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Abstract
Purpose  Diabetic retinopathy (DR) is a complication of diabetes and a primary cause of visual impairment amongst working-
age individuals. DR is a degenerative condition in which hyperglycaemia results in morphological and functional changes in 
certain retinal cells. Existing treatments mainly address the advanced stages of the disease, which involve vascular defects 
or neovascularization. However, it is now known that retinal neurodegeneration and inflammation precede these vascular 
changes as early events of DR. Therefore, there is a pressing need to develop a reliable human in vitro model that mimics 
the early stage of DR to identify new therapeutic approaches to prevent and delay its progression.
Methods  Here, we used human-induced pluripotent stem cells (hiPSCs) differentiated into three-dimensional (3D) retinal 
organoids, which resemble the complexity of the retinal tissue. Retinal organoids were subjected to high-glucose conditions 
to generate a model of early DR.
Results  Our model showed well-established molecular and cellular features of early DR, such as (i) loss of retinal ganglion 
and amacrine cells; (ii) glial reactivity and inflammation, with increased expression of the vascular endothelial-derived 
growth factor (VEGF) and interleukin-1β (IL-1β), and monocyte chemoattractant protein-1 (MCP-1) secretion; and (iii) 
increased levels of reactive oxygen species accompanied by activation of key enzymes involved in antioxidative stress 
response.
Conclusion  The data provided highlight the utility of retinal organoid technology in modelling early-stage DR. This offers 
new avenues for the development of targeted therapeutic interventions on neurodegeneration and inflammation in the initial 
phase of DR, potentially slowing the disease’s progression.
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Introduction

Diabetic retinopathy (DR) is a common complication of dia-
betes and a leading cause of vision loss worldwide [1–3]. 
The traditional model of DR as a microvascular disease 
has evolved. It is now well-established that neurodegenera-
tion is not only significant in DR but is also considered an 
early event, preceding visible microvascular abnormalities. 
This fact is referred to as diabetic retinal neurodegeneration 
(DRN) [4–6]. However, there are no treatments targeting 
the early stages of the disease before the onset of vascu-
lar defects such as macular edema or neovascularization or 
before retinal neurodegeneration occurs [7–9]. Although 
reactive gliosis, neural apoptosis, and microvascular dys-
function can be interdependent and essential for developing 
DR, neuroprotection can be considered a therapeutic target 
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per se [4, 5]. Consequently, it is of paramount importance 
to elucidate the intricate molecular and cellular mecha-
nisms underpinning DRN and to develop novel therapeutic 
approaches targeting its early stages, thereby mitigating the 
disease’s progression.

Hyperglycaemia, hypertension and diabetes duration are 
considered the established risk factors for developing DR 
[10–12]. Several cellular pathways have been proposed to 
explain DR. The most studied mechanisms are increased pol-
yol and hexosamine pathways flux, increased advanced gly-
cation end-products (AGE) formation, abnormal activation 
of protein kinase C (PKC) pathway, and increased oxidative 
stress [10]. Common grounds for all these mechanisms are 
oxidative stress, inflammation, vascular occlusion, upregu-
lation of factors such as insulin-like growth factor (IGF), 
vascular endothelial growth factor (VEGF), tumour necrosis 
factor (TNF), and basic fibroblast growth factor-2 (bFGF). 
The activation of these pathways leads to the degeneration 
of the neural retina and capillary abnormalities in the inner 
retina. Neural apoptosis and reactive gliosis are considered 
the most important histological features of DR. Retinal gan-
glion cells (RGCs), located in the inner retina, are the more 
susceptible cells to hyperglycaemia [13], and RGCs loss has 
been detected in diabetic rats and diabetic patients either 
without or with only minimal DR [13–18]. In addition to 
RGCs, amacrine cells, and photoreceptors have shown an 
increased apoptotic rate in diabetic retinas [18–20].

In the last decades, in vitro two-dimensional (2D) models 
of DR have contributed to characterize the cellular processes 
of retinal damage during diabetic conditions. These models 
provide simpler systems of one or two cell types in inter-
action for studying the cytotoxic effects of high glucose, 
glutamate, or AGEs [21]. Particularly, cell cultures of dorsal 
root ganglion cells, cortical and hippocampal neurons, and 
RGCs were frequently used to highlight the early events in 
DR [22–24]. The involvement of Müller glia in DR was also 
explored on primary Müller cells and established Müller 
cell lines and have contributed to understanding the proin-
flammatory role of Müller cells in high-glucose conditions 
[25–27].

Organotypic retinal cultures, or retinal explants, which 
preserve the histotypic architecture of the retina have been 
established to elucidate the interplay between neuronal and 
glial compartments in the context of DR. Nevertheless, these 
models pose challenges in regard to duration and the viabil-
ity of the in vitro culture [21, 28, 29].

Up to now, several animal models have been proposed 
to study the molecular and cellular mechanisms of DR, 
such as inducted hyperglycaemia, spontaneously diabetic 
rodents, genetic DR models carrying mutations in the 
leptin or insulin-2 genes, alongside models of angiogen-
esis without diabetes [30–33]. However, rodent models 
inherently possess distinct disparities when compared 

with human retinas. Key differences include the lack of a 
cone-rich macula, different distribution, and types of pho-
toreceptor cells, as well as different proportions of other 
retinal cellular subtypes [34]. Due to these differences, the 
direct translation of findings derived from animal models 
to humans is limited [35].

