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Diabetic retinopathy remains a major cause of vision loss
worldwide. Mineralocorticoid receptor (MR) pathway acti-
vation contributes to diabetic nephropathy, but its role in
retinopathy is unknown. In this study, we show that MR is
overexpressed in the retina of type 2 diabetic Goto-Kaki-
zaki (GK) rats and humans and that cortisol is the MR
ligand in human eyes. Lipocalin 2 and galectin 3, two bio-
markers of diabetes complications regulated by MR, are
increased in GK and human retina. The sustained intraoc-
ular delivery of spironolactone, a steroidal mineralocorti-
coid antagonist, decreased the early and late pathogenic
features of retinopathy in GK rats, such as retinal inflam-
mation, vascular leakage, and retinal edema, through the
upregulation of genes encoding proteins known to inter-
vene in vascular permeability such as Hey1, Vldlr, Pten,
Slc7a1, Tjp1, Dlg1, and Sesn2 but did not decrease VEGF.
Spironolactone also normalized the distribution of ion and
water channels in macroglial cells. These results indicate
that MR is activated in GK and human diabetic retina and
that local MR antagonism could be a novel therapeutic
option for diabetic retinopathy.

The worldwide prevalence of diabetes is expected to reach
642 million individuals by 2040 (1), and diabetic retinopa-
thy remains a cause of blindness in the working-age popu-
lation affecting 50% of patients with type 1 diabetes and

30% of patients with type 2 diabetes after 10 years (2),
with no tendency to decrease despite novel therapies (3).
Our understanding of diabetic retinopathy has evolved
with retinal imaging techniques showing that choroidop-
athy (4) and reduction of inner retinal layers (ganglion
cells [GCs], inner plexiform layer [IPL], and peripapillary
nerve fiber layer) may precede the typical microvascular
lesions (5,6). Retinal inflammation, oxidative stress (7),
and glial cells dysfunction (8,9) are now recognized as
major pathogenic factors in ischemic neuronal damages
and macular edema, both responsible for vision loss.

Repeated intraocular injections of anti-VEGF drugs
that neutralize VEGF family members and intraocular glu-
cocorticoids mostly targeting the inflammatory compo-
nent reduce macular edema, but they do not benefit all
patients and do not target all pathogenic mechanisms of
diabetic retinopathy (9), justifying the search for new
treatment modalities.

Activation of the mineralocorticoid receptor (MR) path-
way plays multiple roles in diabetes complications. It inter-
venes in early stage of cardiovascular dysfunction during
insulin resistance through the local regulation of vascular
genes (10). It enhances the inflammasome assembly and
subsequent vascular damages in a type 2 diabetic mice
model (11). In obese mice, knocking down myeloid MR
improves glucose intolerance, insulin resistance, and hepatic
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 steatosis through hepatocyte growth factor (HGF)/Met sig-
naling (12). MR expressed in a number of cells play a role in
adiposity, inflammation, and glucose intolerance (13) and
its activation in endothelium, smooth muscle cells, inflam-
matory cells, podocytes, and fibroblasts alters the function
and the structure of the diabetic kidney (14). In addition,
numerous preclinical and clinical studies have shown that
mineralocorticoid receptor antagonist (MRA) is beneficial to
reduce the progression of diabetic nephropathy (15) and to
reverse diabetic albuminuria (16). Altogether, these results
show that MR pathway activation in myeloid cells or in tar-
get organs contributes to diabetes-induced tissue damages
through oxidative stress, inflammation, fibrosis, and hemo-
dynamic alterations (14,17).

In the retina, overactivation of the MR pathway has
been shown to promote inflammation, oxidative stress,
and vascular damages (18–21), but its implication in the
development of diabetic retinopathy has not yet been
explored and the potential benefit of MRA in diabetic reti-
nopathy has not been evaluated.

No animal model recapitulates all the features of human
diabetic retinopathy, but Goto-Kakizaki rat (GK), a sponta-
neous nonobese type 2 diabetic animal, develops progressive
retinopathy with local inflammation, retinal circulatory
abnormalities (22), and retinal edema (21,22), together with
a thickening of the choroid (23), before microangiopathy
develops at �7 months (24), mimicking the kinetic of
events in human diabetic retina (25). Because our aim was
to evaluate the effect of MRA on various aspects of retinal
edema, we have used this model, as well as an intravitreal
microspheres (MSs) formulation of spironolactone, to assess
the local role of MRA. Human tissues and samples were also
used when possible, to study the role of MR pathway activa-
tion in diabetic pathogenesis.

RESEARCH DESIGN AND METHODS

Animals
All experiments were performed in accordance with the
European Communities Council Directive 86/609/EEC and
French national regulations and approved byQ:2 local ethics
committees (no. 2541-2015110210279792 v3, Charles
Darwin University). GK rat is a spontaneous nonobese
nonhypertensive model of type 2 diabetes, with hypergly-
cemia as early as 4 weeks of age. Male GK rats of different
ages and sex- and age-matched Wistar control rats were
included because the inbred GK rat strain is a spontaneous
model of type 2 diabetes caused by naturally occurring
genetic variants that have been selectively isolated from an
outbred colony of Wistar rats (26). GK rats were bred in
our animal facility, and Wistar rats were purchased from
Charles River Laboratories (Ecully, France). The A1CNow
kits (France Neir, Faches-Thumesnil, France) were used to
measure the level of HbA1c (% and mmol/mol). Eight-
week-old Wistar rats were included for retinal organotypic
culture. Animals were kept in pathogen-free conditions
with food, water, and litter and housed in a 12-h light/

12-h dark cycle. Anesthesia was induced by ketamine
50 mg/kg i.p. and xylazine 4 mg/kg i.p. Animals were
sacrificed by carbon dioxide inhalation at the end of the
experiments.

Intravitreal Injection of Spironolactone-Loaded
Poly(lactic-coglycolic) Acid MSs in Rats
We used spironolactone because it is a very potent MRA
(27), whose physicochemical properties allowed the prepa-
ration of slow-release polymeric formulations, well toler-
ated for intraocular use without any risk of systemic side
effects (27,28). Spironolactone-loaded poly(lactic-cogly-
colic) acid (PLGA) (50:50) MSs were elaborated as previ-
ously described (28,29). The encapsulation efficiency of
spironolactone was 66.28% (110.45 mg spironolactone/mg
MSs), and a constant release rate of 2.87 mg spironolac-
tone/mg MSs/day was achieved over 30 days ex vivo. MSs
were reconstituted in 0.9% saline. A single injection of
spironolactone-loaded MSs (5 mL containing 11 mg spiro-
nolactone) was performed in the vitreous of young adult
(age 3 months) and old (12–14 months) rats. Control rats
were injected with nonloaded PLGA MSs (5 mL). Animals
were sacrificed after 1 month, and eyes were removed for
morphological, immunohistochemical, and quantitative
PCR analyses.

