processes of inflammation,
oxidative stress and neovascularization. This evidenced the reduced
release of GM-CSF, IL-1fB, IL-1ra, and PDGF-BB, along with the
increased levels of IL-10 and INSULIN. An additional limit is the
difficulty in maintaining neuroretinal explants in ex vivo culture for
extended periods, as they tend to undergo spontaneous degeneration
through programmed cell death, including apoptosis and necroptosis
(82). This did not allow us to observe the long-term effects of HG,
especially the factors released by BioE_hCLs.

Nevertheless overall, our results are encouraging and provide
compelling evidence that hAFSCs and rhNGF can modulate the
molecular mechanisms underlying DR following their release from
BioE_hCLs, which might be proposed as a valuable ocular delivery
system. Notably, we also successfully demonstrated the feasibility of
mimicking DR ex vivo by treating porcine neuroretinal explants with
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HG concentrations, thereby replicating the disease’s milieu. This
innovative approach not only sets the stage for more detailed
studies but also paves the way for transitioning to an in vivo
experimental model that will enable us to confirm the effects of
hAFSCs and rhNGF on DR. Furthermore, the employment of an in
vivo experimental model will allow us to identify the optimal
implantation site for BioE_hCL, ensuring sufficient exposure and
release of neurotrophic and regenerative factors to the retina
providing us a better guidance on the subsequent treatment
planning to move forward to possible clinical studies. Indeed, this is
a proof-of-concept study that does not currently support the feasibility
and efficacy of this transplant approach in DR patients. Therefore,
further studies will be needed to assess its potential for
clinical application.
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Background: Thyroid dysfunction exhibits a heightened prevalence among
people with diabetes compared to those without diabetes. Furthermore, TD
emerges as a notable correlated risk factor for the onset of diabetic retinopathy.

Methods: Using data from the FinnGen database (R9), we investigated the causal
relationship between thyroid dysfunction (TD) and four stages of diabetic
retinopathy (DR). A two-sample univariable Mendelian randomization (UVMR)
approach was employed to estimate the total causal effect of TD on four stages
of DR, while multivariable Mendelian randomization (MVMR) was used to assess
the direct causal effect. The meta-analysis was conducted to summarize the
collective effect of TD on four stages of DR. The inverse variance weighted (IVW)
method was the primary approach for Mendelian randomization analysis, with
heterogeneity, horizontal pleiotropy, and leave-one-out sensitivity analyses
performed to validate the robustness of the findings.

Results: In UVMR analysis, thyrotoxicosis (TOS) was significantly associated with
an increased risk of diabetic retinopathy across four stages (OR, 1.10-1.19;
P<0.025). However, MVMR analysis, after adjusting for Graves' disease (GD)
and/or rheumatoid arthritis (RA), revealed no significant association between
TOS and the four stages of diabetic retinopathy. The Meta-analysis demonstrated
the collective effect of TOS on diabetic retinopathy across all stages [OR=1.11;
95% CI (1.08-1.15); P<0.01]. In UVMR analysis, the estimates for hypothyroidism
(HPT) and GD were similar to those for TOS. In the MVMR analysis, after adjusting
for RA, the significant effect of HPT on DR and non-proliferative diabetic
retinopathy (NPDR) remained. Additionally, MVMR analysis suggested that the
estimates for GD on DR were not affected by TOS, except for GD-proliferative
diabetic retinopathy (PDR). However, no significant correlation persisted after
adjusting for RA, including for GD-PDR.
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Conclusion: Our study demonstrated a significant association between thyroid
dysfunction TD and DR, with the relationship being particularly pronounced in

HPT-DR.

thyroid dysfunction, diabetic retinopathy, Mendelian randomization, meta-

analysis, gene

1 Introduction

Diabetic retinopathy(DR), a prominent microvascular
complication of diabetes, stands as a leading cause of adult blindness
(1). Recent investigations highlight a global prevalence of 34.6% for DR
(2). The pathophysiological spectrum of DR encompasses two primary
categories: proliferative DR(PDR) and nonproliferative DR(NPDR). In
cases where PDR or macular edema with central involvement
manifests, intravitreal anti-vascular endothelial growth factor(VEGF)
therapy proves efficacious. However, the challenge of rapid recurrence
upon drug discontinuation remains a noteworthy concern (3).
Nevertheless, due to cost-effectiveness, it remains unrecognized for
the treatment of NPDR. DR has garnered growing public concern
owing to its widespread prevalence, expensive treatment modalities,
and adverse impact on health. Consequently, it is a rising imperative to
investigate etiological factors to avert the development of DR. Recent
studies have reported that thyroid dysfunction(TD) may elevate the
prevalence of DR (4).

TD, encompassing thyrotoxicosis(TOS), hypothyroidism(HPT),
and autoimmune thyroid diseases. Diabetes mellitus(DM) and TD
are prevalent endocrine system maladies in clinical practice, exhibiting
an inherent connection (5). Blood glucose plays a pivotal role in
regulating the hypothalamic-pituitary-thyroid axis and the release of
thyroid-stimulating hormone(TSH) from the pituitary. Simultaneously,
it influences the conversion of thyroxine to triiodothyronine in
peripheral tissues (5). Concurrently, numerous observational studies
highlight a higher prevalence of TD in diabetic populations compared
to non-diabetic counterparts, particularly in type 1 diabetes mellitus,
suggesting a robust shared genetic susceptibility. Serum levels of TSH
represent an independent risk factor for DR (6). Despite this, the role of
TD remains insufficiently emphasized in the context of DR prevention
and treatment. Consequently, the paper aims to investigate the potential
relationship between TD and diabetic retinopathy.

Nevertheless, existing evidence regarding the link between TD and
diabetic retinopathy primarily stems from observational studies,
introducing challenges such as confounding bias and reverse causality.
To more accurately assess the potential causal relationships between TD,
including TOS, HPT and Graves’ disease (GD), and various stages of
DR, genetic approaches have surfaced as a reliable alternative for
assessing causality. The approach helps circumvent interference from
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confounding or reverse causality (7). Mendelian randomization(MR)
stands out as a robust analytical method for accomplishing this objective.
Grounded in Mendel’'s laws, MR is less susceptible to confounding
factors. Its emphasis lies in investigating the causal relationship between
the exposures and the outcomes through the utilization of genetic
variants that meet three fundamental assumptions as instrumental
variables(IVs) (8).

2 Materials and methods

2.1 Study design

As illustrated in Figure 1, the study design was based on the latest
genome-wide association studies from the FinnGen database (R9)
focusing on TD, rheumatoid arthritis (RA), and four stages of DR:
background diabetic retinopathy (DBR), DR, NPDR, and PDR. Pooled
data were analyzed using two-sample univariable Mendelian
randomization (UVMR) to estimate the total causal effect of each
exposure and multivariable Mendelian randomization (MVMR) to
assess the direct causal effects of multiple exposures simultaneously.
Meta-analysis was conducted for the pooled analysis. Additionally, a
series of sensitivity analyses were performed to evaluate potential biases,
including heterogeneity and horizontal pleiotropy, within the MR
framework. The implementation of MR analysis relies on three critical
assumptions, constituting an indispensable prerequisite for conducting
analyses (9, 10): (1) Correlation: A robust correlation must exist between
genetic variants and exposures; (2) Independence: Genetic variation
should demonstrate independence from confounding factors; (3)
Exclusion restriction: Genetic variation should exclusively influence the
outcome through the targeted exposure factors. The present reporting
and analysis procedures adhered to the STROBE-MR guidelines (11).
Table 1 provides a concise overview of the characteristics of the data
sources utilized for the MR analysis, all of which are publicly accessible.

2.2 Instrumental variables

In the study, we queried the FinnGen(R9) database to identify
key single-nucleotide polymorphisms(SNPs) serving as IVs, guided
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FIGURE 1
A flow diagram of the process in the MR analysis. (A) The SNPs data in the MR; (B) the selection of the IVs in the MVMR; (C) the selection of the IVs
in the UVMR; (D) the analysis methods of MR.

by three fundamental hypotheses (Figure 1). Firstly, we evaluated
the correlation of IVs with exposures using genome-wide
significance levels (P < 5e-08) and an F statistic (>10) (12). The F
statistic was computed using the following formula:

TABLE 1 Descriptive details of the sources of TD and DR.

10.3389/fendo.2024.1374254

F=(R*/k)/[(1-R*)/(n-k-1)]

R® is defined as the ability of the genetic variance to explain the
exposure; k is the number of IV used in the model; and n is the sample size.

Phenotype TOS" HPT" GD'"® RAV! DR DBR"Y NPDRY PDRY'
ncases 8173 ‘ 40926 2836 ‘ 12555 ‘ 10413 3098 ‘ 672 ‘ 9511
Female gender (%) 79.0 ‘ 80.0 84.5 ‘ 67.3 ‘ 439 458 ‘ 41.1 ‘ 47.9
Age at diagnosis
51.72 51.76 49.0 52.1 57.02 49.7 46.7 55.8
(mean)
Data source the FinnGen

"VIData from the FinnGen all consist of European cohorts.
“GWAS ID: finngen_R9_THYROTOXICOSIS;

"GWAS ID: finngen_R9_E4 HYTHY_AI STRICT;

""GWAS ID: finngen_R9_E4_GRAVES_STRICT;

MGWAS ID: finngen_R9_DM_RETINOPATHY_EXMORE;
"YGWAS ID: finngen_R7_DM_BCKGRND_RETINA;

VGWAS ID: finngen_R7_DM_BCKGRND_RETINA_NONPROLIF;
VIGWAS ID: finngen_R9_DM_RETINA_PROLIF;

VIGWAS ID: finngen_R9_M13_RHEUMA.
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Secondly, linkage disequilibrium (LD) was employed to guarantee
the independence of IVs from other genes (kb = 5000, = 0.01)
(13, 14). Proxy SNPs were not used in cases where there were no SNPs
associated with exposures in the outcomes. Additionally, we
harmonized genetic variation by merging exposures and outcomes,
concurrently eliminating palindromic SNPs. Lastly, SNPs significantly
linked to outcomes (P < 5e-08) were also excluded.