The advent of stem cell-based models and cell tech-
nologies has opened new avenues for basic research and 
clinical applications. In the retina field, the development 
of three-dimensional (3D) retinal organoids derived 
from pluripotent embryonic stem cells is at the forefront 
of these efforts [36–38]. Specifically, retinal organoids 
derived from human induced pluripotent stem cells (hiP-
SCs) largely resemble the human tissue architecture and 
recapitulate the cellular interactions, which is crucial to 
the development and function of their in vivo counterparts 
[35, 39–42]. Organoids are emerging not only to be an 
effective model in the translational arena but also a valu-
able tool for understanding human development, physiol-
ogy, and disease [43, 44]. In recent years, retinal organoids 
have been used as models for several purposes such as to 
identify the mechanisms of inherited retinal degenerative 
diseases [45], to test advanced therapies based on adeno-
associated virus (AAV) infection for retinal cells [46, 47], 
for RNA-based therapies [48], to study retinal viral infec-
tions such as severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) [49], and as a source of human 
cone photoreceptors for cell replacement therapies [50]. 
Moreover, retinal organoids are also being explored in 
novel microphysiological systems (MPS) involving retina-
on-chip co-culture approaches [51].

To the best of our knowledge, we have established the 
first 3D human retinal organoid model to study the early 
molecular mechanisms in DR. We cultured retinal orga-
noids derived from hiPSCs under high-glucose conditions 
to mimic the retinal environment in DR. We observed reti-
nal neurodegeneration, specifically in retinal ganglion and 
amacrine cells, and an inflammatory response accompanied 
by the expression of interleukin-1β (IL-1β), VEGF and 
secretion of monocyte chemoattractant protein-1 (MCP-
1). Additionally, we found increased reactive oxygen spe-
cies (ROS) levels and activation of the antioxidative stress 
response and mTOR pathway. Our findings show that our 3D 
human retinal model successfully replicates several disease 
features of DRN, serving as an innovative platform for inves-
tigating DR mechanisms and pinpointing potential thera-
peutic targets. This approach offers a compelling preclinical 
model of early-stage DR, aligning with the 3Rs principle 
and the call for alternative and non-animal research meth-
odologies. Our methodology is poised to reduce reliance on 
animal models, enabling data prioritisation for subsequent 
validation and diminishing risks associated with data trans-
lation to human applications.
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Materials and methods

Human‑induced pluripotent stem cell (hiPSC) 
culture

hiPSC line (IMR90-4, WiCell) derived from a healthy 
donor and fully characterized was cultured with mTeSR™ 
Plus Medium (STEMCELL Technologies) on growth fac-
tor–reduced matrigel-coated 6-well plates (Corning) and 
used for all experiments in this study. The hiPSCs were 
routinely passaged using Versene (Gibco, Thermo Fisher 
Scientific) at a ratio of 1:4–1:6 in mTeSR™ Plus medium 
supplemented with 10 µM of ROCK inhibitor Y-27632 
(Focus Biomolecules) and maintained at 37 °C in a humid-
ified atmosphere containing 5% CO2.

Retinal organoid differentiation of hiPSCs

The method for hiPSCs differentiation towards reti-
nal organoids was carried out according to a previously 
described protocol [42] with slight modifications to 
improve the efficiency and reproducibility in the genera-
tion of retinal organoids. Briefly, hiPSCs at 80% of con-
fluence were lifted using Versene (Gibco, Thermo Fisher 
Scientific) and split at 3000 cells/well in a Nunclon Sphera 
96-well U-bottom plate (Thermo Fisher Scientific) using 
mTeSR™ Plus medium supplemented with 10  µM of 
ROCK inhibitor (Focus Biomolecules). The cells were 
grown as aggregates/embryoid bodies for 6 days, doing 
an adaptation to Neural Induction Medium (NIM) con-
taining DMEM/F12, 1% N2 supplement, 1 × non-essen-
tial amino acids, 1 × GlutaMax (all from Gibco, Thermo 
Fisher Scientific), and 2 mg/ml Heparin (Sigma-Aldrich). 
On day 6, 1.5 nM of bone morphogenic protein-4 (BMP4, 
Peprotech) was added to fresh NIM, and on day 7, EBs 
were transferred to growth factor–reduced matrigel-coated 
6-well plates (Corning). The medium was replaced by 
half-fresh NIM on days 9, 12, and 15. On day 16, the 
medium was replaced by retinal differentiation medium 
(RDM) containing DMEM:F12 (3:1), 2% B27 minus 
vitamin A, 1 × non-essential amino acids, 1 × GlutaMax, 
1 × antibiotic/antimycotic (all form Gibco, Thermo Fisher 
Scientific), and changed every 2–3 days. At day 30, optic 
vesicles were manually dissected using a surgical scal-
pel (SM65A, Swann-Morton Ltd) under the microscope 
EVOS XL core (Thermo Fisher Scientific). After dis-
section, organoids were maintained in suspension flasks 
(Sarstedt) in 3D-retinal differentiation medium (3D-RDM) 
containing DMEM:F12 (3:1), 2% B27 minus vitamin A, 
1 × non-essential amino acids, 1 × GlutaMax, 1 × antibi-
otic/antimycotic, 5% FBS, 1:1000 chemically defined lipid 

supplement (all from Gibco, Thermo Fisher Scientific), 
100 µM taurine (Sigma-Aldrich), and 1 µM of all-trans 
retinoic acid (RA, Sigma-Aldrich) until day 100. After 
this differentiation stage, organoids were maintained in 
3D-RDM and processed for high-glucose treatments.

High‑glucose treatments

Organoids on day 100 were exposed to different glucose 
concentrations. Namely, the 3D-RDM medium (containing 
a standard glucose concentration of 19 mM) was supple-
mented with D-glucose (Sigma-Aldrich) to a final concen-
tration of 50 mM and 75 mM. D-mannitol (Sigma-Aldrich) 
was used as osmotic control (56 mM of mannitol was added 
to the 19 mM of glucose already present in the 3D-RDM 
medium to obtain an equivalent osmolality as in the high-
est glucose condition, 75 mM). Control organoids were 
maintained in a regular 3D-RDM medium with 19 mM of 
glucose. Organoids were maintained for 6 days, with fresh 
medium exchange every other day. After treatment, orga-
noids were then collected for further analysis.

