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Abstract

Diabetic retinopathy (DR) is a prevalent complication of diabetes and a leading cause of blindness and vision impairment on a global scale. Pre-
sently, there are no treatments that cure or permanently halt the progression of DR; existing interventions primarily target advanced stages of the
disease, often after significant vision loss has occurred. There is an urgent need for innovative therapeutic approaches addressing early-stage DR
before irreversible retinal damage occurs. The use of cellular and animal models is crucial for understanding the cellular and molecular mechanis-
ms underlying DR, allowing for the development of more effective therapeutic strategies and advancement in the treatment of this devastating
ocular complication. However, choosing the best preclinical model is challenging due to the high number of factors that need to be considered.
Here, we provide an overview of the current state-of-the-art in the field of DR research and explore prospective avenues to expedite advance-
ments, ultimately leading to the creation of efficacious and timely interventions.
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Resumo

A retinopatia diabética (RD) é uma complicacdo prevalente da diabetes e uma das principais causas de cegueira e diminuigao significativa da
acuidade visual a escala global. Atualmente, ndo existem tratamentos que curem ou travem permanentemente a progressao da RD. As interven-
¢Oes existentes visam principalmente as fases avancadas da doenga, muitas vezes depois de ter ocorrido uma perda significativa da visdo. Ha uma
necessidade urgente de abordagens terapéuticas inovadoras que tratem a RD nos seus estadios iniciais, antes de ocorrerem danos irreversiveis na
retina. A utilizagdo de modelos celulares e animais é crucial para a compreensdo dos mecanismos celulares e moleculares subjacentes a RD, permi-
tindo o desenvolvimento de estratégias terapéuticas mais eficazes e o avango no tratamento desta complicacdo ocular devastadora. No entanto,
a escolha do melhor modelo pré-clinico € um desafio devido ao grande nimero de fatores que tém de ser considerados. Aqui, apresentamos
uma visao geral do estado da arte atual no campo da investigacdo da RD e exploramos vias prospetivas para acelerar os avancos, conduzindo, em
Ultima analise, a criacdo de intervengdes eficazes e oportunas.
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Diabetic retinopathy (DR) is a major complication of dia-
betes affecting 146 million people worldwide and a lea-
ding cause of visual impairment and blindness in
working-age adults, according to the World Health Or-
ganization (WHO). DR exhibits a gradual progression
over 10-15 years following the diagnosis of diabetes,
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liferative DR — PDR) by structural lesions leading to com-
promised visual acuity. ® Approximately one-third of
diabetic patients exhibit signs of DR, with about one-
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-tenth at risk of vision loss due to PDR or diabetic macu-
lar edema (DME), a complication associated with DR
characterized by fluid accumulation in the central re-
gion of the retina known as the macula. @

The classification of DR into stages, as per the “Early
Treatment of Diabetic Retinopathy Study (ETDRS)" clas-
sification, @ relies on observable ophthalmologic chan-
ges and the occurrence of retinal neovascularization.
The early stage, known as preclinical retinopathy, shows
no alterations in the fundus. The disease can progress to
mild NPDR, characterized by the presence of some mi-
croaneurysms. The third stage corresponds to moderate
NPDR, characterized by microaneurysms, hard exudates
(lipid deposits in the retina originating from lipoprotein
leakage from the retinal microvasculature), cotton-wool
spots, intraretinal microvascular abnormalities (IRMAs),
and intraretinal hemorrhages or venous beading. Mi-
croaneurysm formation is associated with localized pro-
liferation of endothelial cells, loss of pericytes, and alte-
rations in the capillary basement membrane. @ In severe
NPDR, signs of retinal ischemia appear, consisting of
cotton-wool spots, IRMAs, several regions with lack of
capillary perfusion, and increased venous tortuosity.
About 50% of patients with severe NPDR progress to se-
vere PDR within one year. ® PDR refers to a severe stage
of DR characterized by the proliferation of new blood
vessels on the surface of the retina and on the posterior
surface of the vitreous (Figure 1). 7