To achieve a longer release of spironolactone, we
also formulated the MSs from a mixture of Purasorb
PDLG 7505 (lactide:glycolide ratio 75:25, mol%, molec-
ular weight 17 kDa; Corbion, Lyon, France) and Pura-
sorb PDL 04 [poly(DL-lactide), molecular weight 45 kDa;
Corbion]. The drug loading, determined by high-perfor-
mance liquid chromatography–ultraviolet analysis, was
61.5 mg spironolactone/mg MSs (60.4% encapsulation
efficiency). The in vitro release showed close to 100%
sustained release of the active substance over 64 days
in 37�C PBS (Supplementary Fig. 1). This formulation
of spironolactone-loaded MSs was used to assess the
gene expression in diabetic retina of old GK rats (age
>1 year). A single intravitreal injection of 5 mL MSs
containing 6.2 mg spironolactone was performed. After
2 months, retinas were dissected for RNA sequencing.
Control rats were injected with nonloaded MSs.

Retinal Pathology
Enucleated eyes were fixed in 4% paraformaldehyde and
0.5% glutaraldehyde for 2 h, dehydrated in a graded alco-
hol series, and embedded in historesin (Leica, Heidelberg,
Germany). Sections of 5 mm were obtained with a Leica
Jung RM2055 Microtome and stained with 1% toluidine
blue. For quantification, cross sections at the level of optic
nerve head were photographed serially, starting from the
region adjacent to the optic nerve to the periphery. Meas-
urements of the thickness of the whole retina, IPL, inner
nuclear layer (INL), outer nuclear layer (ONL), and the
choroid were performed every 300 mm from the optic
nerve to both sides of peripheral retina with ImageJ (n =
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 4–6 rats per group). GCs were also counted on the entire
retinal sections. Measurements of choroidal area and cho-
roidal vascular area were performed on six photographs
(125 mm width) taken at every 400-mm intervals on each
side of optic nerve. Average choroidal and vascular area
per photograph was used for comparison.

Immunohistochemistry
Immunohistochemistry was performed on paraffin-
embedded retinal sections as previously described (30)
(n = 3–4 rats per group). The following primary antibodies
were used: mouse monoclonal anti-MR 6G1 (1:100; kindly
provided by C. Gomez-Sanchez, Division of Endocrinol-
ogy, University of Mississippi Medical Center, Jackson,
MS), rabbit anti-NGAL (1:200, Abcam, Cambridge, U.K.),
and mouse anti–galectin 3 (1:200, Santa Cruz Biotechnol-
ogy, Heidelberg, Germany). Secondary antibodies included
biotinylated horse anti-mouse IgG BA2000 (1:250; VectorQ:3 ,
Les Ulis, France) and biotinylated goat anti-rabbit IgG
BA1000 (1:500; Vector). Procedures for negative controls
were performed without primary antibodies.

Immunofluorescence
Immunofluorescence was performed on retinal cryosec-
tions as previously described (30) using rabbit anti-Kir4.1
(1:200; Alomone Labs, Jerusalem, Israel), rabbit anti-
AQP4 (1:200; Abcam), rabbit anti-IBA1 (1:400; Wako,
Neuss, Germany) and goat anti-Brn3a (1:200; Santa Cruz
Biotechnology, Heidelberg, Germany) antibodies. Second-
ary antibodies included Alexa Fluor 488–conjugated goat
anti-rabbit IgG (1:200; Thermo Fisher Scientific, Saint
Aubin, France), Alexa Fluor 596–coupled goat anti-rabbit
IgG (1:200; Thermo Fisher Scientific), and Alexa Fluor
596–coupled donkey anti-goat IgG (1:200; Thermo Fisher
Scientific). FITC-coupled sheep anti-rat albumin primary
antibody (1:100, Abcam) was also applied to assess vascu-
lar albumin leakage on retinal sections of old GK rats (>1
year). Procedures for negative controls were performed
without primary antibodies.

Fluorescence intensity of AQP4 and Kir4.1 in the inner
retina (including nerve fiber layer, GC layer, and IPL), INL,
and ONL was measured on retinal sections passing
through the optic nerve (12 photographs on each side of
optic nerve) with ImageJ software. The corrected total fluo-
rescence was determined by subtracting out background
signal: corrected total fluorescence = integrated density –
(surface of selected area � mean fluorescence of back-
ground). n = 5 rats per group. Activated round IBA11

microglial/macrophage cells and Brn3a1 GCs were also
counted on entire retinal sections (n = 5–6 rats per group).

For quantification of albumin leakage, the surface of
fluorescence (excluding retinal vessels) was quantified on
six photographs on the section passing through the optic
nerve for each eye (n = 6 rats per group) and reported to
the total analyzed retinal surface with use of ImageJ
software.

Old GK rats (age >1 year) were also injected intrave-
nously with FITC-dextran (molecular weight 150,000;
Sigma-Aldrich) and then sacrificed when the urine was fluo-
rescent yellow-green, with correct intravenous perfusion
indicated. For the quantification of FITC-dextran leakage
sites, complete retinal whole mount images were analyzed
and the total number of positive sites was quantified (n = 5
for nonloaded MSs [NL-MSs]–treated GK group and 8 for
spironolactone-loaded MSs [Sp-MSs]–treated group).

Quantitative PCR
Total RNA from rat neuroretinas was extracted as previ-
ously described (30). Transcript levels of genes listed in
Supplementary Table 1 were analyzed by quantitative
PCR performed in Applied Biosystems QuantStudio 5
Real-Time PCR System (Thermo Fisher Scientific) with
SYBR Green detection. Hprt1 and 18S were used as house-
keeping genes. DCT calculation was used for the relative
quantification of the results.

