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Purrose. Studies have suggested that photoreceptors (PR) are altered by diabetes,
contributing to diabetic retinopathy (DR) pathology. Here, we explored the effect of
diabetes on retinal ischemic injury.

MertHobps. Retinal ischemia-reperfusion (IR) injury was caused by elevation of intraocular
pressure in 10-week-old BKS db/db type 2 diabetes mellitus (T2DM) mice or C57BL/6]
mice at 4 or 12 weeks after streptozotocin (STZ)-induced type 1 diabetes mellitus (T1IDM),
and respective nondiabetic controls. Retinal neurodegeneration was evaluated by retinal
layer thinning, TUNEL staining, and neuron loss. Vascular permeability was evaluated as
retinal accumulation of circulating fluorescent albumin. The effects of pretreatment with
a sodium-glucose co-transporter (SGLT1/2) inhibitor, phlorizin, were examined.

Resurrs. Nondiabetic control mice exhibited no significant outer retinal layer thinning or
PR loss after IR injury. In contrast, db/db mice exhibited significant outer retina thinning
(49%, P < 0.0001), loss of PR nuclei (45%, P < 0.05) and inner segment (IS) length
decline (45%, P < 0.0001). STZ-induced diabetic mice at 4 weeks showed progressive
thinning of the outer retina (55%, by 14 days, P < 0.0001) and 4.3-fold greater number
of TUNEL™ cells in the outer nuclear layer (ONL) than injured retinas of control mice (P
< 0.0001). After 12 weeks of diabetes, the retinas exhibited similar outer layer thinning
and PR loss after IR. Diabetes also delayed restoration of the blood-retinal barrier after
IR injury. Phlorizin reduced outer retinal layer thinning from 49% to 3% (P < 0.0001).

ConcLusions. Diabetes caused PR to become highly susceptible to IR injury. The ability
of phlorizin pretreatment to block outer retinal thinning after IR suggests that the effects
of diabetes on PR are readily reversible.

Keywords: diabetic retinopathy (DR), retinal ischemia, photoreceptors, ischemia reper-
fusion (IR), retinal degeneration

iabetic retinopathy (DR) is clinically characterized

by observable retinal vascular pathologies, including
regions of ischemia, hemorrhages, microaneurysms, venous
beading, permeability leading to diabetic macular edema
(DME), and ultimately neovascularization resulting in prolif-
erative DR (PDR).! Laser photocoagulation targeting regions
of vasculature permeability and neovascularization, as well
as pan-laser photocoagulation (PLP) are effective meth-
ods to control disease progression. In addition, cytokine
neutralizing therapies targeting vascular endothelial growth
factor A (VEGF-A) alone or both VEGF-A and angiopoietin
2 (Ang2) are effective treatment options for nonproliferative
diabetic retinopathy (NPDR), PDR, and DME.*>> However,
only approximately half of the patients with DME receiv-
ing these cytokine neutralizing therapies show significant
benefit, and DR remains a leading cause of visual loss and
blindness. New approaches and mechanistic understanding

of the disease process is needed.
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In addition to the well-described vascular alterations,
diabetes also causes retinal neurodegeneration, known as
diabetic retinal neuropathy (DRN), which has been observed
in patients without overt vascular pathology and mainly
affects the inner retina.* DRN is mainly associated with alter-
ations in visual functions associated with the inner retina and
with thinning of the retinal ganglion cell complex (GCO),
which includes the retinal nerve fiber layer (RNFL), ganglion
cell layer (GCL), inner plexiform layer (IPL), or the combined
ganglion cell-inner plexiform layer (GC-IPL).> DRN is well
modeled in diabetic mouse and rat models, where it is
associated with inner retinal layer thinning, as well as the
death and loss of retinal ganglion cells (RGC) and displaced
amacrine cells (dAC) in the GCL. Although DRN in patients
with diabetes occurs prior to clinically observable vascular
pathologies, research has not resolved whether DRN causes
loss of vision, precedes all vascular abnormalities, are a
consequence of occult vascular changes, or simply repre-
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sent a separate pathology from DR. Comparison of rodent
diabetic models revealed that inner retinal thinning failed to
account for loss of visual acuity.” Recently, research showed
that genetically targeting vascular endothelial cells with a
mutant form of occludin that is resistant to VEGF-induced
permeability prevented loss of visual acuity in mice, whereas
inner retinal thinning was still observed.® Thus, the contribu-
tion of DRN to loss of vision in patients with diabetes needs
to be clarified.