Currently, DR is recognized as a multifaceted complica-
tion wherein neurodegeneration also plays a key role,
being defined as a neurovascular (NVU) complication. In
early-stage DR, pathogenic mechanisms involve impair-
ment of the NVU and retinal capillary regression. ® This
is characterized by glial activation and neurodegenera-
tion of retinal ganglion cells (RGC) and photoreceptors,
as well as the loss of endothelial cells and pericytes, re-
sulting in the breakdown of the blood-retinal barrier
(BRB). Capillary occlusion due to the narrowing of capi-
llaries and regression or loss of retinal capillaries due to
cell loss contribute to the disruption of the BRB, leakage
of fluid into the retinal tissue, and the development of
ischemia. This ischemic environment stimulates the re-
lease of the important vascular endothelial growth fac-
tor (VEGF), which promotes the growth of abnormal
blood vessels (neovascularization) as a compensatory
mechanism to restore oxygen supply.

Treatment options for DR vary depending on the stage
of the disease. In the early stages of DR, when there is no
significant vision loss, with only small areas of microvas-
cular lesions, treatment typically focuses on controlling
risk factors such as blood glucose levels, blood pressure,
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and cholesterol through lifestyle changes and medica-
tions. As DR progresses to more advanced stages, such
as PDR or DME, invasive treatment options may be ne-
cessary to prevent further vision loss, such as retinal
photocoagulation, intravitreal administration of corti-
costeroids and anti-VEGF inhibitors, and vitrectomy. 0
However, these invasive treatments are merely palliati-
ve, ineffective in preventing DR onset or progression,
and sadly, many patients do not adequately respond to
the treatment. © Innovative therapeutic solutions for
early disease stages are needed to avoid progression to
severe forms leading to vision compromise. Also, novel,
and more effective treatments for the disease’s later sta-
ges remain an unmet need. Importantly, the identifica-
tion of novel therapeutic approaches is inherently inter-
twined with and constrained by the extent of our
understanding of the mechanistic complexities of pa-
thophysiology, primarily attributed to limitations in
existing disease models.

> OXIDATIVE STRESS AND INFLAMMATION IN
DIABETIC RETINOPATHY

Chronic hyperglycemia-associated oxidative stress and
low-grade inflammation are key factors in the onset and
progression of DR. The precise mechanisms linking oxi-
dative stress to inflammation and vice versa remain in-
completely understood. Oxidative stress triggers cytoki-
ne production by activating transcription factors like
NF-kB, STAT, and activator protein-1, which promote
cytokine gene transcription. NF-kB activity is elevated in
endothelial cells, pericytes, and glial cells in experimen-
tal DR models and diabetic patients’ retinas. ™™ Inhibi-
ting NF-kB suppresses the production of pro-inflamma-
tory cytokines, underscoring the pivotal role of NF-kB in
diabetic retinal inflammation. %

Also, cytokines promote reactive oxygen species (ROS)
production. Tumor necrosis factor (TNF), Interleukin
(IL)-1B, and interferon-y induce ROS generation in reti-
nal pigment epithelial (RPE) cells through mitochondria
and nicotinamide adenine dinucleotide phosphate oxi-
dase (Nox) pathways. Chemokine (C-C motif) ligand 2
(CCL2) production during retinal vascular inflammation
involves Nox pathway activation via NF-kB and Akt sig-
naling. IL-1B intravitreal administration increases retinal
oxidative stress akin to diabetes models. Pro-inflamma-
tory cytokines induce ROS and nitric oxide (NO) forma-
tion, reducing small heat shock protein 27 (HSP27) le-
vels and causing retinal endothelial cell apoptosis. ™
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Figure 1 - Stages of diabetic retinopathy (DR) progression. Main molecular, cellular and clinical alterations occurring on the different stages of the disease:
i) early DR where no clinical alterations are visible; i) mild NPDR with few microaneurysms (white arrow); i) moderate NPDR with hemorrhages (dash white
arrow) and hard exudates (black arrow); iv) severe NPDR with several hemorrhages, LASER photocoagulation marks (grew arrow), hard exudates (black arrow),
hemorrhages(dash white arrow); v) PDR with LASER photocoagulation marks (grew arrow), preretinal hemorrhage and neovascularization. Figure generated

using BioRender (biorender.com/).