RNA Sequencing of GK Rat Retina and Data Analysis
Two months after intravitreous injection of MSs, the neu-
roretinas of old GK rats were dissected (three per group).
Extracted total RNA samples were sent for sequencing at
the iGenSeq transcriptomic platform of the Brain and
Spine Institute (ICM) (Paris, France). RNA quality was
checked by capillary electrophoresis (Agilent 2100 Bioana-
lyzer system) and RNA with integrity numbers (RIN) rang-
ing from 7.8 to 8.2 was accepted for library generation.
Quality of raw data was evaluated with FastQC. Poor qual-
ity sequences were trimmed and adaptors removed with
fastp software to retain only good quality paired reads.
STAR v2.5.3a (31) was used to align reads on reference
genome rn6 using standard options. Between 30 and 38
million reads were mapped. Quantification of gene and
isoform abundances was done with rsem 1.2.28 (32), prior
to normalization on library size with the edgeR (33) Bio-
conductor package. Genes with low expression were fil-
tered out. Reproducibility of replicates was controlled with
PCA representations. Finally, differential analysis was con-
ducted with the glm framework likelihood ratio test from
edgeR. Multiple hypothesis adjusted P values were calcu-
lated with the Benjamini-Hochberg procedure to control
false discovery rate. The pheatmap Bioconductor package
was used to represent as a heat map the differentially
expressed genes. The GSEA function from the clusterPro-
filer package was used on a hallmark gene set Q:4to get
deregulated pathways from analysis, with a representation
in a dot plot. A genes/pathways network was created with
Cytoscape, with node color representing log fold change.

Excitotoxicity Experiments
Neuroretinas were dissected from freshly enucleated eyes
and then transferred to 0.2-mm polycarbonate membranes
(Millipore, Saint-Quentin-en-Yvelines, France) with the GC
layer facing up and maintained in DMEM with L-glutamine
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 and 5% serum (Thermo Fisher Scientific). After 24 h, the
medium was changed and retinal explants were incubated
in medium containing NMDA (100 mg/mL) (M3262;
SIGMA, FranceQ:5 ) for 30 min. The medium was then
changed again, and explants were either treated with
spironolactone 10 mmol/L or vehicle (0.1% ethanol) in
medium for 48 h. Control explants were incubated with
0.1% ethanol or spironolactone 10 mmol/L in medium
without NMDA exposure. At 24 and 48 h after NMDA
exposure, lactate dehydrogenase (LDH) was measured
in the medium (400 mL) to determine cytotoxicity using
the LDH activity assay (Sigma-Aldrich Chemical Co,
Saint-Quentin-en-Yvelines, France). At 48 h, apoptotic
cells were detected on retinal explants with the HCS
Apoptosis TUNEL Assay (Thermo Fisher Scientific).
Nuclei were counter stained with DAPI (1/5,000), and
the explants were then mounted between two cover-
slides and pictures were taken with a fluorescence
microscope (BX51; Olympus, Rungis, France). TUNEL1

cells/retina explant were counted (n = 4–5 explants).

Human Biological Samples
Two eyes from two donors (for science) with type 2 diabetes
and moderate retinopathy and four eyes from four donors
without diabetes with similar postmortem time were obt-
ained from the Lausanne Eye Bank (CER-VD no. 340/15).
Eyes were fixed in 4% paraformaldehyde overnight. After
removal of the cornea and lens, the remaining posterior seg-
ment of eyes was dehydrated in a graded alcohol series and
embedded in paraffin. Retinal cross sections of 8 mm were
collected on slides for immunohistochemistry.

The collection and storage of human vitreous were
approved by local ethics committee CPP Ile de France 1 (no.
2016-nov-14390). Human vitreous samples (100 mL) were
collected from patients who had diabetic retinopathy compli-
cated with epiretinal membrane and macular edema or pro-
liferative diabetic retinopathy and underwent vitrectomy.
Vitreous samples obtained from patients without diabetes
with epiretinal membrane and macular hole were used as
control. Only samples collected from noon to 4:00 P.M. were
included for steroid profiling to minimize the influence of
diurnal variation of steroid hormones. Ten control patients
without diabetesQ:6 (7 men and 3 women, mean ± SD age
75.33 ± 8.15 years [range 63–88]) and 12 patients with type
2 diabetes (9 men and 3 women, age 76.18 ± 9.7 years
[60–90]) were included and were not differ with regard to
sex ratio or age (P = 0.47). Of 12 patients with diabetes, 7
had proliferative diabetic retinopathy and 5 had macular
edema with epiretinal membrane and nonproliferative dia-
betic retinopathy.

Corticosteroid Profiling in Human Vitreous Samples
The profile of gluco- and mineralocorticoid hormones was
established in the vitreous with a highly sensitive and
specific liquid chromatographic method coupled with tan-
dem mass spectrometric detection (LC-MS/MS) that

allows simultaneous quantification of steroids, targeting
the mineralocorticoid (progesterone, 11-deoxycorticoster-
one, corticosterone, 18-hydroxycorticosterone, and aldo-
sterone) and glucocorticoid (17-hydroxyprogesterone, 11-
deoxycortisol, cortisol, and cortisone) pathways as previ-
ously described (34). Corticosteroid 11-b-dehydrogenase
isozyme 2 (11b-HSD2) is an MR protecting enzyme that
oxidizes the active cortisol to the inactive metabolite cor-
tisone, thus preventing illicit MR activation. By determin-
ing the product-to-substrate ratio (cortisone/cortisol), we
compared the 11b-HSD2 activity that reflects cortisol
accessibility to MR between diabetic and nondiabetic
retinas.

Statistics
Quantitative data were expressed as mean ± SD. Statistical
analysis was made using the GraphPad Prism 8 program
(GraphPad Software, San Diego, CA). Nonpaired Student t
test or nonparametric Mann-Whitney U test was used to
compare two groups. Nonparametric Kruskal-Wallis test
followed by a Dun test was used to compare more groups.
Grouped data sets were analyzed with multiple t tests, cor-
rected for multiple comparisons with the Holm-Sidak met-
hod Q:7. P < 0.05 was considered significant.

Data and Resource Availability
Data generated during the current study are available
from the corresponding author upon reasonable request.
RNA-sequencing data are available on Gene Expression
Omnibus (GEO): GSE163255 (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE163255).