2.3 Mendelian randomization

In the UVMR analysis, several MR methods were employed to
substantiate total causal effect between TD and four stages of DR
(Figure 1). These methods encompassed inverse variance weighting
(IVW), MR-Egger, weighted median(WM), Simple mode, and
Weighted mode (15). Among these, IVW, grounded on the
equilibrium assumption of horizontal pleiotropy of IVs, stands
out for its ability to disregard IVs’ heterogeneity, rendering it the
most frequent approach in MR analysis (16). Other MR methods
were employed to offer supplementary evaluations. The MR-Egger
method, akin to IVW, differs primarily in considering the presence
of intercept term in the regression. Furthermore, WM estimates
furnish a reliable evaluation of causality even when only 50% of the
IVs are valid (17). In MVMR analyses, the estimation of the direct
causal effect of TD on four stages of DR predominantly relies on
IVW and MR-Egger regression (Figure 1).

2.4 Sensitivity analyses

Subsequent to detecting causal effects through the aforementioned
methods, we conducted sensitivity analyses to scrutinize the robustness
of the MR findings, encompassing tests for heterogeneity and horizontal
pleiotropy (Figure 1). In UVMR analyses, the identification of outliers is
significantly reliant on the MR-PRESSO test and the RadialMR (9).
Cochrane’s Q statistic (P > 0.05) and MR-Egger Intercept (P > 0.05)
were separately employed in the study to assess the heterogeneity and
horizontal pleiotropy (18). Furthermore, we evaluated the impact of
individual SNP on the pooled causal estimates using the leave-one-out
method, aiming to discern the presence of potentially pleiotropic SNPs
that might influence the causal estimates (19). Statistical power for the
UVMR study was calculated using the mRnd online tool (https://
shiny.cnsgenomics.com/mRnd/). We employed the MR Steiger
directionality test to evaluate the directionality of UVMR causal
estimates. The TwoSampleMR and MendelianRandomization
packages were utilized to identify potential confounders. In
MVMR analyses, Cochrane’s Q statistic was primarily used to
assess study heterogeneity, and MR-Egger intercept was employed
to evaluate horizontal pleiotropy.

2.5 Statistical analyses
The TwoSampleMR package and the RadialMR package were

employed for UVMR analyses within the R (version 4.2.3) (20, 21).
For MVMR analyses, we utilized the MendelianRandomization
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package. Meta-analyses were conducted using the Meta package.
A significance threshold of P < 0.05 was established for statistical
significance. Bonferroni correction was applied to redefine the
threshold of statistical significance (P < 0.05/n) to account for
multiple testing, where n denotes the number of MR tests (14). The
adjusted p-value for the TD-diabetic retinopathy (DBR/DR/NPDR/
PDR) analysis was set at 0.025. Similarly, the MVMR analyses also
employed an adjusted p-value (0.025). The OR, beta values and
their respective 95% confidence intervals were utilized to furnish
estimates of relative risk.

3 Results

The UVMR study examined the total causal effect between TD and
DR using three different exposures and four stages of outcomes. All IVs
were significantly associated with the exposures (P<5e-08) and had F-
statistics greater than 10 (Supplementary Tables 1-12), indicating a
strong association with the exposure. Additionally, outliers were
eliminated by MR-PRESSO (Supplementary Table: MR results
suml-12) and the RadialMR (Supplementary Figures 1-3), and each
SNP was not associated with the outcome (P>5e-08) (Supplementary
Tables 1-12). Given GD is a known etiology of TOS, the pleiotropic
effects of TOS and GD may violate the exclusion restriction hypothesis.
Our analysis using the Phenoscanner package identified RA as a
potentially influential confounder or mediator (Supplementary Table:
potential confounders), with SNPs associated with RA detailed in
Supplementary Table 13. Furthermore, prior reports have hinted at
ambiguous associations of RA with both diabetic retinopathy and
TD (22-24). Consequently, we employed MVMR to adjust for TOS,
GD, and RA.

3.1 Sensitivity analyses

The results of the UVMR analyses passed Cochrane’s Q test
(Tables 2, 3). With the exception of the GD-NPDR analysis, all
UVMR analyses passed the MR-Egger intercept test (Tables 2, 3).
Leave-one-out analyses confirmed that the causality observed in the
UVMR analyses was not driven by any single SNP (Supplementary
Figures 4-6). Additionally, the MR Steiger directionality test results
supported the accuracy of our causal direction estimates
(Supplementary Tables 1-12), further validating the robustness of
the UVMR findings. The statistical power of the UVMR studies, as
calculated using the web tool, was all greater than 0.9. Although the
heterogeneity test (P<0.05) indicated some heterogeneity in the
MVMR analyses, no horizontal pleiotropy was detected (P>0.05).
The meta-analysis showed heterogeneity in both the overall and
partial subgroup analyses, therefore, the random-effects model was
used to combine the effect sizes.

3.2 Univariable Mendelian randomization

In populations of European ancestry (EA), IVW analyses
indicated a potential causal relationship between genetically
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TABLE 2 MR results of TOS on DBR/DR/NPDR/PDR.

Cochrane's Q

10.3389/fendo.2024.1374254

MR—-Egger test

Exposures Outcomes Method NSNP OR 95%Cl P value
p-value Intercept p-value
MR Egger 32 1.39 1.06-1.82  0.03 0.10 -0.02 027
DBR WM 32 1.09 096-1.22  0.18
VW 32 1.19 1.09-131  0.00009 0.09
MR Egger 27 119 1.00-140  0.05 0.11 -0.01 0.34
DR WM 27 1.07 1.00-1.15 | 0.05
VW 27 1.10 1.04-1.16  0.001 0.11
TOS
MR Egger 37 1.58 1.04-242 | 0.0396 0.52 -0.05 0.16
NPDR WM 37 1.20 0.96-1.50 | 0.0933
vw 37 1.19 1.03-137 | 0.0218 0.47
MR Egger 32 110 097-125  0.14 0.64 0.00 0.94
PDR WM 32 1.06 1.00-1.13 | 0.06
vw 32 1.10 1.05-1.15  2.8E-05 0.69

predicted TOS and DBR/DR/NPDR/PDR (Table 2). However, WM
and MR-Egger did not provide similar evidence in the TOS-DBR/
DR/NPDR/PDR analyses (P>0.025). Notably, the OR values from
both WM and MR-Egger were all greater than 1 (Table 2), and the
scatter plot suggested a positive correlation between TOS and DBR/
DR/NPDR/PDR (Supplementary Figure 7), indicating consistency
in the directionality of the results. Sensitivity analyses showed no
evidence of bias, supporting the validity of the findings. Similarly, in
the HPT-DR analyses, IVW indicated that genetically predicted
HPT was potentially causally related to DBR/DR/NPDR/PDR

TABLE 3 MR results of HPT on DBR/DR/NPDR/PDR.

(Table 3). In the MR results for HPT-DR/PDR, MR-Egger did
not provide supporting evidence (P>0.025). However, WM
provided consistent estimates, and the ORs from MR-Egger and
WM were all greater than 1 (Table 3). The scatter plot further
demonstrated a potential positive correlation between HPT and
DR/PDR (Supplementary Figures 8B, D), which aligns with our
overall interpretation of the MR results.

In contrast to the previous findings, IVW, WM, and MR-Egger
all indicated a potential causal relationship between genetically
predicted GD and DR/DBR/NPDR/PDR (Table 4).

Cochrane’'s Q

MR-Egger test

Exposures Outcomes Method NSNP 95%Cl P value
p-value Intercept p-value
MR Egger 152 1.49 1.21-1.84 0.0002 0.73 -0.0026 0.73
DBR WM 152 1.38 1.23-1.54 1.8E-08
VW 152 1.44 1.34-1.55 | 8.4E-24 075
MR Egger 144 1.09 0.97-1.23 0.16 0.63 0.01 0.14
DR WM 144 1.14 1.07-122 | 4.2E-05
VW 144 1.19 1.14-124  6.4E-16 0.61
HPT
MR Egger 179 222 1.50-3.29 | 9.0E-05 0.83 -0.02 0.09
NPDR WM 179 1.58 1.29-1.94 1.2E-05
VW 179 1.62 142-186 | 3.1E-12 0.80
MR Egger 175 1.10 0.99-1.23 0.09 041 0.00 0.42
PDR WM 175 113 1.07-1.21 45E-05
IVW 175 1.15 1.11-1.19 7.6E-13 0.42
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TABLE 4 MR results of GD on DBR/DR/NPDR/PDR.

Exposures

Cochrane's Q

10.3389/fendo.2024.1374254

MR-Egger test

GD

3.3 Multivariable Mendelian randomization

When accounting for GD and/or RA, both IVW and MR-Egger
analyses suggested that genetically predicted TOS did not
significantly increase the risk of DBR/DR/NPDR/PDR, though the

results were not statistically significant (Tables 5, 6).