> ROLE OF LOCAL VASCULAR NETWORK

DR has traditionally been considered a microvascular di-
sease, largely due to the fact that primary screening
tests predominantly detect microvascular alterations. (®
However, beyond the observable changes such as mi-
croaneurysms and neovascularization, other retinal cell
types are affected by diabetes, potentially contributing
to visual impairment.

Indeed, retinal neurodegeneration is an early event in

DR preceding vascular alterations. ¢'81 The impact of
hyperglycemia on the retina is profound, initiating a
cascade of biochemical and molecular events that con-
tribute to the development and progression of DR (Fi-
gure 1). There are several biochemical alterations that
occur in the diabetic retina. For instance, the advanced
glycation end-products (AGEs), that are formed through
non-enzymatic glycation of proteins, can accumulate in
retinal tissues, disrupting cellular function and promo-
ting a pro-inflammatory state. ™ In addition, there is
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dysregulation of polyol pathway enzymes, increased
oxidative stress, abnormal activation of the protein kina-
se C (PKC) pathway and activation of pro-inflammatory
cytokines. ™ The activation of these pathways leads to
the degeneration of the neural retina in the inner retina.
RGCs, located in the inner retina, are the more suscepti-
ble cells to hyperglycaemia, ©® and their loss has been
detected in diabetic rats and diabetic patients either wi-
thout or with only minimal DR. 72V |n addition to RGCs,
amacrine cells, and photoreceptors have shown an in-
creased apoptotic rate in diabetic retinas. ?2-24

> MICROVASCULAR CHANGES IN DIABETIC
RETINOPATHY

DR involves progressive changes in the retinal microvas-
culature alongside damage to the neural and glial cells
that support retinal function. @

The retinal vascular endothelium is a monolayer of cells
covering the vascular lumen within the retina, facilita-
ting the supply and drainage of the inner retina. Func-
tionally, it acts as a selective barrier, known as the inner
BRB, regulating the passage of macromolecules while
maintaining the local microenvironment. Simultaneous-
ly, it ensures the provision of oxygen and nutrients to the
neural retina. However, under conditions like hypergly-
cemia, retinal endothelial cells become susceptible to
damage. Hyperglycemia triggers a cascade of signaling
events in endothelial cells, leading to metabolic and
biochemical abnormalities. Superoxide anions, overpro-
duced by the mitochondria under hyperglycemic condi-
tions, initiate various biochemical pathways implicated
in the pathogenesis of DR. @® These pathways include
increased flux through the polyol pathway, enhanced
non-enzymatic glycation, elevated diacylglycerol pro-
duction, and stimulation of PKC. Consequently, ROS
production rises, exacerbating oxidative stress and cau-
sing biochemical and metabolic imbalances. @®
Moreover, hyperglycemia-induced superoxide produc-
tion can leave a lasting impact on vascular cells, contri-
buting to the development of microvascular abnormali-
ties. This phenomenon, termed metabolic memory,
involves the accumulation of harmful agents like AGEs,
perpetuating oxidative stress even after glycemic control
is restored. The resultant epigenetic changes, including
DNA methylation and histone modifications, further
promote DR progression. @" Histological examinations
have revealed consistent features in diabetic retinas, in-
cluding loss of retinal capillary pericytes and endothelial
cells, pericyte dropout, and formation of acellular capi-
llaries and microaneurysms. These changes lead to de-
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creased retinal perfusion, capillary basement thicke-
ning, and induction of biochemical alterations. @®
Additionally, non-vascular cells like Miiller cells and glial
cells undergo apoptosis, contributing to retinal ische-
mia, and increased expression and release of several
growth factors and pro-inflammatory cytokines. In fact,
increased production of VEGF plays a pivotal role in pa-
thological angiogenesis in PDR. @@ Increased levels of
other factors such as angiopoietin-1 and -2, erythro-
poietin, and TNF were found to orchestrate protease
production, endothelial cell proliferation, migration,
and tube formation, ultimately determining the develo-
pment and progression of PDR. 039