RESULTS

MR in the Rat and Human Diabetic Retina
In GK rats, the first sign of retinopathy was a dilation of
the choroidal vessels observed at 3 months (Supplementary
Fig. 2A–D), associated with thickening Q:8of the outer retina
witnessing retinal edema at 6 months (Supplementary Fig.
2E–G). After 12 months, retinal edema extended to all reti-
nal layers with focal accumulations of subretinal fluid
(Supplementary Fig. 1H). With diabetes and aging, cataract
becomes occlusive, preventing accurate functional analysis.

Nr3c2 expression (encoding the MR) was upregulated
at 3 and 6 months in the diabetic GK retinas as compared
with the Wistar nondiabetic ones. At 12 months, Nr3c2
expression in Wistar rat retinas was also increased to the
same level as in GK rat retinas ( F1Fig. 1A). Immunostaining
showed localization of MR in the nuclei of GCs and in
cells in the INL, with enhanced labeling in the GK rats at
6 and 12 months without major change in its distribution
(Fig. 1B).

In human nondiabetic retinas, MR was localized in the
nuclei of GCs, in the INL, and in nuclei and inner segments
of cone photoreceptors, which are enriched in the central
retina (Fig. 1C). In the diabetic human retina, MR staining
was more intense, and more cells were stained in the
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ganglion and inner nuclear cell layers of the peripheral retina
as well as in cone photoreceptors in the macula (Fig. 1C).

Cortisol Is the MR Ligand in the Human Diabetic
Eyes
With use of a sensitive LC-MS/MS method, aldosterone
was not detected (<10 pg/mL) in any of the vitreous
samples from either diabetic or nondiabetic eyes. But

while vitreous cortisol levels did not differ between con-
trol and diabetic eyes, the mean ± SD cortisone-to-cortisol
ratio was significantly lower in subjects with diabetes
(0.29 ± 0.07 vs. 0.44 ± 0.09, P = 0.008), reflecting a lower
activity of 11b-HSD2 and thus a higher availability of cor-
tisol to MR in diabetic eyes (Fig. 1D). Increased MR and
cortisol availability in diabetic eyes suggest hyperactiva-
tion of MR by cortisol.

Figure 1—MR expression in diabetic retinas from rat and human and corticosteroid measurement in human vitreous. A: Quantitative PCR
shows that Nr3c2 gene expression is upregulated in the retinas of GK diabetic rats at 3 and 6 months as compared with age-matched non-
diabetic Wistar (WT) rats. At 12 months, there is no difference between Wistar and GK rats, as Nr3c2 expression is also upregulated in the
retinas of Wistar rats with aging. n = 4–6 rats per group. Data are expressed as means ± SD. Hprt1 and 18S are used as housekeeping
genes. **P < 0.01 (multiple t tests, corrected for multiple comparisons with the Holm-Sidak method). B: Immunohistochemistry shows
enhancement of MR protein expression in the retinas of GK rats ages 6 and 12 monthsQ:25 as compared with age-matched Wistar rats, partic-
ularly in the cells in the INL and GC layer (GCL). Bars: 50 mm. n = 3–4 rats per group. C: In human retinas (n = 4), MR is located not only in
the nuclei of cells in the INL (gray arrows) and GCL layers but also in the nuclei of cone photoreceptors (black arrows) and their segments
(insets). In patients with diabetes (n = 2), MR expressionQ:26 is enhanced, particularly in the central retina. Negative control was performed
without primary antibody. Bar: 50 mm. D: Corticosteroid measurement using the human vitreous shows that there is no significant differ-
ence (ns) in concentration of cortisol and cortisone in the vitreous of patients with diabetes vs. patients without diabetes. The cortisone-
to-cortisol ratio, which represents the activity of the enzyme 11b-HSD2, is significantly lower in the vitreous of patients with diabetes than
in control subjects without diabetes. n = 10 in control group and 12 in the group with diabetes. Data are expressed as mean ± SD.
***P < 0.001 (nonpaired Student t test). m, months.
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Local Slow Release of Spironolactone Reverses Early
Changes Observed in the GK Rat Retinas
To compensate for the poor ocular bioavailability of sys-
temic spironolactone and evaluate its direct effect on the
retina, we injected in the vitreous of 3-month-old GK rats
the PLGA MSs that release spironolactone for at least 1
month (28). No change in HbA1c levels was measured
(Supplementary Fig. 1C). After a month, dilatation of the
choroidal vessels, which was the first sign of retinopathy,
was reversed in the spironolactone-loaded MSs (Sp-MSs)–
treated eyes as compared with the nonloaded MSs
(NL-MSs)–treated eyes (P = 0.0152) (F2 Fig. 2A–E). The peri-
vascular distribution of the inwardly rectifying potassium
channel Kir4.1 and of the water channel aquaporin 4
(AQP4), strongly reduced in the NL-MSs–treated diabetic
GK rats, was restored in the retinas of Sp-MSs–treated
GK rats (Fig. 2F–M). In addition, the number of activated
and displaced IBA11 microglia/macrophage cells was sig-
nificantly reduced by the Sp-MSs treatment (P = 0.0317)

( F3Fig. 3A–E), with a reduction of retinal inflammation. At
this early stage of retinopathy, Sp-MSs reduced the
expression of placental growth factor (Plgf) and of Ccl2
and Icam-1 (Fig. 3F), two inflammatory mediators that
strongly correlate with diabetic macular edema (35,36).
The expression of IL-18, witnessing the pathogenic activa-
tion of inflammasome Q:9(37), was upregulated in GK rat
retinas but was not decreased significantly with the
Sp-MSs treatment (Fig. 3F). At this stage, Vefga expres-
sion did not increase in the GK rat retinas and was not
downregulated by Sp-MSs (Fig. 3F). Sp-MSs thus reversed
some early clinical and molecular signs of diabetic reti-
nopathy in GK rat.