TABLE 5 MVMR results (IVW) of TD on DBR/DR/NPDR/PDR.

Outcomes Method NSNP 95%Cl P value
p-value Intercept p-value
MR Egger 11 1.59 1.3-1.94 0.001 052 -0.02 0.51
DBR WM 11 1.48 1.32-1.66 = 3.7E-11
VW 11 1.49 1.38-162  2.7E-23 057
MR Egger 11 1.29 1.16-1.44 0.001 0.79 -0.01 0.66
DR WM 11 1.26 1.19-1.34 1.5E-13
VW 11 1.26 1.20-1.32 1.2E-24 0.84
MR Egger 16 247 1.77-3.46 0.0001 0.60 -0.15 0.01
NPDR WM 16 1.51 1.23-1.84  5.6E-05
VW 16 1.50 1.28-1.76  4.2E-07 0.11
MR Egger 17 1.24 1.11-1.38 0.0013 0.11 -0.02 0.19
PDR WM 17 1.17 1.11-1.24 6.4E-09
VW 17 1.16 1.11-1.21 1.1E-10 0.07

When RA was considered, both IVW and MR-Egger analyses
suggested that genetically predicted HPT could still increase the risk of

developing DR (DR/NPDR) (Tables 5, 6). However, for DBR,
genetically predicted HPT was found to be non-significant after
adjusting for RA in both IVW and MR-Egger analyses (Tables 5, 6).

While IVW analysis indicated that genetically predicted HPT was not

Model 1 Model 2
95%ClI PRYAS
TOS
DBR -0.56 -1.24,0.12 0.104 -0.05 -0.71, 0.61 0.873
DR 031 -0.74, 0.12 0.153 -0.05 -0.48, 0.39 0.836
NPDR -0.54 -1.32,0.23 0.17 -0.02 071, 0.68 0.96
PDR -0.10 -0.38,0.19 0.515 0.06 -0.24, 0.37 0.681
HPT
DBR 0.16 -0.02, 0.35 0.088 - - -
DR 0.18 0.06, 0.30 0.005 - - -
NPDR 0.29 0.07, 0.52 0.012 - - -
PDR 0.09 -0.001, 0.18 0.052 - - -
GD
DBR 0.79 0.27, 1.30 0.003 0.23 -0.31,0.76 0.406
DR 042 0.10, 0.74 0.011 0.13 -0.23,0.48 0476
NPDR 0.85 0.26, 1.44 0.005 0.23 -0.33, 0.79 0412
PDR 0.21 -0.01, 0.42 0.062 0.02 -0.23,0.26 0.887

Model 17°% adjusted for: GD; Model 17" adjusted for: RA; Model 19" adjusted for: TOS. Model 2" adjusted for: GD and RA; Model 29" adjusted for: TOS and RA.
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TABLE 6 MVMR results (MR-egger) of TD on DR (DBR/DR/NPDR/PDR).

Model 1 Model 2
95%ClI P-value 95%Cl
TOS
DBR 0.58 -1.51,0.36 0.229 0.14 -0.62, 0.89 0718
DR 027 -0.85, 0.31 0.362 0.06 -0.44, 0.57 0.810
NPDR 0.11 -1.18, 0.96 0.838 0.19 -0.62, 0.99 0.646
PDR -0.02 -0.40, 0.37 0.931 0.18 -0.17,0.53 0318
HPT
DBR 035 -0.05, 0.74 0.087 - - -
DR 0.51 0.23,0.78 0.000 - - -
NPDR 056 0.08, 1.03 0.022 - - -
PDR 0.31 0.12, 0.50 0.002 - - -
GD
DBR 0.79 027, 1.31 0.003 0.27 -0.27, 0.81 0.329
DR 042 0.09, 0.74 0.012 0.15 -0.21, 0.51 0.408
NPDR 0.87 0.28, 1.45 0.004 0.27 -0.29, 0.84 0.343
PDR 0.21 -0.01, 0.42 0.063 0.04 -0.21, 0.29 0.747

Model 1708 adjusted for: GD; Model 1HPT adjusted for: RA; Model 18P adjusted for: TOS. Model QTos adjusted for: GD and RA; Model 26P adjusted for: TOS and RA.

significantly associated with PDR after adjusting for RA (Table 5), MR-
Egger analysis suggested that genetically predicted HPT could still
increase the risk of PDR (Table 6), with both MR-Egger and IVW
analyses showing a positive association. Therefore, the study concludes
that HPT may still increase the risk of PDR after adjusting for RA.

When considering TOS, both IVW and MR-Egger analyses
indicated that genetically predicted GD could still increase the risk
of developing DBR/DR/NPDR (Tables 5, 6). However, when both
TOS and RA were considered, genetically predicted GD was no
longer associated with DBR/DR/NPDR/PDR (Tables 5, 6).

3.4 Meta-analysis

In UVMR analysis, this study assessed the effect of TD on diabetic
retinopathy across its four stages. A meta-analysis, conducted using R
software, summarized the overall impact of TD on DBR/DR/NPDR/
PDR based on UVMR results. As shown in Figure 2, the effect of GD
and HPT on DBR/DR/NPDR/PDR was greater than that of TOS, with
the difference being statistically significant (P<0.01). Although the
meta-analysis showed significance in both subgroup and overall
analyses (P<0.01), substantial heterogeneity was noted in the HPT/
GD subgroup as well as in the overall estimates.

4 Discussion

The two-sample UVMR study demonstrated that genetically
predicted TD, particularly HPT, can increase the risk of diabetic
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retinopathy in patients with DM, with the robustness of the
analytical procedure confirmed. In MVMR analysis, no significant
association was found between TOS and diabetic retinopathy after
adjusting for GD. However, GD remained significantly associated
with diabetic retinopathy, except for GD-PDR, after adjusting for
TOS. This observed difference is thought-provoking. The study by
Lin D et al. (6) provides a plausible explanation for the discrepancy.
They found that bovine TSH (b-TSH) promotes glucose-induced
mitochondrial apoptosis in human peripapillary retinal cells,
whereas blocking TSHR significantly inhibits mitochondrial
apoptosis in a high-glucose environment (6). In thyrotoxicosis,
elevated levels of thyroxine and triiodothyronine inhibit TSH
production via negative feedback on the hypothalamic-pituitary-
thyroid axis. In contrast, in GD, thyroid-stimulating antibodies
(TSAb) mimic the effects of TSH by binding to TSHR, which may
explain the observed difference. In contrast, hypothyroidism
involves positive feedback activation of the hypothalamic-
pituitary-thyroid axis. Both univariate and multivariate MR
analyses indicated a significant association between HPT and
diabetic retinopathy, aligning with a prior meta-analysis of
observational studies that reported a significant correlation
between hypothyroidism and diabetic retinopathy (OR=2.13, 95%
CI=1.41-3.23, P<0.001) (25). A subsequent meta-analysis reached a
similar conclusion (26). Additionally, a case-control study
demonstrated a significant association between hypothyroidism
and an increased prevalence of diabetic retinopathy in DM
patients, even after adjusting for age, gender, diabetes duration,
glycosylated hemoglobin, BMI, hypertension, and LDL cholesterol
(27). Furthermore, higher thyrotropic hormone levels have been
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FIGURE 2

Forest plots of Meta analysis on TD-DBR/DR/NPDR/PDR.

linked to narrower retinal arterioles and lower arteriovenous indices
in patients with hypothyroidism compared to those with normal
thyroid function (28). In the pooled analysis, we observed that the
overall effect of HPT on diabetic retinopathy was greater than that
of TOS or GD. While our findings, along with previous studies,
seem to implicate TSH as the key factor driving the increased risk of
diabetic retinopathy associated with TD. But is this really the case?
A retrospective study in a Caucasian population, for instance, found
no significant association between TSH levels or hypothyroidism
and diabetic retinopathy (29). Moreover, UVMR analysis suggested
the presence of horizontal pleiotropy in GD-NPDR, but after
adjusting for TOS, the pleiotropy disappeared, and both MR
analyses indicated that GD could increase the risk of developing
NPDR. This result seems to imply that thyrotoxicosis alone plays a
role in the GD-NPDR axis. However, an MR study on thyroid
hormones and microvascular complications in diabetes suggested
that elevated thyroid hormone levels do not increase the risk of
developing DR (30). This may be due to the fact that the study,
when selecting IVs, focused solely on hormone levels and
overlooked the disease itself. Additionally, variations in the
sources of exposure-related IVs may have contributed to the
differences in the analytical results.

Diabetic retinopathy constitutes a significant microvascular
complication of diabetes (1), wherein microvascular injury plays a
pivotal role in its pathogenesis. Various factors contribute to
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microvascular injury, including hypoxia, endothelial damage,
oxidative stress, inflammatory response, and fibrovascular
proliferation. In individuals with TD, both TOS and HPT are
associated with elevated serum C-reactive protein levels,
indicating a heightened systemic inflammatory response (5).
Furthermore, conditions such as GD and Hashimoto thyroiditis
can all result in increased serum VEGF levels (31). Individuals with
HPT exhibit increased activity of plasma malondialdehyde, a
specific indicator of oxidative stress levels (5). Moreover, thyroid
hormones play a significant role in the normal development of
retinal cellular structures, as evidenced by researchers discovering
low levels of sirtuin2 in the retinal ganglion cell layer of hypothyroid
mice (32). Therefore, the impact of TD on diabetic retinopathy may
not solely be attributed to the level of TSH and thyroid hormone but
rather the combined influence of numerous factors.