> IN VITRO MODELS FOR DIABETIC RETINOPATHY

In vitro models of DR have had a crucial role in our un-
derstanding of this pathology. Specifically, two-dimen-
sional (2D) models of DR contributed to the characteri-
zation of molecular and biochemical alterations that
lead to retinal damage during diabetic conditions.
Retinal endothelial cell models have been extensively
investigated to gain valuable insights into DR microvas-
culopathy. Most in vitro cell cultures use isolated endo-
thelial cells, mainly from bovine, human and monkey. ¢2
These studies allowed to identify several causes of en-
dothelial dysfunction in DR, such as the AGEs and their
receptors (RAGE), disruption of peroxisome proliferator-
-activated receptor-y (PPARy), chronic inflammation,
oxidative stress, and dysregulated growth factors,
cytokines, and microRNA (miRNA) networks. ¢3
Following, the loss of pericytes has great consequences
on blood vessel remodeling in the diabetic eye. In the
past years, studies found pericytes to be essential in
the formation and maturation of BRB at the postnatal
stage, while remaining indispensable in the adult sta-
ble retinal blood vessels. 4 Pericytes can either be iso-
lated from human, murine, and bovine tissues, ¢ or
obtain commercially. For example, studies using this
approach showed a novel inflammatory pathway me-
diated by macrophages and pro-apoptotic BIGH3 pro-
tein. G0

Mller glia cells are the main macroglia that cross the
whole retina, enclosing both the endothelial and the
neuroretina cells. In later stages of DR, the inflammatory
factors and cytokines secreted by activated Miiller glia
cells increases apoptosis and promotes further abnor-
mal secretion of cytokines, leading to damage of the
BRB. " These dysfunctions can be studied using either
isolated cells from human tissue, or derived-human and
rat cells lines, and more recently, through the isolation
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of Miiller glia cells from induced pluripotent stem cells
(iPSC) derived-retinal organoids. ¢®

Regarding inflammation, microglia cells are key players
in the Central Nervous system (CNS) and the retina,
constantly monitoring their surroundings for signs of
damage. In DR, microglia activation occurs in the early
stages, most likely promoting the pro-inflammatory en-
vironment and contributing to disease progression. ¢9
Research on human microglia in DR s still relatively limi-
ted, although some emerging studies on the matter, use
commercially available immortalized human microglial
lines, 6749 microglia isolated from postmortem human
retinal tissue ® or differentiated from iPSCs, “2 but few
studies address DR.