Local Slow Release of Spironolactone Reverses
Retinal Edema in 1-Year-Old Diabetic GK Rats
We then evaluated the effect of spironolactone on
retinal edema by injection of the Sp-MSs or NL-MSs
into 1-year old GK rat eyes. At this age, edema was

Figure 2—Sp-MSs reverse the early changes in the diabetic retinas of GK rats. A–D: Retinal morphology of 4-month-old Wistar (WT) and GK rats
1 month after intravitreous injection of Sp-MSs or NL-MSs. While the retinas of GK rats injected with NL-MSs show choroidal (Chor) vascular dila-
tion (C, arrow in insert) and fluid in photoreceptor inner/outer segments (IS/OS), the retinas of GK rats injected with Sp-MSs have the normal size
of choroidal capillaries restored (D, arrows in insert). Bar: 20 mm. E: Quantification of choroidal vascular area on histological sections shows that
spironolactone released fromMSs reduces the vascular area in the choroid of GK rats. n = 4–6 rats per group. Data are expressed as mean ± SD.
*P < 0.05, **P < 0.01 (Kruskal-Wallis test). F–I: Immunolocalization of potassium channel Kir4.1 (in green) in the retinas of 4-month-old WT and
GK rats 1 month after intravitreous injection of Sp-MSs or NL-MSs. In the retinas of WT rats injected with NL- or Sp-MSs, Kir4.1 locates in the end
feet (arrow heads) and perivascular processes (arrows) of retinal M€uller glial cells (F and H). Kir4.1 immunostaining is reduced in the retinas of GK
rats treated with NL-MSs, particularly around the vessels (G, insert). Sp-MSs restore the perivascular localization of Kir4.1 (I, insert). n = 3–4 rats
per group. GCL, GC layer. Bar: 50 mm. J–M: Immunolocalization of water channel AQP4 (in green) in the retinas of 4-month-old WT and GK rats 1
month after IVT of Sp-MSs or NL-MSs. In the retinas of WT rats, AQP4 localizes particularly in the retinal M€uller glial end feet (arrow heads) and
perivascular processes (arrows in J and L). In the diabetic retinas of GK rats injected with NL-MSs, AQP4 immunostaining is decreased both in the
M€uller glial end feet (arrow heads) and around the vessels (arrows in K and insert). Spironolactone released from MSs enhances the end feet
(arrowheads) and perivascular distribution of AQP4 (arrows inM and insert). n = 3–4 rats per group. Bar: 50 mm.
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Figure 3—Sp-MSs reduce the early retinal inflammation in the diabetic retinas of GK rats. A–D: IBA1 immunostaining (in red) of microglia/
macrophages in the retinas of 4-month-old Wistar (WT) and GK rats 1 month after intravitreous injection of Sp-MSs and NL-MSs. IBA11

microglia/macrophages in the retina of WT rats injected with NL- or SP-MSs show ramified processes (A and C). In the retinas of GK rats
injected with NL-MSs, round activated IBA11 cells (arrows) can be observed in the inner retina and migration of cells can be seen in the
ONL and up to subretinal spaces (inset, B). In the retinas of GK rats treated with Sp-MSs, IBA11 cells are in a nonactivated ramified form
and locate mostly in the inner retina (D). GCL, GC layer. Bar: 50 mm. E: Quantification of activated IBA11 microglia and macrophages on
the retinal sections shows significant increase in number of inflammatory cells in the diabetic retinas of GK rats that is reduced in
Sp-MSs–treated GK rats. n = 4–5 rats per group. Data are expressed as mean ± SD. *P< 0.05, **P < 0.01 (Kruskal-Wallis test). F: Quanti-
tative PCR shows upregulation of Plgf and Il18 in the neural retina of diabetic GK rats, while there is no difference in Vegfa expression. Sp-
MSs significantly downregulate plgf. Expression of proinflammatory genes Ccl2 and Icam1 is also significantly upregulated in the retinas
of GK rats and is reduced by the treatment of Sp-MSs. n = 5–7 rats per group. Data are expressed as mean ± SD. Hprt1 and 18S are used
as housekeeping genes. *P< 0.05, **P < 0.01 (Kruskal-Wallis test).
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 more pronouncedQ:10 at the posterior retina resulting
from fluid accumulation in the INL, IPL and ONL
(F4 Fig. 4A–D), mostly on one side on the optic nerve,
and choroidal thickness was enlarged on one side
around the optic nerve (Fig. 4C). Ocular spironol-
actone did not influence HbA1c levels in old GK rats
(Supplementary Fig. 1C), but 1 month after the injec-
tion, Sp-MSs significantly reduced retinal edema in
the thickened layers of the posterior retina as com-
pared with NL-MSs (Fig. 4A–I) and in the correspond-
ing choroidal thickened region around the optic
nerve. The cellular distribution of Kir4.1 and AQP4
was located at the end feet of glial M€uller cells, in the

inner retina, and faintly distributed along the retinal
vessels in the old GK rat ( F5Fig. 5A, B, E, and F). Sp-MSs
enhanced the Kir4.1 straining around the vessels in the INL
and toward the outer limiting membrane (Fig. 5C and D)
and significantly increased AQP4 fluorescence in the INL
where deep capillary network was located, and in the
ONL (Fig. 5E–H and J), demonstrating that the treat-
ment favored AQP4 proper relocation. Activated
microglia/macrophages, widely distributed in all reti-
nal layers in the 1-year-old GK rats treated with
NL-MSs, were significantly decreased by Sp-MSs treat-
ment ( F6Fig. 6A–C). Spironolactone reduced edema
through anti-inflammatory effects and normalization

Figure 4—Sp-MSs reduce retinal edema in old GK rats. A–D: Retinal histology of 1-year-old Wistar (WT) and GK rats 1 month after intravit-
reous injection of NL-MSs or Sp-MSs. Histological sections were stained with 1% toluidine blue. A and B show the retinal and choroidal
structure of old WT rats. The white double-headed arrows indicate the total neuroretinal thickness, and the black arrows indicate the limit
of the choroid from the sclera. The diabetic retinas of old GK rats injected with NL-MSs show an increase in retinal thickness at the poste-
rior retina resulting from fluid accumulation in the INL, IPL, and ONL. Red blood cells are accumulated in the dilated choroidal vessels (C).
In the retinas of GK rats injected with Sp-MSs, retinal edema and choroidal vascular dilation are reversed (D). GCL, GC layer. Bar: 20 mm.
E–I: Quantification of the total thickness of the neuroretina and the thickness of the IPL, INL, ONL and choroid in WT and GK rats after NL-
or Sp-MSs intravitreous injection. A significant increase in the total neuroretinal thickness and the thickness of each measured layer is
observed at the posterior pole of the diabetic retinas of GK rats treated with NL-MSs, mostly on one side of the optic nerve. Retinal thick-
ness is decreased in the retinas of GK rats treated with Sp-MSs. n = 4 rats per group. Data are expressed as means ± SD. *P < 0.05
between Wistar NL-MSs and GK NL-MSs, #P < 0.05 between GK Sp-MSs and GK NL-MSs (multiple t tests, corrected for multiple com-
parisons with the Holm-Sidak method). ON, optic nerve.
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of ion and water channels distribution in macroglial
cells.