Compared to observational studies, the MR study can
significantly mitigate confounding effects. However, the current MR
design possesses both its own strengths and inherent limitations,
primarily stemming from three essential assumptions that must be
satisfied. Firstly, the correlation assumption was supported by the
genome-wide significance level (P<5e-08) in the GWAS.
Additionally, the UVMR studies are less susceptible to weak
instrument bias, as we exclusively incorporated SNPs with
substantial instrumental strength (F>10) while excluding those in
linkage disequilibrium. Nevertheless, MVMR analyses exclusively
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considered SNPs with genome-wide significance levels (P<5e-08) and
eliminated those in linkage disequilibrium. Secondly, the MR-Egger
Intercept evaluated the horizontal pleiotropy in the UVMR analysis,
indicating an absence of horizontal pleiotropy. However, during
confounder screening, we identified RA as potentially influencing
the causal chain of TD on diabetic retinopathy. Consequently,
confounding was addressed through the MVMR analysis.
Nevertheless, violations may persist, and alternative pleiotropic
pathways from IVs to diabetic retinopathy remain unexplored in
this study, necessitating investigation in future research. Thirdly, the
genetic variant data predominantly relied on GWAS from European
ancestry. The approach has the drawback of lacking the ability to fully
represent the entire population. However, it offers the advantage of
minimizing the risk of population-based confounding. Additionally,
heterogeneity was observed in the MVMR analysis, but we employed
the IVW with a random-effects model to evaluate the MVMR results.
Lastly, given the presence of heterogeneity, the meta-analysis utilized
a random-effects model to amalgamate effect sizes.

5 Conclusion

In conclusion, our study demonstrated a significant correlation
between TD and diabetic retinopathy, with a particularly strong
association for HPT. In the HPT-DBR/DR/NPDR/PDR MVMR
analysis, HPT remained significantly associated with DBR/DR/
NPDR/PDR even after adjusting for RA, suggesting that the
impact of HPT on diabetic retinopathy is independent of RA.
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Introduction: Optical coherence tomography angiography (OCTA), a
noninvasive imaging technique, is increasingly used in managing ophthalmic
diseases like diabetic retinopathy (DR). This review examines OCTA's imaging
principles, its utility in detecting DR lesions, and its diagnostic advantages over
fundus fluorescein angiography (FFA).

Methods: We systematically analyzed 75 articles (2015-2024) from the Web of
Science Core Collection, focusing on OCTA's technical principles, clinical
applications in DR diagnosis, and its use in diabetes mellitus (DM) without DR
and prediabetes. The use of artificial intelligence (Al) in OCTA image analysis for
DR severity evaluation was investigated.

Results: OCTA effectively identifies DR lesions and detects early vascular
abnormalities in DM and prediabetes, surpassing FFA in noninvasiveness and
resolution. Al integration enhances OCTA's capability to diagnose, evaluate, and
predict DR progression.

Discussion: OCTA offers significant clinical value in early DR detection and
monitoring. Its synergy with Al holds promise for refining diagnostic precision
and expanding predictive applications, positioning OCTA as a transformative tool
in future ophthalmic practice.

KEYWORDS

optical coherence tomography angiography, diabetic retinopathy, grading, lesion
recognition, artificial intelligence
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1 Background

Optical coherence tomography angiography (OCTA) is a
noninvasive imaging technique that captures detailed images of
the retinal and choroidal microvasculature. This method exploits
the reflectivity of laser light from the surface of moving red
blood cells, Although OCTA cannot directly display the
vascular structures, it can detect the presence of blood flow in
different regions and layers of the retina (1) Optical coherence
tomography (OCT), another retinal imaging technique, uses
multiple A-scans to generate a B-scan, providing valuable
information on the retina’s structural characteristics in a cross-
sectional view (2). OCTA detects and compares changes in blood
flow by taking multiple images at different time points, rather than
directly measuring blood flow velocity. These time-series images
enable OCTA to distinguish regional variations in different blood
flow rates (3).

Diabetic retinopathy (DR) is the most common and significant
ocular complication among individuals with diabetes.
Approximately one-third of diabetics show signs of DR, with
some experiencing vision-threatening retinopathy or macular
edema (4). DR results from diabetes-related damage to the eye’s
tiny blood vessels and can progress from non-proliferative diabetic
retinopathy (NPDR) to proliferative diabetic retinopathy (PDR).
Diabetic macular edema (DME), characterized by increased
blood vessel permeability, thickening, and hard exudates in the
macula, frequently occurs regardless of the DR stage (5, 6). OCTA,
an emerging imaging modality, enables the detection of effects
in various layers of the retina in DR, the impact of different
treatment modalities on retinal microvasculature and blood flow,
and the correlation between functional levels and anatomical
and vascular indicators. As a widely used method, OCTA aids
in diagnosing DR and its complications, assisting in DR grading
and early detection, particularly in diabetic patients who have
not yet developed the condition (7). OCTA’s imaging modality
can reveal more profound changes that ophthalmologists’
fundoscopy may not detect, helping predict and detect pre-
diabetic retinopathy stage changes. In clinical applications and
DR research, OCTA can identify promising and sensitive
biomarkers under different modalities, offering new insights
into the early-stage pathophysiology and treatment and screening
of DR (8).

2 History of OCTA

Since its introduction in 2014, OCTA has gained significant
traction in clinical practice and has witnessed extensive utilization
for various ocular diseases (9). The two most commonly employed
OCTA devices are Spectral-domain OCTA (SD-OCTA) and Swept-
source OCTA (SS-OCTA), both utilizing Fourier domain detection
techniques. However, in SD-OCTA instruments, a broadband near-
infrared superluminescent diode serves as the light source, currently
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operating at a center wavelength of approximately 840 nm, with a
spectrometer as the detector. With the advancement of the SD-
OCTA device, the clinical application of the prototype 1.0
micrometer SD-OCTA has also been reported. In contrast, SS-
OCTA instruments adopt a tunable swept laser with a central
wavelength of around 1050 nm and a single photodiode detector
(10). SS-OCTA offers the advantage of faster scanning speed
compared to SD-OCTA, enabling denser scan patterns and wider
scan areas within a given acquisition time. Additionally, the use of
longer wavelength in SS-OCTA leads to reduced sensitivity roll-off
and improved light penetration through the retinal pigment
epithelium (RPE) for better detection of signals from deeper
layers. Moreover, the longer wavelength used in SS-OCTA
ensures greater safety for the eye, allowing for higher laser power
to be employed. The combination of higher power and reduced
sensitivity roll-off enhances the ability to detect weaker signals from
deeper layers, thus overcoming the barrier posed by the RPE in SS-
OCT systems (11). The OCTA algorithm segments the resulting
image (ranging from 3 mm?-12 mm?) into four zones, as per the
standard: the superficial retinal plexus, deep retinal plexus, outer
retina, and choriocapillaris. When applied to an optical disk, this
encompasses the entire depth of the disk (12). While ultra-wide-
field OCTA (UWEF-OCTA) images have been developed and
employed in clinical research, their practical clinical application
may be limited due to factors such as longer acquisition time and
image quality (13).

3 Methods of literature retrieval

This paper aimed to present an overview of OCTA for DR
applications. We obtained all the literature from the Web of Science
Core Collection (WoSCC), a leading global database of scholarly
information founded in 1985. The WoSCC contains both
authoritative and influential journals from a wide range of
disciplines. We used the WoS core set of journals indexed to the
Science Citation Index and combined titles and subjects to search
for subject terms to maximize accuracy while maintaining search
sensitivity. Our search formula was as follows: TS= ((“Optical
coherence tomography angiography” and “diabetic retinopathy”)
OR (“OCTA” and “diabetic retinopathy”) OR (“Optical coherence
tomography angiography” and “DR”) OR (“OCTA” and “DR”)) OR
TI=((“Optical coherence tomography angiography” and “diabetic
retinopathy”) OR (“OCTA” and “diabetic retinopathy”) OR
(“Optical coherence tomography angiography” and “DR”) OR
(“OCTA” and “DR”)) AND (DT==(“ARTICLE”) AND LA==
(“ENGLISH”)). Within our search formula, TS=Topic, TI=Title,
DT=Document type, LA=Language. We restricted the documents
to essays and review papers, limited the language to English, and
excluded documents outside the year of the OCTA application.

A search of literatures revealed a total of 885 articles
published in the field over the last decade. 75 articles were
mentioned in this review after being screened by ophthalmic
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imaging specialists and retinal disease specialists. In this review,
many research directions within the field of OCTA in DR
applications are mentioned. The Literature Search and Review
Roadmap is shown in Figure 1.

4 Basic imaging features of OCTA

OCTA can produce a signal that reveals the impact of motor
blood flow on retinal and choroidal vessels, providing a clear view of
the superficial capillary network (SCN) in the ganglion cell layer
(GCL), deep capillary network (DCN), and choriocapillaris (CC) in
the outer plexiform layer. With its high sensitivity and specificity,
OCTA effectively detects neovascularization even in the presence of
blood flow (14). OCTA enables the detection of blood vessel shape
and distribution in various retina regions, the mean artery count is
7.0 £ 1.2, and the mean vein count is 6.9 + 1.2 in the 3 mm x 3 mm
retina OCTA (15, 16).