Measure of intracellular ROS levels

ROS was measured using the cell-permeable fluorogenic 
probe 2′,7′-Dichlorodihydroflurescein diacetate (DCF-DA, 
Sigma-Aldrich), widely used to determine the degree of 
overall oxidative stress. Briefly, after glucose treatment, 
organoids were incubated in a 3D-RDM medium with 
20 µM of DFC-DA for 1 h at 37 °C. Positive control was 
done using 0.5% H2O2 for 30 min. After incubation, orga-
noids were rinsed once in PBS and plated in chamber slides 
for live imaging using a confocal microscope Zeiss LSM 
980 (Zeiss). The mean fluorescence intensity per image was 
determined using Fiji (Image J) software.

Glutamine release assay

The glial function was quantified as an intracellular conversion 
of L-glutamate to L-glutamine [52]. L-glutamic acid (Sigma) 
was added at 3 mM in GlutaMax-free 3D-RDM medium on 
the third day of glucose treatment. Medium culture samples 
were collected on day 6, centrifugated at 200 g, 4 °C for 
10 min, and supernatants were collected for glutamine analy-
sis. GlutaMax-free 3D-RDM medium without L-glutamic acid 
was used as a negative control for determining the assay back-
ground. Glutamine quantifications were measured using Cedex 
Bio analyser 7100 (Roche), and concentrations were normal-
ized by the protein content of each sample (mmol/L/µg).
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Histology and immunofluorescence

Retinal organoids were fixed in 4% paraformaldehyde 
phosphate-buffer solution (PFA, Sigma) for 20 min at room 
temperature. Washed twice with phosphate-buffered saline 
(PBS) and incubated in 10% for 1 h, 20% for 1 h, and 30% 
sucrose solution overnight at 4 °C. Retinal organoids were 
placed into cryogenic moulds and immersed in optimum 
cutting temperature (OCT Cryomatrix, Fisher Scientific). 
About 12 µm slices were sectioned on a Leica CM3050 
S cryostat (Leica). Cut sections were permeabilized with 
0.05% Triton-X-100 (Sigma-Aldrich) in PBS for 15 min and 
were blocked in 10% Donkey Serum (DS) in PBS for 1 h. 
Primary antibodies were incubated in a blocking solution 
at 4 °C overnight. The following primary antibodies were 
used: mouse anti-AP2α (1:100, sc-12726, Santa Cruz Bio-
technology), goat anti-BRN3a (1:100, sc-31989, Santa Cruz 
Biotechnology), mouse anti-CRX (1:200, H00001406-M02, 
Abnova), rabbit anti-gamma Synuclein/SNCG (1:200, 
ab52633, Abcam), goat anti-OTX2 (1:100, AF1979, R&D 
Systems), rabbit anti-vimentin (1:200, 5741, Cell Signal-
ling), and Alexa Fluor 568 Phalloidin (1:400, A12380, Inv-
itrogen). Sections were then washed three times with PBS 
followed by incubation of secondary antibodies for 1 h at 
room temperature. The following secondary antibodies 
were used (all from Invitrogen and used at 1:1000 dilution): 
donkey anti-goat 488 (A11055), donkey anti-mouse 488 
(A21202), and donkey anti-rabbit 488 (A21206). Sections 
were then incubated with 4′,6-diamidino-2-phenylindole 
(DAPI, 1 µg/ml, Sigma-Aldrich), washed twice with PBS, 
and mounted with Vectashield-mounting medium (Vector 
Laboratories). Confocal images were acquired using Zeiss 
LSM 980 (Zeiss), and images were processed using ImageJ 
Software. Automatic fluorescence intensity quantification of 
vimentin and cell counting analysis was performed using 
the specific ImageJ plugins (at least five sections per condi-
tion were analysed from three independent experiments). 
For the quantitative cell-counting analysis, the number of 
retinal populations’ (specifically RGCs, amacrine cells, and 
photoreceptor progenitors) positive cells were expressed 
relative to the total number of DAPI-stained nuclei.

Fluoro‑Jade C staining

Fluoro-Jade C is an anionic fluorochrome commonly used 
for identifying degenerating neurons in the brain and in the 
retina regardless of the neurotoxic insult or the mechanism 
of cell death [53–55]. Fluoro-Jade C labelling was per-
formed on retinal organoids cryosections using the Fluoro-
Jade® C staining kit (Biosensis) following the manufac-
turer’s instructions. After co-incubation of Fluoro-Jade C 
and 4′,6-diamidino-2-phenylindole (DAPI), slides were 
air-dried for 10 min, cleared in xylene, and mounted with 

Entellan™ (Sigma-Aldrich) mounting media. Samples 
were analysed in the confocal microscope Zeiss LSM980 
(Zeiss), and Fluoro-Jade C+ cells of each section were 
evaluated. Quantitative analysis was performed using 
ImageJ Software, and Fluoro-Jade C+ cell counting was 
expressed relative to the total number of DAPI-stained 
nuclei (five sections per condition were analysed from 
three independent experiments).