Local Slow Release of Spironolactone Restores the
Inner and Outer Retinal Barriers

In old GK rats, we also evaluated the effect of spironolac-
tone on retinal barrier breakdown by measuring both

albumin leakage using immunohistochemistry on retinal
section and the leakage of FITC-dextran injected in vivo
before sacrifice, on flat-mounted retinas. Albumin is
observed preferentially around the vessels of the inner
retina, in the choroid and between retinal pigment epithe-
lium (RPE) cells in the GK diabetic rat ( F7Fig. 7A and B).
One month after intravitreous injection, Sp-MSs reduced

Figure 5—Sp-MSs enhance perivascular distribution of Kir4.1 and AQP4 in the retinas of old GK rats. A–D: In the retinas of old (>12 months) GK
rats injected with (NL-MSs), Kir4.1 (in green) localizes in the retinal M€uller glial end feet (arrow heads) and faintly stains the perivascular processes
(A, open arrows and insert). Sp-MSs enhance the Kir4.1 expression around the vessels (C, open arrows and insert) and toward outer limitingmem-
brane (OLM) (C, closed arrows). B and D are merged images, with DAPI in blue. GCL, GC layer. Bar: 50 mm. E–H: In the retinas of old GK rats
injected with NL-MSs, AQP4 distributes in the retinal M€uller glial end feet (arrow heads), and along the radial processes, the perivascular staining is
weak (E, open arrows and insert). In the retinas of Sp-MSs–treated GK rats, AQP4 immunostaining is generally enhanced in the M€uller glial end
feet (G, arrow heads), around the retinal vessels (G, open arrows and insert), and toward the OLM (G, closed arrows). F andH are merged images,
with DAPI in blue. Bar: 50 mm. I: Quantification of Kir4.1 fluorescence shows that there is no difference in corrected total fluorescence in the inner
retina (including nerve fiber layer, GCL, and IPL), INL, and ONL between NL-MSs–treated and Sp-MSs–treated groups. ON, optic nerve. n = 5 rats
per group. Data are expressed as mean ± SD (multiple t tests, corrected for multiple comparisons with the Holm-Sidak method). J: Quantification
of AQP4 fluorescence shows that there is no difference in corrected total fluorescence in the inner retina between NL-MSs–treated and
Sp-MSs–treated groups. But Sp-MSs increase significantly AQP4 fluorescence in the INL and ONL of posterior retinas of GK rats. n = 5 rats per
group. Data are expressed asmean ± SD. *P< 0.05 (multiple t tests, corrected for multiple comparisons using the Holm-Sidakmethod).
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the surface of albumin leakage on retinal sections (P =
0.0152) (Fig. 7C–F) and the number of FITC-dextran leak-
age sites observed on retinal flat mounts (P < 0.001) as
compared with NL-MSs (Fig. 7G and H). Since macromol-
ecule leakage drives water influx into the retina, these
results suggest that the antiedematous effect of spirono-
lactone is, at least in part, mediated by restoration of the
blood-retinal barriers.

Transcriptomic Signature of Spironolactone in 1-Year-
Old Diabetic GK Retina
For identification of the transcriptional regulatory mecha-
nisms associated with the biological antiedematous and
anti-inflammatory effect of spironolactone, RNA sequencing
was performed on the neuroretinas of 14-month-old GK
rats treated with Sp-MSs versus NL-MSs. The heat maps of
genes differentially regulated by Sp-MSs as compared with
NL-MSs showed a clear difference between the two condi-
tions (F8 Fig. 8A), with 114 genes significantly regulated
between the two groups, 27 significantly downregulated,
and 87 significantly upregulated (adjusted P < 0.05). Path-
way enrichment analysis using hallmark gene set function
highlighted nine significantly regulated pathways: unfolded
protein response, ultraviolet responseQ:11 , G2M checkpoint,
allograft rejection, interferon-g response, MTORC1 signal-
ing, oxidative phosphorylation, MYC targets, and adipogene-
sis (Fig. 8B and C). Sp-MSs regulated genes encoding
proteins known to intervene in vascular permeability and
retinal edema including Vldlr, Sesn2, Adcyap1, Dusp8, Pten,
Slc7a1, Tjp1, Dlg1, Sema7a, and Hey1, although Vegfa was
rather upregulated, suggesting an antiedematous mechanism
independent of VEGF. The effect of Sp-MSs was confirmed

by quantitative PCR for a number of these genes (Fig. 8D),
demonstrating that spironolactone acts as a transcriptional
regulator to normalize the diabetic retina.

Spironolactone Preserves the Neural Retina From
Excitotoxic Cell Death
Finally, we evaluated the effect of spironolactone on excito-
toxic retinal cell death using rat retinal explants submitted
to NMDA, which causes cell death of the ganglion and bipo-
lar cells within 48 h. This model is intended to mimic the
glutamate excitotoxicity, a known contributor of diabetic
neurodegeneration (38,39). Spironolactone protected the
neural retina from necrosis measured by LDH release after
24 and 48 h (P = 0.004 and P = 0.0002, respectively) and
from apoptotic cell death measured by the number of
TUNEL1 cells (P = 0.045) (Supplementary Fig. 3A and B).
Spironolactone thus protects the retinal cells from excito-
toxic cell death. We also quantified the total GCs on retinal
histological sections of young and old rats and counted the
Brn3a1 GCs on cryosections. The number of GCs did not
differ between young Wistar Q:12and GK rats, while it was sig-
nificantly reduced in old GK rats as compared with Wistar
(Supplementary Fig. 3C and D). We did not observe a signif-
icant increase in the number of GCs in old GK rats treated
with Sp-MSs for a month (Supplementary Fig. 3D and E).