The RPE cells play a role in retinal homeostasis, in photo-
receptor function, and contribute to the integrity of the
outer BRB. In DR, RPE cells are involved in the DME, and
loss production of the trophic factor pigment epithelial-
-derived factor (PEDF), leading to pericyte loss and en-
dothelial damage. Primary cultures RPE can easily be
isolated and grown from bovine, porcine, murine, and
human retinal tissues. Plus, extensive studies have relied
on a spontaneously immortalized cell line ARPE-19, ¥
that replicates several characteristics of human RPE.
Moving into the inner retina, the RGCs collect optical in-
formation and transmit it to the brain via the optic ner-
ve. In DR, they are more susceptible to hyperglycemia
and become damaged in the early stages, ?® even befo-
re the onset of vascular damage, “¥ having their func-
tion impaired, leading to their subsequent loss. “ Early
studies used the immortalized RGC-derived cell line,
RGC5, to study the effects of hyperglycemia in RGCs. “9
Nevertheless, later data came to show concerns regar-
ding the nature of the cell line. “® Primary cultures of
RGCs can also be established by isolating them from ro-
dent retinas. “? Human RGCs have recently been gene-
rated from iPSCs opening new possibilities for future
studies in DR pathophysiology mechanisms. #4849
Understanding the role of photoreceptors damage in
DR pathogenesis is a complex task, as they are reported
to be notoriously difficult to isolate and grow in culture.
Most studies on macular degeneration and retinal cilio-
pathies rely on a mouse SV40 T antigen transformed
photoreceptor cell line 661W. %50 Exposure of the 661W
cells to high glucose to mimic DR, led to significant fin-
dings on oxidative stress, gene expression, viability,
apoptosis, and mitochondrial function. ©2

Nevertheless, all previously referred 2D models fail to
reconstitute the complex in vivo physiological environ-
ment since they lack diverse cell types, tissue architectu-
re, and mechanical and biochemical signaling dynamics.
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The development of iPSCs, derived from somatic cells of
an individual that can differentiate into other adult cell
types, allowed the development of three-dimensional
(3D) models, called organoids, for research and clinical
applications. Organoids can model a variety of tissues
and organs, and their complexities. Specifically for dia-
betes, studies were already performed using organoids
of the pancreas, liver, gut, muscle, and adipose tissue,
plus organs affected by its complications, such as blood
vessels, 3 retina, *¥ kidney, and nerves. 5%

Particularly, retinal organoids (RO) can recapitulate the
human neuroretina with their cellular organization, cell-
-cell interactions, and were even found to be light-res-
ponsive. ©73¥ |n recent years, ROs have been used to mo-
del inherited retinal diseases ©%, in applications in
regenerative medicine, ®® and for screening of potential
therapeutic drugs of toxicological studies. © We recently
generated a model using ROs, mimicking neurodegene-
ration and glial reactivity occurring in early DR, before
vascular alterations are visible. ® In particular, this mo-
del reproduced loss of ganglion and amacrine cells, glial
reactivity, inflammation, and elevated oxidative stress. ¢

> ANIMAL MODELS OF DIABETIC RETINOPATHY

Rodents serve as valuable models for investigating the
etiology and pathogenesis of DR and for testing poten-
tial therapies. However, it is important to note that they
may not perfectly replicate all aspects of human DR,
particularly its proliferative stage characterized by neo-
vascularization and retinal detachment.

Although no single animal model fully mimics all as-
pects of human DR, they provide valuable insights into
its molecular and cellular mechanisms. Over the years,
various genetic rodent models have been developed to
simulate certain features of clinical DR and to evaluate
new treatments. However, models involving transgenic
animals overexpressing VEGF in retinal cells, while exhi-
biting neovascularization, do not fully replicate the me-
tabolic changes associated with prolonged hyperglyce-
mia or the progressive nature of DR seen in humans.
High-fat diet (HFD) feeding protocols are commonly
used to induce obesity and early T2D conditions in ro-
dents, including insulin resistance (IR). However, retinal
microvascular lesions like those observed in human DR
typically develop only after prolonged HFD consump-
tion. For instance, studies on C57BL/6 mice fed HFD for
16-20 weeks showed RGC dysfunction, while increased
retinal vascular permeability, a key feature of early DR,
occurred only after 48 weeks of HFD feeding. ©263) Fur-
thermore, in some cases, HFD-induced obesity may lead
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to neural retinal dysfunction even before the onset of
systemic hyperglycemia. Another study using Swiss mi-
ce fed HFD for 8 weeks showed increased body weight
and fasting glucose levels, with subsequent inflamma-
tory changes in retinal tissue and elevated levels of VE-
GF inducers after 16 weeks of HFD feeding.