Research has also implicated a role for photorecep-
tors (PRs) in the etiology DR (reviewed in Refs. 6, 9, and
10). In fact, it has been suggested that dysfunction of PR
and the retinal pigment epithelium (RPE), which supports
them, may play a key role in the initiation of DR.}%'!! This
diabetic PR dysfunction has been attributed to mechanisms
such as oxidative stress, inflammation, abnormal ion fluxes,
and diminished insulin receptor signaling.!® Evidence for a
causal role of PR in DR onset and progression includes a
survey of patients with retinitis pigmentosa that found a
reduced incidence of DR.'"13 Studies in mice found that
ablation of PR and inhibition of rod-specific phototrans-
duction by gene deletion of rod transducin alpha subunit
(Gnat™/~ mice) blocked some of the effects of diabetes on
the retina, including harmful superoxide production, capil-
lary drop out, vascular leakage in the IPL and upregula-
tion of several inflammatory genes.'*'> However, superoxide
production and vascular permeability in other retinal layers
still increased in the diabetic Gnat™~ mice. In addition,
pharmacological inhibition of the visual cycle prevented DR
pathology in mice.!® The visual cycle includes the chem-
ical process for replenishment of 11-cis-retinal from all-
trans-retinol by the RPE, which is required for sustained
light-stimulated rhodopsin signal transduction in rod PR.
In diabetic mice, inhibition of cis-retinal recycling with
retinylamine (Ret-NH2) diminished retinal capillary degener-
ation, vascular albumin leakage, retinal superoxide produc-
tion, and expression of inflammatory factors.'® Thus, a lack
of PR or diminished phototransduction in PR can prevent
the onset or progression of experimental DR pathologies.
This suggests that PR are somehow detrimentally altered by
diabetes in a way that contributes to DR risk or progression.

Interestingly, studies in both humans and animals failed
to identify consistent global morphological changes to the
outer retina during diabetes. A recent review by Tonade
and Kern!® highlighted numerous animal and human stud-
ies examining ultrastructural changes in the outer retina
observed with diabetes. Most of the studies failed to detect
outer retinal ultrastructural changes in diabetes. Further,
when changes were observed they were not consistent
between studies, although one of the few consistent observa-
tions was S-cone loss. In contrast, studies in patients suggest
that when diabetes is combined with ischemia, PR changes
can be detected. In patients, diabetes causes retinal capillary
loss and nonperfusion, collectively known as diabetic macu-
lar ischemia (DMI).!” Studies comparing PR density and light
sensitivity of ischemic regions to normally perfused reti-
nal regions in patients with DMI have found that areas of
capillary nonperfusion exhibit outer retina layer thinning,
PR disorganization, diminished PR density, and decreased
light sensitivity.!8-? In addition, diabetes can cause loss
of vessel density and lack of perfusion in the choroidal
vasculature, collectively referred to as diabetic choroidopa-
thy.?> Choroidal vascular changes start prior to the onset of
DR, can predict onset and progression of DR, and increase
with severity of DR.2-32 Importantly, recent studies have
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found that diminished choroidal vessel density and perfu-
sion are also associated with impaired cone PR sensitiv-
ity and PR structural abnormalities, as indicated by altered
ellipsoid zone reflectivity in optical coherence tomography
(OCT) images.??:333> These studies suggest that in the pres-
ence of diabetes PR become susceptible to ischemic injury;
however, it should be noted that the normal retinas that
served as comparators did not have ischemic regions to serve
as proper controls.