Biomarkers of Diabetes Complications Regulated by
MR Pathway Are Increased in Human Diabetic Retinas
The expression of two biomarkers of diabetes complications,
galectin 3 (encoded by LGALS3 gene), which is associated
with nephropathy and cardiovascular events (40,41), and
lipocalin 2 (encoded by LCN2 gene), which is associated

Figure 6—Sp-MSs reduce the activation of microglia/macrophages in the retina of old diabetic GK rats. A: In the retinas of old GK rats
(>12 months) injected with NL-MSs, IBA11 microglia/macrophages (in red) are activated, migrate into the outer retina up to subretinal
spaces, and adhere to the RPE (arrows). B: Spironolactone released from MSs reduces the activation of microglia/macrophages and the
accumulation of these cells in the subretinal spaces (arrows). GCL, GC layer. Bar: 50 mm. C. Quantification of activated IBA11 cells on the
retinal sections shows a significant decrease in the number of inflammatory cells in the retinas of Sp-MSs–treated old GK rats compared
with NL-MSs–treated GK rats. n = 5 rats in Sp-MSs group and 6 rats in NL-MSs group. Data are expressed as mean ± SD. *P < 0.05
(Mann-Whitney U test).
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with retinopathy (42), was evaluated in the retina. In the
GK rats, Lcn2 and Lgals3 were highly inducedQ:13 in the neural
retina of GK rats as compared with Wistar rats as early as 3
months of age (Supplementary Figs. 4A and 5A) and Sp-MSs
significantly reduced the upregulation of Lcn2 and Lgals3 in
the GK rat retinas (Supplementary Fig. 4B and 5B).

Lipocalin 2 (LCN2) (the human ortholog of which is
NGAL) localizing in all retinal layers and cells was
enhanced in the retinas of GK rats at 6 and 12 months
(Supplementary Fig. 4C). In human retinas, NGAL also
distributed all over the retinal layers, including in the
nuclei of cells, and seemed highly expressed in cones
(Supplementary Fig. 4D). In the diabetic retinas, its
expression was more intense particularly in the GCs and
in the photoreceptors (Supplementary Fig. 4D).

Galectin 3 expression, restricted to the end feet of the
macroglial M€uller cells in the rat retinas, was moderately
increased in the diabetic retinas of GK rats at 6 and 12
months (Supplementary Fig. 5C). In human retinas, the
glial expression of galectin 3 was highly enhanced in the

diabetic retinas (Supplementary Fig. 5D) where it was also
observed at the apices of the glial Muller cells in the outer
retina (Supplementary Fig. 5D, insert, arrow).

NGAL/lipocalin 2 and galectin 3, two biomarkers of
diabetes complications in humans, upregulated in the ret-
ina of GK rats and counterregulated by spironolactone,
are present in human retina and macula and are increased
in diabetic eyes, indicating that MR-downstream targets
are upregulated in the retinas of humans with diabetes.

DISCUSSION

MR pathway activation is recognized in the pathogenesis
of diabetes complications including coronaropathy
(10,43), delayed skin wound Q:14healing (44), and nephropa-
thy (14), and large clinical trials are being conducted to
confirm the beneficial effect of MRA on diabetic protein-
uria (16). But in diabetic retinopathy the role of the MR
pathway has been poorly studied, although convergent
evidence, in different animal models, shows that in the

Figure 7—Sp-MSs restore the retinal-blood barrier in old GK rats. A–D. In the retinas of GK rats (age >12 months) injected with NL-MSs,
immunofluorescence of FITC-albumin distributes in the retinal and choroidal vessels and in the neuroretina adjacent to vascular leakage
(A). Staining of albumin can also be observed in the monolayer of RPE (arrow in insert). In the retinas of GK rats injected with Sp-MSs,
extravascular albumin is decreased in the neuroretina (C). No albumin is observed in the retinal pigment epithelium (arrow in insert). B and
D are merged images, with DAPI in blue. GCL, GC layer. Bar: 100 mm. E and F: Quantification of extravascular albumin-positive surface on
retinal sections shows that Sp-MSs decrease significantly the leaking area (E) and the ratio of albumin-positive surface to total analyzed
retinal surface (F). n = 6 rats in each group. Data are expressed as mean ± SD. *P < 0.05 (Mann-Whitney U test). G: Retinal flat mounts
from old GK rats perfused with FITC-dextran show dextran leakage from the retinal vessels in NL-MSs–injected group (left). On the retinal
flat mounts from Sp-MSs–injected GK rats, we found reduced dextran fluorescence (right). H: Quantification of leaky sites on the retinal
flat mounts shows that Sp-MSs treatment significantly decreases the leakage in old GK rat retinas compared with the NL-MSs control. n =
5 rats in NL-MSs group and 8 rats in Sp-MSs group. Data are expressed as mean ± SD. ***P< 0.001 (Mann-Whitney U test). Nb, number.
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retina aldosterone and angiotensin II cause inflammation,
oxidative stress, and pathologic angiogenesis (18–21,29,30,
45), which are mechanisms involved in diabetic retinopathy.
In the rodent retina, MR is expressed in glial M€uller cells, in
interneurons and GCs, in the retinal pigment epithelium, in
microglia/macrophages, and in endothelial cells of retinal
and choroidal vessels (19,21,30). In the human retina, we
found that MR is also expressed in photoreceptors and par-
ticularly in cone photoreceptors. Previous results indicate
that MR regulates locally the distribution and expression of
ion and water channels in glial cells (35), also known to con-
tribute to diabetic retinal edema. In addition, local activation
of MR by aldosterone in the rat eye induced subretinal fluid
accumulation, choroidal vasodilation, retinal inflammation,
and oxidative stress markers (18,19) and systemic slow
release of aldosterone aggravated retinal edema in a rat
model of vein occlusion (20). These observations show that
MR overactivation is pathogenic in the retina, but which
ligand could activate MR in human was unknown. Using a

highly sensitive LC-MS/MS method (34), we did not detect
any trace of aldosterone in the vitreous of human subjects
with or without diabetes. But, interestingly, the lower corti-
sone-to-cortisol ratio in the vitreous of patients with diabe-
tes, which reflects lower 11b-HSD2 activity, indicates that
cortisol but not aldosterone is the ligand for MR in the dia-
betic retina. In the serum, low cortisone-to-cortisol ratio
was previously found in patients with diabetes, and lower
levels are associated with diabetes complications such as ret-
inopathy and nephropathy (46). Thus, increased cortisol
availability in the eye could activate the MR pathway in dia-
betes conditions.