A widely accepted rodent model for studying retinal
complications in T2D involves combining a HFD with
streptozotocin (STZ) injection to induce chronic hyper-
glycemia. ® C57BL/6J mice fed an HFD for 12 weeks and
then injected intraperitoneally with a low dose of STZ
(30 mg/kg) for 7 consecutive days, followed by another
12 weeks, exhibited features of early-stage DR, including
loss of pericytes, formation of acellular capillaries, in-
creased retinal vascular leakage, oxidative stress (evi-
denced by increased ROS production and NOX2 expres-
sion, along with decreased superoxide dismutase 2
(SOD2)), pro-inflammatory state (elevated TNF, IL-1f,
and VEGF), and increased apoptosis. € Similarly, Spra-
gue-Dawley rats, when fed an HFD combined with a sin-
gle STZ injection at the same dosage, developed early-
-stage DR features after 16 weeks, including abnormal
b-waves and outer nuclear layer (ONL) thickness reduc-
tion compared to controls. ¢

Another animal model of DR involves subjecting ro-
dents to combined stressors commonly encountered in
human diets, such as an HFD combined with high sugar
intake, such as fructose. Wistar rats fed a high-fat and
fructose diet (HFFD) for 56 weeks and injected intraperi-
toneally with low-dose STZ multiple times can recapitu-
late aspects of diet-induced T2DM observed in humans.
As early as week 20, these rats show retinal morphologi-
cal lesions, including retinal parenchyma thickening and
pathological neovascularization. ©®

> CONCLUSIONS

DR is a public health problem with a major impact on
the economy of developed countries. The costs of treat-
ment correspond to only a part of the costs of the disea-
se, since patients with worse visual acuity not only requi-
re increased eye care but also other care with indirect
medical costs, with comorbid conditions such as depres-
sion (~ 30%), falls leading to hip fractures and other re-
lated injuries. It is, therefore, a disease that affects not
only the quality of life of these patients, but it is also an
economic burden for society.

Addressing DR effectively necessitates a dual approach.
Firstly, improving early diagnosis, through advance-
ments in retinal imaging tools and functional diagnos-
tics, coupled with the identification of novel biomarkers
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- structural, functional, and molecular — can lead to the
discovery of new surrogate endpoints, thus improving
the robustness of clinical trials. Simultaneously, urgent
attention must be directed towards elucidating the
disease’s triggering mechanisms, thereby identifying
new therapeutic targets tailored for early-stage inter-
vention to prevent progression towards severe forms
that compromise vision. Such developments can poten-
tially control the progression of retinopathies before vi-
sion is adversely affected. Novel effective treatments for
the disease’s later stages, where vision loss occurs, re-
main also an unmet need.

DR research strongly relies on experimental models,
which bridge the gap between preclinical stages and cli-
nical treatments. The generation of human-based mo-
dels derived from hiPSCs represents a cutting-edge ap-
proach for both fundamental research and clinical use.
Indeed, RO-based models offer greater versatility, ena-
bling precise control over experimental conditions, such
as drug concentrations and nutrient supply, which can
prove challenging to regulate consistently in vivo mo-
dels. Despite lacking vascular and microglia compo-
nents, the integration of ROS with vascular organoids
through assembloids presents a viable strategy, ©¥ ge-
nerating more complex models that serve as a powerful
platform for DR research. Also, the rapid development
of microphysiological systems (MPS) is contributing to
the improvement of in vitro disease models, potentially
refining drug discovery 7 as well as compliance with re-
ducing animal-based studies. Furthermore, the integra-
tion of artificial intelligence and machine learning algo-
rithms may facilitate the identification of predictive
biomarkers for early disease detection and personalized
treatment approaches.

Ultimately, by pursuing a multidimensional approach
that integrates basic research, translational studies, and
innovations in healthcare development, it is possible to
promote the development of effective and timely inter-
ventions for DR, thus mitigating its devastating impact
on global vision health.
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