Western blot analysis

Pools of 3 organoids were resuspended in cold lysis buffer 
(Cell Signaling Technology) supplemented with protease 
and phosphatase inhibitor cocktails (Roche) and sonicated 
twice for 3 s at 10% intensity in the Branson Digital Soni-
fier SFX 150 (Emerson). Lysates were then centrifuged at 
7500 g for 10 min at 4 °C, and supernatants were collected 
for protein quantification using the Pierce BCA protein 
assay kit (Thermo Scientific) following the manufacturer’s 
instructions. A total of 20 µg of protein from each lysate 
was resolved on 10% or 12% sodium dodecyl sulphate—
polyacrylamide gels (SDS-PAGE) and subsequently trans-
ferred to nitrocellulose membranes (Bio-Rad Laborato-
ries). Membranes were blocked using 5% non-fat dry milk 
or 5% bovine serum albumin (BSA) (Sigma-Aldrich) in 
Tris-buffered saline (TBS) (50 mM Tris, 150 mM NaCl, 
pH = 7.6) containing 0.1% Tween-20 (Sigma-Aldrich) 
(TBS-T). Primary Antibodies were incubated in a blocking 
solution overnight at 4 °C. The following primary antibod-
ies were used: rabbit anti-glutamine synthetase (1:1000, 
NB110-41404, Novus Biologicals), mouse anti-catalase 
(1:500, sc-271803, Santa Cruz Biotechnology), mouse 
anti-SOD1 (1:1000, sc-31989, Santa Cruz Biotechnol-
ogy), rabbit anti-SOD2 (1:1000, ab13533, Abcam), rabbit 
anti-phospho-Akt Ser473 (1:1000, 9271, Cell Signaling 
Technology), rabbit anti-Akt (1:1000, 9272, Cell Signaling 
Technology), rabbit anti-phospho-S6 ribosomal protein 
Ser235/236 (1:1000, 4858, Cell Signaling Technology), 
rabbit anti-S6 Ribosomal Protein (1:1000, 2217, Cell Sign-
aling Technology), and mouse anti-β-Actin-peroxidase 
(1:25000). After washing with TBS-T, the appropriate 
HRP-conjugated secondary antibody was added (1:5000 
in blocking buffer) for 2 h at room temperature. Secondary 
antibodies used are the donkey anti-rabbit HRP (NA934, 
Cytiva) and sheep anti-mouse HRP (NA931, Cytiva). Anti-
body binding was detected using chemiluminescence ECL 
Prime Western Blotting Substrate (Cytiva), and images 
were acquired on ChemiDoc Touch (Bio-Rad Laborato-
ries). The acquired images were processed and quantified 
using Image Lab software (Bio-Rad laboratories), and the 
protein of interest was normalized using β-Actin as a load-
ing control.
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RNA extraction and quantitative real‑time PCR

Total RNA from a pool of 3 organoids was isolated using 
the RNeasy mini kit (Qiagen) according to the manu-
facturer’s protocol. Overall, 1 µg of mRNA was reverse 
transcribed into cDNA using a Superscript II reverse 
transcriptase kit (Invitrogen). The cDNA samples were 
used for quantitative PCR in the LightCycler 96 system 
(Roche) using the FastStar Essential DNA Green Master 
(Roche) following the manufacturer’s instructions. Primer 
pairs were designed using Primer-BLAST (NCBI) and 
synthesized by Thermo Fisher Scientific. The following 
primer sequences were used (forward/reverse): AKT, (5′-
TGA​TCA​CCA​TCA​CAC​CAC​CT-3′/5′-CTG​GCC​GAG​TAG​
GAG​AAC​TG-3′); GPX, (5′-TGG​GCA​TCA​GGA​GAA​CGC​
CA-3′/5′-GCG​TAG​GGG​CAC​ACC​GTC​AG-3′); HIF1⍺, 
(5′-CAG​TCG​ACA​CAG​CCT​GGA​TA-3′/5′-GCG​GCC​TAA​
AAG​TTC​TTC​TG-3′); IL1B, (5′-GTT​TCT​CTG​CAG​AAA​
GAG​GC-3′/5′-AAT​GCC​AGA​GAT​GCA​TTG​G-3′); mTOR, 
(5′-CTG​GTT​TCA​CCA​AAC​CGT​CT-3′/5′-GCA​CGA​CGT​
CTT​CCA​GTA​CC-3′); SOD1, (5′-TGG​CCG​ATG​TGT​CTA​
TTG​AA-3′/5′-ACC​TTT​GCC​CAA​GTC​ATC​TG-3′); SOD2, 
(5′-TGG​TTT​CAA​TAA​GGA​ACG​GG-3′/5′-GAA​TAA​GGC​
CTG​TTG​TTC​CT-3′); VEGF, (5′-CCT​TGC​TGC​TCT​ACC​
TCC​AC-3′/5′-ATG​ATT​CTG​CCC​TCC​TCC​TT-3′); β-Actin, 
(5′-GAA​GAT​CAA​GAT​CAT​TGC​TCCTC-3′/5′-ATC​CAC​
ATC​TGC​TGG​AAG​G-3′). The expression levels were nor-
malized to the housekeeping β-Actin and fold change was 
calculated using the 2−∆∆Ct method.

Enzyme‑linked immunosorbent assay (ELISA)

MCP-1 levels secreted by organoids were assessed using 
the Human MCP-1 Standard TMB ELISA development 
kit (Peprotech) according to the manufacturer’s proto-
col. Briefly, cell supernatants were plated in duplicates 
and incubated with MCP-1 detection antibody and HRP-
streptavidin conjugate. After stopping colour development 
reaction, the absorbance was measured at 450 nm using 
a Synergy HT microplate reader (Agilent) and normal-
ized by the protein content of each sample ((ng/ml)/ µg 
of protein).

Data analysis and statistics

Statistical analyses between treatment groups and con-
trols were performed using Prism 8 (GraphPad Software). 
Data are presented as the mean ± SD, and statistical tests 
were conducted using the one-way ANOVA followed up 
by Tukey’s multiple comparison test. All statistical com-
parisons were performed on data from ≥ 3 biologically 

independent experiments. Significance is shown as 
*p < 0.05; **p < 0.01; ***p < 0.001.