OCTA’s capabilities extend beyond the detection of
neovascularization, as it also allows for the measurement of the foveal
avascular zone (FAZ) size and identification of areas without blood flow
in patients who exhibit no visible clinical symptoms. Additionally,

10.3389/fendo.2025.1438739

OCTA facilitates a more detailed examination of the choroid’s
perfusion status, identification of choroidal capillaries, and detection of
neovascular complexes in certain non-exudative lesions (17).

5 The application of OCTA in DR
5.1 DR grading

DR, a potentially vision-threatening condition, poses three primary
threats to visual health: vitreous hemorrhages resulting from
neovascularization, retinal detachment that can cause substantial
vision loss, and localized damage to the macula or fovea, leading to
the loss of central vision (4). Historically, the classification and grading of
DR severity have been based on visible signs of increasing severity under
the color fundus photograph, progressing from no retinopathy to non-
proliferative or pre-proliferative stages, and finally to advanced
proliferative disease. The grading of DR is crucial in guiding and
preventing clinical management of the disease. Precise DR grading
can assist patients in better managing the condition, thereby reducing
the risk of vision loss. However, this grading system may not accurately
represent functionally severe disease, as maculopathy with significant
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visual loss can occur with moderate ophthalmoscopic signs. This has
necessitated the need for disease monitoring. By clearly visualizing key
DR pathological features—microaneurysms (MAs), retinal
nonperfusion, intraretial microvascular abnormalities (IRMAs), and
retinal neovascularizations (RNVs)—OCTA has been endorsed in
expert consensus guidelines as a critical adjunct assessment tool for
clinical staging and treatment decision-making in DR management
(18, 19).

5.2 Lesion recognition

OCTA is employed in clinical practice for the diagnosis of DR,
frequently to identify the characteristic lesions of various stages of
DR. This complements the diagnosis and grading of DR, such as
MAs, IRMAs, and RNVs, as shown in Figure 2 above.

5.2.1 Microaneurysm

Retinal microaneurysms (MAs) serve as an early symptom of
DR, with the type of MA correlating with visual acuity, DR
duration, and severity (20). The identification and study of MAs
are of interest because their morphological features and turnover
are associated with the risk of DR complications and adverse visual
outcomes. OCTA techniques can reliably classify retinal MAs (21).
Studies have identified various morphological types of MAs, such as
focal bulge, saccular/pedunculated, fusiform, and mixed types, and
found that these different typologies may correspond to DR
progression at varying stages. This understanding allows for the
assessment of the relationship between MAs and the progression of
clinical stages of DR.

5.2.2 Intraretinal microvascular abnormalities
Intraretinal microvascular abnormalities (IRMAs) were first
observed in the eyes of diabetic patients with severe NPDR and
PDR. It was initially unclear whether these vascular anomalies
indicated the development of new intraretinal blood vessels or the
expansion of existing ones (22). IRMAs are characterized by
abnormal branching or dilation of existing retinal capillaries, and

|

FIGURE 2
Lesions in OCTA ((A): MA; (B): IRMAs; (C): RNV).
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their presence correlates with the severity and progression of DR (23).
These abnormalities may be a consequence of ongoing ischemia.

OCTA images reveal IRMAs as abnormal, branching, and
dilated retinal vessels that do not extend into the vitreous cavity
(24). OCTA enables the visualization of morphological changes in
IRMAs both before and after pan-retinal photocoagulation (PRP),
which aids in classifying IRMAs into more specific types.
Monitoring these morphological changes in IRMAs can facilitate
the early detection of severe signs of DR, potentially leading to
earlier treatment interventions (25).

5.2.3 Retinal neovascularization

Retinal neovascularization (RNV) is a critical clinical feature of
PDR, representing a pathophysiological alteration resulting from
retinal ischemia in DR. This abnormal formation of blood vessels
signifies the progression of DR to PDR (26). RNV increases the risk
of severe vision loss due to complications such as vitreous
hemorrhage or traction retinal detachment. Early detection and
timely treatment of RNV are crucial for preventing disease
progression and subsequent vision loss (27).

Ophthalmologic fundoscopy can reveal RNV as irregular red
blood columns in the optic nerve head and retina. However, the
direct visualization of neovascularization is limited by the retinal
structure and laser spots formed after treatment. Although OCTA
has poor ability to detect NVD or NVE by the lack of detection of
leakage from RNV. On OCTA images, the most common
neovascular lesions are irregular hyperplasia of fine blood vessels,
while some RNVs appear as filamentous neovascular loops (28).

The identification of characteristic lesions of DR, as described,
often relies on OCTA as complementary information for DR
diagnosis. RNV identification was rigorously performed using B-
scan flow analysis, where neovascularization confirmation required
detectable flow signals above the internal limiting membrane (ILM),
thereby distinguishing true RNV from IRMA. Nevertheless, OCTA
has limitations; it cannot detect hard exudates, which are due to the
extravasation of lipids and proteins following the breakdown of the
blood-retina barrier, nor can it accurately identify vessels with low
blood flow velocities or hemodynamically abnormal capillaries.
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5.3 OCTA imaging biomarkers for diabetes
mellitus patients without DR

In patients with diabetes mellitus (DM) without DR, OCTA
imaging parameters can detect potential microvascular and
neurological changes that may not be observable during
fundoscopic examination. A prospective study analyzing OCTA
data from patients with type 1 diabetes, in conjunction with clinical
data, found that metabolic markers and other patient data influenced
OCTA results (29). Several studies have indicated that microvascular
changes, such as enlargement and remodeling of the FAZ and
capillary nonperfusion zone, may begin before the clinical signs of
DR become apparent. OCTA is used to identify diabetic patients at
risk for retinopathy and to provide rapid, noninvasive screening for
diabetes prior to a systematic diagnosis (30). Retinal microvascular
abnormalities, including capillary dropout, dilated capillary loops,
tortuous capillary branches, patches of reduced capillary perfusion,
irregular FAZ contours, FAZ enlargement, and focal or diffuse
choriocapillaris flow impairment, have been observed in some
diabetic eyes without retinopathy. These abnormalities may serve
as early signs of DR and could potentially act as biomarkers for early
detection and monitoring of the disease (31).

OCTA metrics have proven valuable in anticipating the
advancement of DR in individuals with type 2 DM through the
assessment of thickness measurements, retinal nerve fiber layer, and
plexiform layer thickness measurements within the ganglion cell
layer. Changes in retinal vascular parameters in participants were
identified by OCTA measurements of retinal avascular zones,
including area, circumference, circularity, vascular density (VD),
and macular perfusion (MP) (29, 32, 33). In individuals diagnosed
with type 1 diabetes without any signs of DR, it was observed that
the VD of the superficial capillary plexus (SCP), deep capillary
plexus (DCP), and choroidal ciliary body was lower compared to
that of healthy individuals, indicating an earlier impact on both
retinal and choroidal circulation before the manifestation of DR
(34). Furthermore, patients with diabetes exhibited a reduced vessel
density in the superficial and deep retinas surrounding the central
fovea (35). However, various studies have reported conflicting
findings regarding changes in the size of the FAZ in the early
stages of DR. Some studies suggest a significant increase in FAZ size
among patients with diabetes (30), while others found no notable
differences in FAZ size between the SCP and DCP regions (36).
Given the considerable variability in the FAZ region among healthy
individuals, its association with DR requires further investigation
and verification (37).

In diabetic patients without DR, there is an association between
early changes in the morphology of blood vessels around the optic
nerve and the density of blood vessels in the retinal choroid
capillaries. These changes are linked to a decrease in the thickness
of the nerve fiber layer. Notably, alterations in surface vessel density
are more commonly observed in the peripapillary region than in the
macular area. It is important to note that patients with diabetes may
experience early damage to both neurons and small blood vessels,
even before clinical signs of DR are present (38). Furthermore,
individuals with diabetes exhibit a reduced vascular response to
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flash stimuli, and there is a decrease in perfusion density in the deep
capillary layer in those without DR (37). OCTA imaging reveals
damage in the retinal microvasculature, and it has been observed
that patients with type 2 diabetes who have microalbuminuria but
do not yet have DR exhibit changes in retinal microcirculation.
These alterations could potentially serve as an early monitoring tool
for tracking microvascular complications in such patients (39, 40).

RNV can arise from IRMAs. Early detection of IRMAs may serve
as a reliable method to predict the progression of PDR. Regular use of
OCTA to monitor the occurrence of IRMAs may aid in the timely
diagnosis of PDR (41). Identifying alterations in OCT and OCTA
parameters in specific diabetic patients at an early stage may serve as
an indicator of subsequent overt retinopathy (42). A decrease in
macular CC perfusion could potentially act as an initial marker for
clinically undetectable diabetic vasculopathy (43). The analysis of
intercapillary areas (ICAs) involves measuring the distance between
surrounding vessels and each pixel in the intercapillary region.
Consequently, employing OCTA in DM patients without existing
DR holds promise for early detection and prediction of DR
development (44). It is imperative to enhance the quantification of
retinal ischemia through various perspectives and integrate OCTA
imaging into routine clinical and scientific practices. The adoption of
standardized and device-independent image analysis methods
becomes essential in this regard (45). OCTA has demonstrated
remarkable potential in the management of prevalent ocular
complications among DM patients. The use of imaging tests for
preventing and controlling DR is particularly crucial for DM patients
with existing DR.