In the GK rat retinas, Nr3c2 expression (encoding MR) is
increased as compared with age-matched controls until 6
months, whereas in nondiabetic Wistar rat retinas, Nr3c2
increases only at 12 months with aging, suggesting that dia-
betes mimics a premature senescence (47). In human dia-
betic retinas, similar enhanced MR was found, particularly
in the macula, where cones are concentrated. Both increased

Figure 8—Transcriptomic analysis of diabetic retinas from 14-month-old GK rats injected with Sp-MSs (Spiro-MSs) vs. NL-MSs. A: The
heat maps show differentially regulated genes by Sp-MSs as compared with NL-MSs. n = 3 rats in each group. B: Pathway enrichment
analysis using hallmark gene set with GSEA function highlights nine significantly regulated pathways. C: Network map of the enriched
pathways of oxidative phosphorylation, G2M checkpoint, ultraviolet responseQ:27 DN, MYC targets, MTORC1 signaling, and unfolded protein
response. Genes involved in vascular permeability and retinal edema are highlighted in blue rectangles. D: Quantitative PCR confirms the
regulation of genes Vldlr, Hey1, Slc7a1, Sesn2, and Tjp1 in the retinas of GK rats injected with Sp-MSs compared with NL-MSs. Hprt1 and
18S are housekeeping genes. n = 8 rats in each group. Data are expressed as mean ± SD. *P< 0.05, **P < 0.01 (Mann-Whitney U test).
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 ligand and receptor could contribute to the overactivation of
MR pathway.

The role of MR activation in the development of dia-
betic retinopathy has been further shown by the effect of
the local delivery of the MR antagonist, spironolactone.
In both young and old GK rats, the local slow release of
spironolactone reversed the pathologic changes induced
by diabetes. At the early stage, abnormal choroidal vasodi-
lation was reverted, and at a later stage retinal edema was
decreased. In humans, choroidal vasodilation has also
been shown to precede the occurrence of microangiopathy
signs (4). Although the rodent retina does not mimic
completely human diabetic macular edema because rod-
ents do not have a macula, GK rats develop retinal edema
close to the human disease with change in the distribu-
tion of Kir4.1 and AQP4 and increased expression of
Icam-1, Ccl2, and Plgf (35). All those changes were rev-
erted by ocular spironolactone without glycemic control
being affected, demonstrating the direct retinal effect of
MRA. In addition, two markers of diabetes complications,
lipocalin 2 and galectin 3, increased in the diabetic GK
retina and decreased by spironolactone, were also inc-
reased in human eyes with diabetes.

There are multiple mechanisms of action of spironolac-
tone on retinal edema (Supplementary Fig. 6). It reduces
retinal inflammation at early and late stages of retinopa-
thy through decreasing the activation and migration of
macrophages/microglia and reducing the expression of
inflammatory cytokines. Meanwhile, aldosterone was sho-
wn to promote an inflammatory and pro-oxidant pheno-
type of microglial/macrophage in a rat model of ischemic
retinopathy and spironolactone reduced in vitro the ische-
mia-induced activation of microglial cells (48).

The restoration of retinal barriers by spironolactone
shown by reduction of albumin and FITC-dextran leakage
in 1-year-old GK rats was not associated with a reduction
in VEGF expression. We therefore analyzed whether other
molecules known to intervene in vascular permeability
were regulated by spironolactone. We found that spirono-
lactone upregulates the expression of Hey1, Vldlr, Pten,
Slc7a1, Tjp1, Dlg1, and Sesn2 in the GK rat retinas (Fig. 8).
Hey1, a target gene of the Notch ligand delta-like ligand 4
(Dll4), reduces vascular permeability and enhances the nor-
mal vascular maturation (49). Vldlr, encoding the VLDL
receptor, is essential for maintenance of retinal permeabil-
ity, as Vldlr�/� mice show severe retinal vascular leakage
(50). Pten negatively regulates the function and the phos-
phorylation of cavolin-1, thus reducing endothelial perme-
ability (51). Slc7a1 encodes an interendothelial cell adh-
esion molecule that controls endothelial permeability (52).
Tjp1, tight junction protein 1, regulates adherens junctions
(53) and discs large homolog 1 (Dlg1) controls the blood-
retinal barrierQ:15 (54). Finally, the upregulation of Sesn2 by
spironolactone could reduce metabolic stress induced by
hyperglycemia (55) and protect the blood-retinal barrier
(56). But it is most likely that the effect of spironolactone

on permeability, as is observed for other corticoids,
results from a combination of mechanisms not res-
tricted only to gene expression. Further studies are
required to decipher these complex mechanisms.

On the other hand, spironolactone regulates the protein
response (unfolded protein response), known to occur in
the diabetic retina (57), where it plays a crucial role in the
survival and activity of vascular endothelial cells, through
various mechanisms including the upregulation of VEGF
expression (58). Indeed, VEGF expression was not reduced
by spironolactone administered in 4-month-old GK rats or
in 1-year-old rats, despite the observed effect on retinal
edema, suggesting an opportunity to combine spironolac-
tone with anti-VEGF therapies.

Spironolactone effects on edema are also associated
with the partial normalization of water channels along
macroglial M€uller cells, which play a major role in drain-
age mechanisms (35).

Taken together, these results indicate that MRA exerts
multiple transcriptional regulations that concur with their
antiedematous effects Q:16in the GK rat model. Whether similar
effects are observed in retinopathy from other Q:17experimental
diabetes, induced chemically or with genetic modification,
particularly in type 1 diabetic models, remains to be exp-
lored.

Finally, spironolactone also protected retinal cells against
excitotoxicity. Oral spironolactone did not protect in vivo
against NMDA-induced cell death (59), which is expected,
since spironolactone has a very poor ocular bioavailability
after oral administration (28), and indicates the need for
ocular delivery of MRA. In the GK rats, after 1 month of
Sp-MSs exposure Q:18, we did not observe GC protection. This
could be related to the late onset and short duration Q:19of
treatment, as GC loss begins early in the diabetic retina
(61), or to the involvement of additional mechanisms.

In conclusion, we bring here evidence that MR pathway
activation contributes to diabetic retinopathy pathogenic-
ity in the rat and human retina and that local delivery of
MRA reduces retinal edema in the GK rat through multi-
ple mechanisms, independent from VEGF neutralization.
Further studies are needed to confirm that local MRA
could find a place in the therapeutic arsenal of diabetic
retinopathy.
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