Results

High‑glucose treatment induces neurodegeneration 
in retinal organoids

For this study, retinal organoids were generated from 
hiPSC line IMR90-4 according to the three-stage dif-
ferentiation protocol described by Capowski et al. [42]. 
We used retinal organoids differentiated for 100 days. At 
this stage, these organoids contain pivotal retinal cells 
affected in DR (Supplementary Fig. 1). Specifically, (i) 
most cells of the neuroretina are present, such as RGCs 
located in the basal region; (ii) photoreceptor progeni-
tors are found in the apical layers, and starburst amacrine 
cells are also identified [42; O’Hara-Wright and Gonza-
lez-Cordero, 2020]; (iii) Müller glia progenitors span the 
entire width of the organoid, mirroring the distribution 
of Müller cells in the human retina [94]; and (iv) the 
100-day organoids display a complete lamination of the 
inner retina [42]. Given these features, retinal organoids 
at 100 days of differentiation offer a physiologically rel-
evant model for disease modelling (Mahato et al., 2022), 
drug testing, and even cell transplantation [94]. First, 
we exposed retinal organoids with 100 days of differ-
entiation to either 19 mM of glucose (standard glucose 
concentration in the 3D-RDM medium) or high-glucose 
concentrations (50 and 75 mM) for 6 days. The nuclei 
staining with DAPI of cross-sections revealed a signifi-
cant increase in the percentage of pyknotic nuclei on the 
organoids exposed to 75 mM of glucose in comparison 
with control and 50 mM of glucose (Fig. 1A (images 
a–c) and B). Furthermore, mannitol-treated organoids 
did not show significant differences in the number of 
pyknotic nuclei in comparison with the control condi-
tion (Fig. 1A (image d) and B). In parallel, we evaluated 
neurodegeneration induced by high-glucose conditions 
by assessing the percentage of positive cells for Fluoro-
Jade-C (FJ-C) staining, which is considered a reliable 
marker of degenerating immature and mature neurons, 
including apoptotic, necrotic, and autophagic cells 
[56]. We observed a significantly increased percent-
age of FJ-C positive cells in cross-sections of organoids 
exposed to 75 mM compared to the control condition  
(Fig. 1A (images e–h) and C).

Overall, these data show that the exposure of the retinal 
organoids to high glucose induces cell death and neurode-
generation, as reported in the early stages of DR in both 
animal models and in the eyes of diabetic patients [4–9, 18].
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High‑glucose treatment induces retinal ganglion 
and amacrine cell loss in retinal organoids

High‑glucose treatment induces inflammation 
in retinal organoids

Fig. 1   High-glucose treatment 
induces neurodegeneration of 
retinal organoids. A Cross-
sectional images of retinal orga-
noids with DAPI nuclei staining 
(in blue) showing pyknotic 
nuclei (a–d) and (e–h) represent 
cross-sectional images of retinal 
organoids with FluoroJade-
C (FJ-C) staining (in green). 
White arrows indicate highly 
condensed pyknotic nuclei and 
white boxes indicate a zoom 
of degenerating neurons. Scale 
bar—50 µm. B Quantification of 
pyknotic nuclei after high glu-
cose treatment. C Quantification 
of FJ-C positive cells (FJ-C.+) 
after high glucose treatment. 
Statistical results represent 
the mean values ± SD from at 
least 3 independent differen-
tiations, in which 3 organoids 
from each condition were used 
for analysis (*p-value < 0.05; 
**p-value < 0.01)

Several studies performed in human retinal sections from 
diabetic patients have shown that RGCs are amongst the 
most affected retinal cells in DRN. Amacrine and photo-
receptor cell death has also been observed in retinal sec-
tions [13, 18–20]. We evaluated how high-glucose expo-
sure affected the different retinal cell types of the retinal 
organoids. AP2α belongs to a family of AP2 transcription 
factors and is commonly used as a marker of amacrine cells. 
However, AP2α is also known to be expressed in developing 
horizontal cells [57, 58], as is the case of retinal organoids at 
day 100 of differentiation. Indeed, the number of AP2α posi-
tive cells per section decreased by 50% in retinal organoids 
exposed to high-glucose conditions, indicating a reduction 
of amacrine and horizontal cells (Fig. 2A (images a–c) and 
B). Moreover, the number of BRN3a positive cells (RGCs) 
per section presented a significant twofold decrease at higher 
glucose conditions (75 mM) (Fig. 2A (images d–f) and C), 
while the number of OTX2 positive cells (photoreceptor pro-
genitor cells) has not changed (Fig. 2A, images g-i and 2D). 
This data reinforces that treating retinal organoids for 6 days 
with high-glucose concentrations is enough to reproduce the 
loss of specific populations observed in DRN.

Müller cells, the principal glial cells in the retina, are 
thought to be a major source of inflammatory factors 
in DR [59, 60]. Müller cells express and secrete several 
growth factors and cytokines that alter the function and 
survival of retinal neurons and capillary cells. These cells 
could be responsible for the production and secretion of 
several inflammatory mediators including VEGF, MCP-
1, tumour necrosis factor-α (TNF-α), IL-1β, and interleu-
kin-6 (IL-6) [59]. Functional Müller cells contribute to 
the removal of the extracellular glutamate and the pro-
duction of glutamine essential for retinal neurons. Under 
pathological conditions, such as glaucoma or ischemia, 
the dysregulation of Müller cells showed a decrease in 
the glutamate uptake and the glutamine release caused by 
the impairment of glutamine synthetase [61–63]. In con-
trast, in DR and optic nerve crush, no changes or a slight 
increase of glutamine synthetase is observed [60, 64]. Our 
results showed, that at day 100, retinal organoids present 
Müller glia progenitors as indicated by immunostaining 
of cross-sections with the corresponding marker vimentin 
(Fig. 3A). Interestingly, vimentin immunostaining sig-
nal increases significantly and cytoskeleton morphology 
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Fig. 2   High-glucose treat-
ment induces amacrine and 
retinal ganglion cell loss. A 
Immunofluorescence analysis 
of organoids subjected to high-
glucose (a–c) staining of AP2⍺ 
(amacrine cells), (d–f) staining 
of BRN3a (retinal ganglion 
cells) and (g–i) staining of 
OTX2 (photoreceptor progeni-
tors). Organoid sections were 
counterstained with DAPI. 
Scale bar—50 µm. B Quantifi-
cation of AP2⍺-positive cells 
counted per field of view. C 
Quantification of Brn3a-positive 
cells counted per field of view. 
D Quantification of OTX2-pos-
itive cells counted per field of 
view. Data represent mean ± SD 
of at least 3 independent differ-
entiations, in which 3 organoids 
from each condition were used 
for analysis (*p-value < 0.05)