5.4 Prediabetes OCTA imaging biomarkers
recognition

Prediabetes, also known as impaired glucose regulation (IGR),
is a pathological condition characterized by blood glucose levels that
are higher than normal but have not yet reached the diagnostic
criteria for diabetes. According to the World Health Organization
(WHO), prediabetes is classified into two types: impaired fasting
glucose (IFG) and abnormal glucose tolerance (IGT) (46). The risk
of DR may be related to prediabetes. During examination by direct
ophthalmoscopy, vascular changes, such as a lower arteriole-to-
venule ratio and increased retinal arteriole or venular caliber, were
found in the retinas of patients with prediabetes, which may be
associated with the pre-diabetic state (47). The current application
of the OCTA technique for monitoring blood flow in
normoglycemia versus prediabetes shows that the paravascular
density in the SCP and DCP layers of the retina was reduced in
the prediabetes group compared with that in the normoglycemia
group (48).

5.5 OCTA imaging biomarkers of DR

In the application of OCTA for DR, several image markers can
be utilized to predict the severity of the disease and provide
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complementary information for DR diagnosis and management.
These markers include metrics for the FAZ and vascular and
perfusion densities, which have been extensively studied as
clinically interpretable features to gauge the severity of DR.

5.5.1 The foveal avascular zone

Foveal avascular zone (FAZ) corresponds to the region of the
human retina with the highest concentration of cone photoreceptors
and oxygen consumption (49). Researchers have extensively studied
the correlation between FAZ changes and various ocular diseases
(50). As DR progresses, the fovea, which is responsible for central
vision, can be affected. In such cases, abnormalities in the size and
shape of the FAZ can contribute to vision loss (51). OCTA
assessment of the FAZ area in patients with type 2 diabetes
enables early detection of macular changes that precede findings
from conventional retinography and SD-OCT examinations (52).
One study conducted an assessment of neurological dysfunction in
pre-diabetic individuals using multifocal electroretinography
(mfERG), analysis of neurodegeneration, and measurement of
retinal layer thickness with SD-OCT. Additionally, quantitative
parameters such as FAZ area, vessel area density (VAD), vessel
length fraction (VLF), vessel diameter index (VDI), and fractal
dimension (FD) were measured using OCTA. It should be noted
that the association between pre-diabetic neurodegeneration and
early microvascular damage is not yet fully understood. However, a
glycemic threshold was identified for pre-diabetic patients with
observable retinopathy (53, 54).

5.5.2 Vessel density

Vessel density (VD) was defined as the proportion of the
vascular area in the image to the total measured area and was
used to indicate microvascular perfusion (55, 56). The VD must be
corrected for the thickness of the retinal layers during analysis, such
as the macular ganglion cell inner plexiform layer (35). Moreover,
VD is related to scanning signal strength (57). During clinical
applications, poor-quality images should be deleted.

5.5.3 Vascular length density/skeleton density
Vascular length density (VLD)/skeleton density (SD) serves as a
metric similar to VD. However, because VD only considers the
density per unit area of the vascular area, VLD is deemed to be more
sensitive than VD to changes in perfusion at the capillary level (3).

5.5.4 Vessel diameter index

The vessel diameter index (VDI) and the average vessel caliber
(AVC) were determined by analyzing binarized and skeletonized
images. This metric quantifies the average size of blood vessels in
terms of their vascular caliber (54), increased VDI may be
associated with higher fasting blood glucose levels (58).

5.5.5 Fractal dimension

Fractal dimension (FD), an indicator of vascular network
complexity calculated via methods like box-counting or circular
mass-radius in OCTA images, reflects the self-similarity of the
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retinal capillary network, notably in the superficial (SCP) and deep
capillary plexus (DCP), and is automatically computed by artificial
intelligence (AI) as a potential biomarker for DR progression (59).
Research shows FD typically decreases in DR patients compared to
healthy controls and diabetics without DR, especially in the DCP,
with Singh et al. (2021) noting a significant reduction using the
circular mass-radius method (60)., and Zahid et al. (2016)
confirming lower FD in DR versus controls and non-DR diabetics
(60), suggesting vascular simplification due to capillary dropout.
The FD variation pattern differs across DR stages: in diabetic
patients without clinical DR signs, FD may align with healthy
controls (60), yet a 2022 study found it already lower, hinting at
early changes (61); in NPDR, FD drops below normal and non-DR
diabetic levels, particularly in the DCP, reflecting capillary dropout-
induced simplification (62); in PDR, FD further declines, with DCP
FD lower than in NPDR (60), likely due to intensified capillary loss,
though neovascular complexity in PDR may not be fully captured
by standard FD measures despite new vessel growth.

5.5.6 Other OCTA imaging biomarkers of DR
OCTA has the capability to identify and objectively detect
diseases through alternative biomarkers, such as the VDI, vessel
perimeter index (VPI), and vessel skeleton density (VSD) (63).
These biomarkers have been further detailed in the context of
detecting and categorizing DR during regular care for patients
with PDR (64). To quantify the extent of retinal ischemia, the
intercapillary area (ICA) is analyzed by measuring the distance
between each intercapillary pixel and adjacent vessels (45). The
capillary nonperfusion area (NPA) serves as a critical biomarker for
assessing DR progression by OCTA, with its distribution varying
among patients with different severities of DR (65). Certain OCTA
biomarkers and parameters are essential assessment criteria in
clinical studies of anti-VEGF drugs, although signal attenuation
artifacts can pose challenges to accurate quantification (66, 67).
Among these biomarkers, the extrafoveal avascular area (EAA)
correlates well with DR severity and demonstrates high sensitivity
in differentiating between diabetic and healthy populations (68). In
the management of diabetic maculopathy, OCTA can detect
changes in reflectance at different stages of progression, which
aids in understanding the characteristics of microaneurysms and
improves the timing of treatment for diabetic maculopathy lesions,
facilitating a more individualized treatment plan (69). OCTA’s
potential in managing patients with diabetic macular
degeneration has been highlighted by a study showing that some
patients with early DR macular degeneration (characterized by
microaneurysms, leakage, neovascularization, and internal
microvascular abnormalities) exhibit more pronounced changes
in the FAZ, despite a relatively normal clinical presentation (52).

5.6 OCTA in DME

Utilizing OCTA, the identification and structural assessment of
DME now extend beyond merely delineation of internal
morphological disruptions. This enhanced investigative modality

frontiersin.org


https://doi.org/10.3389/fendo.2025.1438739
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhang et al.

also affords a nuanced in-depth visual interrogation of the macular
microvasculature in DME and enables precise monitoring of
dynamic alterations using quantifiable OCTA parameters (70).

5.6.1 Diabetic Macular Ischemia (DMI) and its role
in DME progression

The progression of DME is intrinsically linked to the
development of DMI. Clinically, DMI presents with enlargement
and irregularity in the FAZ, along with the loss of retinal capillaries,
predominantly in regions not directly bordering the macula (71).
Analysis of outcomes through Fundus fluorescein Angiography
(FFA) and OCTA revealed consistent observations, thereby
substantiating the gradability of DMI via OCTA (72).

5.6.2 Prognostication and quantitative
assessment for DME

Underpinning studies on Diabetic Macular Ischemia have
elucidated a predictive capacity within OCTA, particularly through
the evaluation of SCP and DCP. This allows for the prognostic
discrimination of DME’s advancement. Severe presentations of DME
exhibit irregular FAZ morphology and extensive vascular damage
within the Deep Vascular Plexus (DVP), compounding vision
impairment ancillary to escalated degrees of DME severity,
expanded FAZ regions, and accentuated central macular thickness
(73). Furthermore, VD has been demonstrated to bear potential in
managing DME. Among individuals with DME, there exists a
statistically significant decrease in DCP’s VD compared to those
without evidence of DME (74).

5.6.3 Role of OCTA in anti-VEGF Therapy for
DME

OCTA applications within research about anti-VEGF treatment
for DME have been pivotal. By quantifying changes within macular
microvasculature through OCTA parameters, enhanced insight and
evaluation of the anti-VEGF therapy’s efficacy are facilitated. The
integrity of the DCP is closely correlated with the treatment
outcomes concerning VEGF inhibitors in DME management. The
extent of DCP has been identified as a significant predictor of the
response to anti-VEGF therapies (75). A comparative analysis
between DME patients and those without DME highlights a
distinct deterioration in visual function across multiple quadrants
for those with DME. Particularly, after treatment with VEGF
inhibitory agents, a superior post-treatment visual prognosis is
observed in patients with higher visual deficits in both the SCP
and DCP (76).

5.7 Impact of age on OCTA parameters in
DR assessment

In the assessment of DR using OCTA, age significantly
influences the baseline values of parameters such as VD, fractal
dimension (FD), and NPA. In healthy populations, VD and FD
exhibit a physiological decline with age—for instance, macular VD
decreases by approximately 1.5-2.0% per decade (77)—whereas in
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DR patients, pathological changes superimpose upon age-related
degeneration, increasing the complexity of clinical interpretation. In
younger patients (<50 years), OCTA parameters are more sensitive
to early microvascular changes, with VD reductions reaching 10-
12% during the NPDR stage (78), though rapid disease progression
can confound results. In older patients (=60 years), vascular
network degeneration may obscure early ischemic signs, and
systemic factors such as hypertension often exacerbate parameter
heterogeneity—for example, peripapillary vessel tortuosity
increases by 15% (79).

6 Comparison of OCTA and FFA in DR

OCTA is capable of accurately detecting changes in the retinal
vasculature, although it has limitations in identifying specific lesions
in clinical practice. Primarily, OCTA provides supplementary
information for the management and diagnosis of patients with
DR. FFA, an essential diagnostic tool for evaluating the clinical
fundus characteristics of DR, can detect primary vasculopathy and
vascular anomalies, such as venous bead-like changes and retinal
microvascular anomalies, during the development of vasculopathy
in DR. In cases of retinal nonperfusion, characterized by dark areas
surrounded by large blood vessels, neovascularization is often
marked by significant leakage of fluorescent dye into the vitreous
cavity on FFA (80). The FFA procedure involves injecting a
fluorescent dye into the anterior vein, typically via a short
posterior ciliary artery, which then reaches the optic and choroid
regions 8 to 12 seconds later. The choroid circulation appears as
choroidal flush, a patchy, mottled hyperfluorescence, as the choroid
lobules fill (81). Retinal circulation occurs 1 to 3 seconds later (11-
18 seconds after injection). Early arteriovenous malformation
(AVM) is associated with the filling of the retinal arteries,
arterioles, and capillaries, followed by an advanced arteriovenous
or laminar venous phase as the dye fills the veins in a laminar
fashion. After about 10 minutes, the complete emptying of the dye
occurs, and during this phase, the optic disc, Bruch’s membrane,
choroid, and sclera are stained (82). The normal stages of FFA
include: 1. choroidal phase; 2. arterial phase; 3. arteriovenous phase;
4. venous phase; and 5. recirculation phase. The features of DR, as
identified by OCTA and FFA, are summarized in Table 1.

FFA offers a wider field of view and can dynamically display
retinal blood flow. In contrast, OCTA provides a clearer
visualization of dynamic blood flow at various retinal levels under
different parameters, although it may be slightly less effective in
detecting specific lesions with inaccessible or localized blood
turbulence (80). The primary clinical disadvantage of FFA is its
invasiveness and time-consuming nature. The contrast agent used
in FFA can cause several potential side effects, including nausea,
vomiting, hives, seizures, allergic reactions, and even death (83).
Therefore, the benefits of FFA must be weighed against the potential
risks and the availability of less invasive imaging procedures in
clinical practice, as presented in Figure 3 below.

As a noninvasive, dye-free method for ocular vascular
visualization, OCTA complements other diagnostic investigations
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TABLE 1 Comparison of OCTA and FFA.

Clusters of irregular tortuous vessels or

Lesion type Etiology
Elevation of capillary pressure due to loss of
perivascular and endothelial cells and smooth
MA . . .
muscle cells, etc., leading to focal dilatation
of capillaries.
IRMA Remodeling Of. retinal caplllarles due to
retinal hypoxia.
Proliferation of fibroblasts due to hypoxia after
RNV . . e
localized closure of retinal capillaries.
Accumulation of fluid, lipids, and proteins in
DME the retina that occurs after rupture of the

blood-retinal barrier.

Demarcated, saccular or fusiform shapes of
focally dilated capillary vessels in the
superficial and deep plexuses.

dilation of existing capillaries, without
proliferative changes. Intraretinal flow

Lesions show retinal new vessels breaching

10.3389/fendo.2025.1438739

OCTA FFA

Early stage shows hyperfluorescent pinpoint
dots; late stage shows focal leakage.

Can be distinguished from neovascularization
by no or less profuse leakage on FFA. These

vessels do not extend over vascular branches.
below ILM.

Early stage is strongly fluorescent abnormal
vascular network; late fluorescent leakage is

the ILM.
clumped strong fluorescence.

Hyperfluorescent areas.

MA, Microaneurysm; IRMA, Intraretinal Microvascular Abnormalities; RNA, Retinal Neovascularization; DME, Diabetic Macular Edema; FFA, Fundus Fluorescein Angiography.

in diagnosing, screening, and managing patients with DR. The
advent and development of UWE-OCTA have partially addressed
the limitations of OCTA’s small-image recognition area. UWF-
OCTA can detect a broader range of retinal images during the
actual acquisition process, but its longer image acquisition time may
result in more artifacts and lower resolution. Thus, it is crucial to
find the optimal balance between scanning area and parameter
settings for UWF-OCTA under different circumstances (13, 84).
When assessing the severity of DR, UWF-OCTA has
demonstrated promising results in evaluating DR retinal blood
flow status. It captures more detailed information about retinal
blood flow operations at once compared to standard OCTA due to
its larger image range (40, 85). Furthermore, when used as input

data for artificial intelligence (AI) analysis, UWF-OCTA reflects the
significant potential of integrating AT with clinical applications, as it
contains richer image information (86).

7 OCTA in DR-related clinical
researches

In clinical studies, OCTA imaging modalities facilitate the
identification of complications that may lead to retinal ischemia
and assess the natural course and progression of retinal ischemia in
DR, emphasizing the importance of prevention (87). However, in
certain cases where patients have background retinal structures and

FIGURE 3
Lesions in FFA (A) and OCTA (B).
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laser scars, the detailed manifestation of the disease may not be
visualized solely through color fundus photograph examination.
OCTA has proven effective in accurately detecting various types of
neovascularization, particularly beneficial for monitoring patients
with a history of retinal surgery (28). OCTA is extensively used in
diverse clinical studies, such as assessing retinal inner layer (DRIL)
and ellipsoid zone (EZ) losses, leading to the identification of
biomarkers that contribute to visual function evaluation in
patients’ eyes (88).

The assessment of GCL and inner plexiform layer (IPL) thickness
for detecting retinal neurodegenerative changes has revealed a
correlation between retinal vascular closure and the advancement
of DR severity in patients with NPDR. This suggests that OCTA
vascular closure measurements can serve as an indicator of DR
progression severity. Post-analysis of OCTA images has shown that
retinal neurodegeneration exhibits consistent and stable progression,
potentially due to a reduction in vessel density, including vessel
closure, caused by alterations in the DCP (89, 90). The analysis of
biomarkers, such as VAD, VLF, and VDI, provides quantitative
insights into neuronal damage observed in DR patients, indicating
that it cannot be attributed solely to microvascular damage (42). The
increasing use of OCTA in clinical research underscores its growing
significance in advanced ophthalmic studies, including investigating
potential retinal microvascular damage caused by different treatment
modalities. This technique effectively assesses the number and
circulatory condition of peripapillary microvessels, evaluating
surgical outcomes and prognoses in clinical settings. For example,
OCTA can be used when evaluating the efficacy and follow-up of
surgical procedures like pars plana vitrectomy (PPV) combined with
ILM peeling for epiretinal membrane (ERM) cases (91). It can also be
applied in combination with certain drugs in proliferative DR and
various neovascularization-related retinal diseases (92), assessing the
efficacy of drug application in DR patients, and comparing the
efficacy and safety after different drug applications (93). When
applied to DR, OCTA parameters have been found to be good
predictors of the efficacy of anti-VEGF drugs (ranibizumab (94),
bevacizumab (95)) and also play a role in observing the therapeutic
efficacy of other fundus implants (e.g., drug nanoparticles) (96).
OCTA has played a crucial role in assessing retinal nerve damage
and microvascular changes in several experimental studies (97).

TABLE 2 Performance summary of Al techniques in OCTA application.

Reference Al Technique Used

Le D, et al. (2020) (100) Transfer learning with VGG16 CNN

Eladawi N, et al. (2018) (101) ANN with blood vessel reconstruction

Xu X, et al. (2023) (102) AV-casNet neural network for segmentation

Afarid M, et al. (2022) (61) Feature analysis using radiomics features

Schottenhamml J, et al.
(2021) (103)

Computational method for segmentation
(graph-based)

Ryu G, et al. (2021) (104). Deep Learning (CNN)

10.3389/fendo.2025.1438739

Compared to other imaging techniques, such as FFA, OCTA is
more accurate in detecting specific lesions in clinical research and
has gained broader application due to its noninvasive, user-friendly,
and harmless nature.

8 Al for OCTA in DR

The diagnosis of DR and the selection of treatment approaches
and timing heavily depend on digital imaging data, encompassing
OCT and FFA. Targeted feature extraction and objective feature
quantification present significant opportunities for biomarker
discovery, disease burden assessment, and prediction of treatment
response. With the recent advancements in AI in ophthalmic
applications, Al-assisted image analysis and OCTA data
acquisition, generation, and collection can be technologically
integrated. Machine learning-based techniques are particularly
well-suited for leveraging OCTA to gather a vast amount of
information. AI can transform the generation of OCTA images
from a motion-contrast measurement to an image transformation
problem, potentially reducing artifacts that are challenging to
manage in traditional OCTA image formation (98). For diabetic
patients without overt DR signs, OCTA’s quantitative vascular
metrics (e.g., vessel density and morphological parameters) serve
as tools for early screening and follow-up (99). The application of
Al in analyzing and processing various biomarkers derived from
OCTA has revealed the potential of specific biomarkers to serve as
new imaging biomarkers for the early detection of DR (Table 2).

8.1 Al for OCTA quantitative parameter
analysis

The FAZ, a central avascular region in the macula, typically
enlarges in DR due to capillary dropout, with studies showing
significantly higher median FAZ area in DR patients, especially in
severe NPDR and PDR stages (105). Al, via deep learning (DL)
automates FAZ quantification; Guo et al. (2021) demonstrated strong
consistency with manual measurements (68), underscoring AT’s
precision in measuring FAZ area as a potential DR severity biomarker.