changes are observed under high-glucose treatment 
(Fig. 3A and B). Additionally, the protein levels of glu-
tamine synthetase were increased fourfold in organoids 
exposed to 50 mM compared to the control conditions 
(Fig. 3C) suggesting an increase in glial function. Moreo-
ver, the levels of glutamine release were significantly 
increased in organoids exposed to 75 mM of glucose com-
pared to the control conditions (from approximately 0.15 
to 0.25 mmol/L/µg) (Fig. 3D). The increase of glutamine 
synthetase may be attributed to an increase of the defence 
against oxidative stress and as a proactive response to safe-
guard against neuronal degeneration under high-glucose 
conditions [65]. Furthermore, considering the pivotal role 
of hypoxia-inducible factor 1α (HIF-1α) in regulating cel-
lular oxygen homeostasis and aiding adaptation to hypoxia 

during DR pathogenesis—along with its role in the expres-
sion of pro-inflammatory cytokines and VEGF [66]—we 
decided to assess the expression of HIF-1α and VEGF. 
Our results showed that HIF-1α expression does not 
change. However, VEGF expression was almost at twofold 
increase in retinal organoids under high-glucose treatment 
(Fig. 3E). In addition, the pro-inflammatory cytokine IL-
1β expression was increased when treated with 75 mM of 
glucose. (Fig. 3F). Moreover, MCP-1 secretion is known to 
be produced by glial cells in diabetic patients [67]. Inter-
estingly, we observed increased secretion of MCP-1 at 
50 mM of glucose (Fig. 3G). Altogether, our results show 
that under our experimental design, retinal organoids at 
day 100 already present markers of gliosis and inflamma-
tion, which are essential features of DRN [59, 68].
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Fig. 3   High-glucose treatment induces an inflammatory response 
in retinal organoids. A Immunofluorescence staining of vimentin 
(a–c) counterstained with DAPI (blue). Scale bar—50  µm. B Con-
focal image quantification of vimentin fluorescence intensity. C 
Western blot analysis of glutamine synthase (GS) (left panel) and 
correspondent densitometry analysis of GS normalized by β-Actin. 
D Glutamine release in the culture medium after high-glucose treat-
ment, reflecting the conversion of glutamate to glutamine by the glial 

cells. GlutaMax-free 3D-RDM medium was used as negative con-
trol E Expression of HIF1⍺ and VEGF mRNA. F Expression of the 
pro-inflammatory cytokine IL-1β mRNA. G MCP-1 secretion levels 
in the culture medium measured by ELISA. Results represent the 
mean ± SD of at least 3 independent differentiations, in which 3 orga-
noids from each condition were used for analysis (*p-value < 0.05; 
**p-value < 0.01)
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High‑glucose treatment induces oxidative stress 
in retinal organoids

and the 50 mM conditions. (Fig. 4A). Additionally, we 
examined the gene expression and protein levels of piv-
otal enzymes central to the primary defence against oxi-
dative stress, including superoxide dismutases (SODs), 
catalase, and glutathione peroxidase 1 (GPX1). Notably, 
while our results revealed no changes in SODs expres-
sion levels (Fig. 4B), there was a significant increase in 
the protein levels of SOD1 and SOD2 in retinal organoids 
under high-glucose conditions. This suggests that post-
transcriptional regulation of these enzymes is taking place 
as a consequence of ROS production (Fig. 4C–E). Moreo-
ver, no changes were observed in the expression of GPX1 
under high-glucose conditions (Fig. 4B). However, there 
was a notable increase in catalase protein levels at 50 mM 
conditions (Fig. 4C and F). Collectively, these findings 
suggest that an antioxidant response is activated in retinal 
organoids exposed to high-glucose concentrations, likely 
to counteract the effects of ROS.

Fig. 4   High-glucose treatment 
affects the antioxidant response 
in organoids. A Fluorescence 
intensity of 2,7-dichlorofluores-
cein diacetate (DCF-DA) probe 
for detection of reactive oxygen 
species in organoids after high 
glucose exposure (n = 4). B 
Expression of SOD1, SOD2 and 
GPX1 mRNA levels. C Western 
blot analysis of catalase and 
superoxide dismutases 1 and 
2 (SOD1 and SOD2). D–F 
Densitometry analysis of SOD1, 
SOD2 and catalase normal-
ized by β-Actin. Data represent 
the mean ± SD of at least 3 
independent differentiations, 
in which 3 organoids from 
each condition were used for 
quantification (*p-value < 0.05; 
**p-value < 0.01)

Oxidative stress stands as a defining feature of DR. Under 
the chronic influence of elevated glucose levels, there is 
an increased production of ROS spurred by the activa-
tion of secondary pathways such as the polyol and hex-
osamine pathways. Furthermore, the overproduction of 
AGEs concurrently increases ROS production, thereby 
establishing a self-perpetuating cycle [69, 70]. To deter-
mine whether oxidative stress was induced in the experi-
mental conditions used in this study, we first evaluated the 
production of ROS levels assessed by the 2′-7′-dichloro-
fluorescin diacetate (DCF-DA) probe. Using the fluo-
rescence intensity of DCF-DA as captured by confocal 
imaging, we observed a notable increase in intracellular 
ROS production in organoids exposed to high-glucose 
conditions (75 mM) when compared to both the control 
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Fig. 5   High-glucose treatment effects on mTOR signalling pathway. 
A Expression levels of AKT and mTOR mRNA levels after high-glu-
cose treatment. B Western blot analysis of phospho-AKTS473, AKT, 
phospho-S6.S235/236 and S6 protein levels normalized by β-Actin. C 
Densitometry of pAKT/AKT levels after glucose treatment. D Den-

sitometry of pS6/S6 protein levels after high-glucose conditions. Data 
represent mean ± SD of at least 3 independent differentiations, in 
which 3 organoids from each condition were used for quantification 
(*p-value < 0.05 and **p-value < 0.01)