Performance Metrics Journal/Conference

Cross-val Acc 87.27%, Ext-val Translational Vision Science

Acc 70.83% & Technology

Acc 94.3%, Spec 87%, Sens 97.9% Medical Physics

Arteriole Acc 94.2%, Venule

Acc 93.5% IEEE Trans Med Imaging
D70

AUROC 0.87 for FAZ area BMC Ophthalmol
Mean absolute error: ~0.91 pixel

Biomed Opt Express

AUC 0.976, Sens 96%, Spec 98% Scientific Reports

Acc, Accuracy; Spec, Specificity; Sens, Sensitivity; AUROC, Area Under the Receiver Operating Characteristic Curve; Cross-val, Cross-validation; Ext-val, External validation.
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Vessel density, reflecting overall retinal vascular density,
decreases in DR progression, notably in superficial and deep
capillary plexuses, indicating vascular loss. Research highlights a
marked VD reduction with increasing DR severity, particularly
post-VEGF inhibitor treatment (106). AI employs DL for vessel
segmentation and density quantification, with Wang et al. (2020)
validating high consistency with manual measurements (107),
affirming AT’s efficacy in assessing VD as a DR progression marker.

FD measures vascular complexity, with varying findings in DR.
Some studies report reduced FD in DR patients, reflecting network
simplification; Hashmi et al. (2021) found significantly lower FD
using the circular mass-radius method (108), supported by Zahid
et al. (2019) in the deep capillary layer (60). Conversely, early DR
may show FD increases due to abnormal vessels or microaneurysms,
though OCTA-specific evidence is limited. AI rarely measures FD
directly, relying on image processing algorithms, but may implicitly
learn FD-related features for DR classification. These parameters,
analyzed via Al serve as potential biomarkers for DR severity and
progression, though FD variability warrants further investigation.

Al enhances DR detection accuracy through parameter analysis.
Kim et al. (2021) achieved an AUC of 0.976, sensitivity of 96%, and
specificity of 98% using a CNN model (104). Le et al. (2020)
reported a cross-validation accuracy of 87.27% with VGG16
transfer learning, dropping to 70.83% in external validation,
highlighting generalization issues (100). Eladawi et al. (2018) used
support vector machines (SVM) to extract FAZ area and VD
features, achieving 94.3% accuracy (101).

8.2 Intelligent classification of DR

The rapid advancement of AT has revolutionized DR classification
through convolutional neural networks (CNNs) and transfer learning
models. Studies demonstrate high diagnostic accuracy, such as Kim
et al’s CNN model achieving an AUC of 0.976 with 96% sensitivity
and 98% specificity using 6x6 mm* OCTA images (104). However,
generalization challenges persist, exemplified by Le et al’s VGG16
transfer learning model showing an 87.27% cross-validation accuracy
that dropped to 70.83% in external validation (109).

AT algorithms predict DR severity by analyzing biomarkers
including NPA, macular ganglion cell/inner plexiform layer
thickness, retinal arteriole/venule conditions, and extrafoveal
vessel density (102). CNN-based approaches further classify DR
into five stages (Normal to PDR) by processing OCTA parameters,
enhancing grading precision (85). Despite these advancements,
variability in imaging protocols and instrument settings
underscores the need for standardized acquisition parameters to
ensure broader clinical applicability.

8.3 Other Al applications for OCTA in DR

In the application of AI to OCTA images of DR patients,
motion correction techniques can be employed to eliminate
artifacts caused by eye movements, thereby enhancing the clarity
of images, DR characteristic retinopathy, and surrounding features
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(110). During the collection and processing of information by Al it
is advisable to construct a standard computer-aided diagnostic
(CAD) system as defined in each learning model. OCTA, as part
of ophthalmic imaging examinations, has demonstrated significant
effectiveness in retinal assessment when combined with DL and
machine learning (ML) methods, along with other patient imaging
data (111). Some studies suggest that collaborative DL can yield
comparable outcomes to conventional DL, achieved by utilizing
jointly learned models and merging databases for microvessel
segmentation and DR classification. These findings highlight the
potential applicability of jointly learned models across various
domains in OCT and OCTA data (112).

Enhancing the objectivity of OCTA image interpretation in
future research, longitudinal tracking, and the integration of
computational models to create automated diagnostics and
clinical decision-support systems can augment their practical
applications. Advances in computational technologies, including
DL and radiomics, offer the possibility of developing distinct
imaging phenotypes. The construction of these ocular imaging
phenotypes can facilitate personalized disease management and
increase opportunities for precision medicine. These quantifiable
biomarkers and automated methods can be applied to
individualized medicine, where treatments are tailored to patient-
specific, longitudinally trackable biomarkers, and response
monitoring can be achieved with high accuracy. Despite the
integration of AI with OCTA image information in DR research,
a standardized CAD system remains elusive. The evaluation criteria
for learning models across different AT clinical studies are not well-
defined. It is crucial to assess these models based on uniform and
standardized criteria to enhance the overall proficiency of Al
clinical studies in DR applications using OCTA (113).

9 Shortcomings of OCTA in DR

OCTA has several limitations, including a limited field of view
and an inability to visualize certain DR-characteristic lesions such
as vascular leakage, as well as increased susceptibility to artifacts
during the technique’s application, such as blinking, motion, and
vascular reimaging. Additionally, OCTA cannot detect blood flow
below the slowest detectable flow rate (66). Traditional markers for
DR diagnostic grading, such as blood-retinal barrier disruption and
vascular leakage, lack clear diagnostic markers in OCTA. The
standardization of output from different OCTA instruments also
significantly impacts the subsequent processing of image data.
Current OCTA imaging also faces challenges, such as the inability
to detect some ischemic vessels, specific blood flow rate
requirements, low imaging efficiency for larger resolution images,
and the inevitable formation of noise and artifacts due to subject eye
movements during the imaging process. OCTA has a limitation in
effectively identifying detailed lesion structures and comprehending
the overall architecture of the retinal vasculature in DR.

Further research is needed to determine the utility of OCTA in
clinical settings, given its relatively short history of clinical
application, and to explore its potential for detailed visualization
of the retinal vasculature. Subsequently, OCTA parameters and
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settings need to be standardized, and standardized guidelines based
on the application of OCTA for DR diagnostic grading should be
developed. Despite these disadvantages, OCTA offers the advantage
of being noninvasive and capable of obtaining volume scans
segmented to a specific depth within seconds. Future
advancements should focus on obtaining a larger field of view,
faster scanning speeds, and higher resolution.

While AI demonstrates high accuracy (100), automation, and
potential for early screening in resource-limited settings, its clinical
application faces challenges: 1) High-cost dependency on large
annotated datasets for training robust models; 2) Limited
generalizability, exemplified by Le et al.’s (2020) external validation
accuracy of 70.83% (114); 3) Reduced clinical trust due to the black-
box nature of DL; 4) Misclassification risks from artifacts (e.g.,
projection artifacts, motion artifacts); 5) Widespread neglect of age-
stratified corrections in current models, leading to misdiagnosis of
age-related VD/FD decline as DR progression or underestimation of
early pathological signs in younger patients.

Future advancements should prioritize: developing
interpretable Al frameworks with age-adaptive feature decoupling
to distinguish physiological aging from pathological changes;
establishing multicenter age-stratified cohort validation systems
and age-specific reference standards; optimizing artifact
correction through interdisciplinary collaboration; and promoting
standardized CAD systems (115) for unified evaluation. Despite
challenges in data scalability, model generalizability, and image
quality dependency, the synergy of AI and OCTA holds
transformative potential for precise DR management (116).
Crucially, AI should be positioned as a clinical aid to enhance
diagnostic objectivity, not as a replacement for expert judgment.

10 Conclusion

Since the advent of OCT A imaging technology, numerous clinical
studies have explored its applications. OCTA is a common
noninvasive method for examining retinal diseases, offering
simplicity and convenience. Its advantages—noninvasiveness, dye-
free imaging, rapid processing, and accurate blood flow localization—
have led to its swift adoption in ocular examinations.

Initially, OCTA was primarily an auxiliary imaging tool for DR
due to its unique imaging capabilities. However, as clinical studies
progressed and the technology evolved, OCTA has increasingly been
used to assess retinal nerve and vascular function in DR. It is
particularly sensitive in detecting subtle lesions indicative of DR and
DM before they manifest. OCTA aids in diagnosing and classifying
established DR and can predict and manage retinal conditions in DM
patients without DR. It can also identify retinal microcirculation states
in prediabetic patients, which is beneficial for community screening
and managing DM-related ocular complications.

Recent advances in OCTA for DR have focused on enhancing
image resolution and improving software algorithms to better
visualize microvascular changes. These improvements allow for
earlier DR detection, detailed retinal vasculature mapping, and
non-invasive DR progression monitoring. Enhanced OCTA
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technology also facilitates more accurate treatment efficacy
assessments, improving patient management and outcomes.
OCTA has the potential to serve as an independent predictor of
DR. In clinical applications, OCTA is commonly used as a
supplementary diagnostic tool for DR grading. Current
technological developments aim to collect high-resolution, wide-
field OCTA images faster, leveraging AI's powerful processing
capabilities. Further exploration is needed to standardize OCTA
outputs and terminology across different instruments to fully realize
its potential in diagnosing, evaluating, and predicting DR.

Although OCTA is not yet a standalone diagnostic criterion for
DM in ocular imaging, the emergence of UWF-OCTA and Al
integration in ophthalmology has identified more diagnostic and
clinically relevant OCTA biomarkers. Despite the lack of
standardized grading and interpretation methods for DR
assessment, ongoing clinical research and advanced AI models are
expected to establish Diagnostic Classification Guidelines for
OCTA in DR soon. OCTA will continue to explore new
biomarkers and practical applications, playing an increasingly
significant role in the prediction, diagnosis, and management of
DR across various scenarios.
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