High‑glucose treatment induces mTOR pathway 
in retinal organoids

The phosphatidylinositol 3-kinase (PI3K)/AKT/mam-
malian target rapamycin (mTOR) signalling pathway is a 
well-known central player in a large number of biological 
events related to cell growth, division, and metabolism [71]. 
Moreover, dysregulation in mTOR is associated with various 
diseases such as obesity, diabetes, cancer, and neurologi-
cal diseases [72]. In DR, there is significant evidence that 
the PI3K/AKT/mTOR signalling pathway is connected to 
various mechanisms associated with disease progression, 
including oxidative stress, inflammation, hypoxia, angio-
genesis, and proliferation [73, 74]. Therefore, we evaluated 
the expression levels of mTOR and AKT. A marked eleva-
tion in the expression of both genes was observed in retinal 
organoids subjected to 75 mM glucose, in contrast to the 
control (19 mM) and 50 mM treatment (Fig. 5A). Neither the 

AKT protein nor its S473 phosphorylation levels displayed 
significant changes under the conditions tested (Fig. 5B and 
C). Nevertheless, the phosphorylation levels of the mTOR’s 
primary downstream effector, the ribosomal S6 kinase (S6) 
at Ser235/236, showcased a significant increase in retinal 
organoids at 75 mM glucose when compared to the control 
and 50 mM treatment (Fig. 5B and D).

Together, these findings highlighted the activation of the 
mTOR signalling pathway in retinal organoids exposed to 
high levels of glucose.

Discussion

The study and comprehension of any human disease are 
intimately dependent on the available experimental mod-
els. Both in vitro and in vivo DR models have been instru-
mental in clarifying the molecular and cellular mechanisms 
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involved and also in identifying new therapies. Nevertheless, 
every existing DR model possesses its own set of advantages 
and drawbacks. Retinal organoids are emerging as powerful 
models to study retina development, diseases, toxicology, 
and new therapies [44, 45]. They can be derived from human 
adults or embryonic stem cells (ESCs) or hiPSCs obtained 
from healthy individuals or patients exhibiting specific dis-
eases. In advanced stages of differentiation, these 3D struc-
tures effectively mimic all neuroretina cell types, including 
Müller cells and astrocytes, presenting them in an organized 
stratified layout reminiscent of the human retina. Moreover, 
these organoids can develop mature photoreceptors that are 
not only photosensitive but also capable of phototransduc-
tion, allowing advanced electrophysiological research [75, 
76]. A shared trait amongst various organoid types, retinal 
ones included, is the absence of vascularization and micro-
glia. Additionally, due to limited nutrient availability, there 
is an observed attrition of cells in the innermost retinal layer 
of the organoids. This phenomenon becomes particularly 
pronounced in the RGCs during extended differentiation 
periods, specifically beyond 120 days (Achberger, Hader-
speck, et al., 2019).

In the present study, we established a retinal organoid 
model for DR, with a particular focus on DRN. Clinical 
studies based on optical coherence tomography in diabetic 
patients have shown that these patients often display a pro-
gressive loss of the ganglion cell and nerve fibre layers [7]. 
Additionally, these patients can experience vision changes, 
even in the absence or presence of minimal DR [77]. Also, 
studies in human retinas further suggest that changes in neu-
ronal cells, such as cell death and axon degeneration, occur 
before vascular abnormalities arise [7, 9]. These findings are 
supported by both in vitro and in vivo studies [55]. Given 
these findings, we believe that retinal organoids represent a 
valuable model for exploring the initial stages of DR, dis-
secting DRN without the interference of the vascular system. 
Moreover, we limited our study to 100-day-old organoids to 
circumvent the potential loss of RGCs, which is typical of 
advanced differentiation stages.

Our in vitro experimental design replicates the molecular 
features observed in DR patients by adjusting the glucose 
concentrations in retinal organoids medium to concentra-
tions between 50 and 75 mM. While the glucose concentra-
tions used in our study do not directly correspond to the 
serum levels found in either healthy or diabetic patients, it 
is important to note that our standard culture medium has a 
basal glucose concentration of 19 mM (control conditions). 
This reflects the high metabolic rate of neuronal cells in 
comparison to other cell types. Notably, the neuroretina is 
the neuronal tissue with the highest energy demand [78]. 
Photoreceptors, which predominantly absorb glucose in the 
retina, obtain their glucose supply from the choroidal blood 
[79]. This glucose is channelled through the basolateral and 

apical membranes of the RPE before reaching the photo-
receptors [79, 80]. Interestingly, under the conditions we 
tested, photoreceptor progenitors did not show significant 
loss due to the high glucose concentrations. This might sug-
gest that either a more extended treatment is necessary to 
observe alterations, or their metabolic requirement on glu-
cose enables them to cope with these conditions. The loss of 
photoreceptors in DR might be an indirect result of other cell 
loss or metabolic dysregulation of the RPE-supporting cells.

Supplementing media with glucose is a classical approach 
used across various in vitro models. For example, dorsal root 
ganglion neurons required 25 mM D-glucose in a medium 
for optimal survival [81]. In other studies, concentrations 
as high as 55 mM were used to evaluate the effects of high 
glucose [22, 24, 82, 83]. Several other models also used 
glucose concentrations ranging between 30 to 55 mM, or 
even higher, such as the 3D in vitro model of the human 
cornea [84], Zebrafish embryos [85], rat retinal explants [86, 
87], primary cultures of rat hippocampal neurons [88], pri-
mary cultures of rat retinal neural cells [89], and rat retinal 
endothelial cells [90]. Also, the duration of these treatments 
varies widely across studies, lasting from 2 h to 42 days (in 
the case of 3D in vitro model of the human cornea). This 
reflects different study aims, from short-term or long-term 
high-glucose exposure, to acute versus chronic conditions.

In diabetic patients, plasma glucose concentrations 
can soar to levels between 200 and 300  mg/dL (11.1 
to 16.6  mM). In contrast, healthy individuals typically 
have fasting blood glucose levels of 99 mg/dL or lower 
(< 5.5 mM) (according to the Centers for Disease Control 
and Prevention, CDC). These changes in concentration are 
similar in proportion to the ones we used in our study, as the 
high-glucose concentrations we tested were 2.5 to 4 times 
higher than in the control.

Through glucose media supplementation, we have dem-
onstrated that retinal organoids exposed to high-glucose 
conditions can recapitulate several characteristics observed 
in the early stages of DR, particularly in DRN. In these high-
glucose conditions, we noted not only cell degeneration and 
an increase in pyknotic nuclei but also a decrease in the 
number of amacrine and RGCs.

Several studies have pinpointed that RGCs are the main 
population affected in the early stages of DR [13, 14]. The 
death of RGC, axonal degeneration, and ultimately optic 
nerve degeneration, is central in the retinal neuropathy 
observed in early DR. While several factors are believed 
to contribute to RGC malfunction and subsequent death, 
inflammation and oxidative stress are considered para-
mount [91]. In our model, we observed clear indications 
of glial reactivity and inflammation. Under retinal stress, 
both glial fibrillary acid protein (GFAP) and vimentin 
(ubiquitously expressed in retinal glial cells) are well-
known sensitive markers for retinal gliosis [92, 93]. Since 
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organoids differentiated at day 100 do not express GFAP 
[42], mainly due to the absence of mature astrocytes, we 
detected alterations in the morphology and immunoreac-
tivity of vimentin, known to be expressed in Müller glia 
progenitors [94] in response to high-glucose treatments. 
Noticeably, 6 days of high-glucose treatment were also suf-
ficient to induce an increase of MCP-1, IL-1β, and VEGF 
by glial progenitor cells. According to previous studies, in 
the early phases of DR, VEGF expression and release are 
increased, which is believed to be the retina’s protective 
response to prevent cell damage [95, 96]. At this stage, 
VEGF is a prosurvival agent rather than a proangiogenic 
factor. However, its role evolves as the disease progresses 
and VEGF levels remain high. VEGF production by Mül-
ler cells is essential for the inflammation and vascular 
leakage observed in DR, as evidenced in a Müller cell 
VEGF knockout mouse model [97].

Increased production of ROS is a well-studied con-
sequence of high glucose levels, and it is known to be 
promoted by several metabolic pathways (polyol, hexosa-
mine, AGE, and PKC pathways) [69, 70]. In our experi-
mental setup, we also observed increased ROS levels 
together with an increase in the protein levels of catalase, 
SOD1, and SOD2, indicating that the first-line antioxi-
dant defence is being activated. However, these increased 
protein levels cannot be translated into effective ROS pre-
vention or neutralization at higher glucose levels. Indeed, 
it is speculated that post-translational modifications such 
as O-glycosyl-N-acetylation (O-GlcNAc) and glycation, 
which are potentiated in hyperglycaemia and diabetes, can 
affect antioxidant enzymes activity which was found to 
be decreased in DR animal models and in patients [69, 
98]. Interestingly, in a Müller cell line, ROS production 
in response to high glucose was observed to be depend-
ent on mTOR activity [99]. The mTOR pathway oversees 
various biological processes, including protein synthe-
sis, cell proliferation, autophagy, metabolism, and cell 
survival. In our experiments, exposure to high glucose 
resulted in increased mTOR activity, correlating with a 
rise in pS6 levels, a key effector in the mTOR pathway. 
Studies in vitro and in vivo showed that mTOR signal-
ling is amplified in streptozotocin (STZ)-injected hyper-
glycaemic rats and in cultured Müller cells under high-
glucose conditions [99, 100]. While our findings suggest 
a significant role for mTOR in DR, comprehensive studies 
are required to fully understand its importance within the 
disease’s context. Future research should assess whether 
the molecular and cellular changes observed after 6 days 
of high-glucose exposure can be reversed. It would also be 
insightful to study the effects of prolonged high-glucose 
treatments, either at the same or reduced concentrations, 
on the neuroretina.

Conclusions

We believe that creating a DRN model using human cells 
can provide a valuable platform for drug screening, in 
addition to rodent models. This approach could be more 
relevant for translational research. Additionally, both 
virus-based and non-virus-based gene therapy methods 
can be investigated using these 3D models.

Our 3D retinal model for DR opens new possibilities to 
study the mechanisms behind this disease. Organoids are a 
valuable tool to mimic disease, showing several features of 
DR that are independent of vascularization problems. Long 
periods of high glucose, more mature organoids that include 
other retinal cell types, and testing other hiPSCs cell lines are 
experimental strategies that can be further explored. Also, 
establishing more complex systems with vascularization and 
microfluidics to explore vascular mechanisms involved in 
disease progression presents an interesting approach.

We are confident in the potential of this model because (i) 
it uses human cells, yielding reliable results and promoting 
translational research; (ii) it offers accessibility, as a signifi-
cant quantity of organoids can be produced compared to the 
limited number of eyes available from murine models; and 
(iii) it can reduce the reliance on animal testing.
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