Rodent intraocular pressure (IOP)-induced retinal
ischemia reperfusion (IR) injury models are convenient
means to study neurodegeneration and neuroprotective
mechanisms.3® The model recapitulates inner retinal neural
changes observed in DR. In the mouse IOP IR model, inner
retinal neurons, including RGC and dAC in the GCL, exhibit
high mortality, and the inner layers exhibit progressive thin-
ning after IR injury (for example see Ref. 37). In contrast,
the vast majority of PR are spared after IR injury, with very
little reduction in ONL thickness. This is surprising given
that in this model both retinal and choroidal blood circula-
tions are halted, such that the entire retina is ischemic. The
reason for PR resistance to ischemia is not understood.>® We
previously demonstrated that the mouse IOP IR model also
recapitulates additional aspects of DR pathology, including a
dramatic and sustained alteration of the inner blood retinal
barrier (iBRB), with increased vascular permeability asso-
ciated with tight junction protein loss from the endothelial
cell border.>” This change in vascular permeability could be
prevented in rats by anti-VEGF treatment®®* and in mice
with faricimab treatment targeting both VEGF and Ang2,%
revealing that mouse IOP-induced IR injury effectively
models the vascular permeability alterations observed in
DR, as interventions in the model are predictive of human
therapeutic response.

Here, we describe a new model to explore the effects
of diabetes on PR. Whereas IR injury induces an inner
retinal thinning with minimal changes to the outer retina,
and diabetes alone reveals no observable changes to the
ultrastructure of the outer retina, IR applied to both type
1 and type 2 diabetic animals induced a profound syner-
gistic effect, with outer retinal loss of approximately 50%
due to increased apoptosis of PR over a 7-day time course.
Importantly, short-term treatment with sodium-glucose co-
transporter 1 and 2 (SGLT1/2) inhibitor, phlorizin, effec-
tively prevented the outer retinal degeneration. These stud-
ies suggest that diabetes dramatically increases PR suscep-
tibility to the IR injury and that the diabetes-IR model may
provide insight into the effects of diabetes on PR physiology.

METHODS
Animals

All mice were purchased from the Jackson Laboratory (Bar
Harbor, ME, USA) and treated in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Visual
Research and the guidelines established by the University
of Michigan Institutional Animal Care and Use Commit-
tee (IACUC). For the type 2 diabetes model, homozygous
male BKS.Cg-Dock7"+/+Lepr “°/] mice (Jackson Labora-
tories Strain #:000697, referred to as db/db) were used,
with heterozygous littermates (db/+) used as nondiabetic
controls. For the type 1 diabetes, male C57BL/6] mice at 9 to
10 weeks of age were injected intraperitoneally with strepto-
zotocin (STZ; 65 mg/kg body weight) for 5 consecutive days.
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C57BL/6] mice injected with citrate buffer (pH 5.5) carrier
alone were used as nondiabetic controls. Body weight and
blood glucose levels of each mouse were monitored to track
the progression of the disease. Blood glucose levels were
determined with a test strip glucometer (Accu-Chek Nano;
Roche ) in the afternoon to avoid blood sugar spikes from
overnight eating. STZ-treated mice that displayed glucose
levels under 250 mg/dL were excluded from the study.

The IOP-induced retinal IR injury model was performed
as previously described,”” with elevation of IOP for 90
minutes via injection of saline into the anterior chamber
of experimental IR eyes and needle puncture alone for
contralateral sham control eyes. The IR procedure was
performed on diabetic and control mice at 4 weeks or 12
weeks after STZ or citrate buffer treatment, or at 10 weeks
of age for db/db and db/+4 mice (which corresponds to
2-6 weeks of hyperglycemia). During ischemia, IOPs were
consistently elevated to 85 to 95 millimeters of mercury (mm
Hg); with mice rejected from the study if the IOP fell below
75 mm Hg during ischemia. Sham-treated eyes exhibited
IOPs of 7 to 9 mm Hg, which is lower than normal IOP (13-
15 mm Hg) due to heavy sedation. We did not observe any
significant differences in IOPs of C57BL6/J, db/+ or db/db
mice. In some experiments, the mice were treated with 400
mg/kg SGLT1/2 inhibitor phlorizin (a.k.a. phloridzin; Sigma,
St. Louis, MO, USA) in 10% ethanol, 15% dimethyl sulfox-
ide, and 75% normal saline (0.9% w/v NaClD by intraperi-
toneal injection at 16 and 1.5 hours before IOP elevation.
Controls received injections of carrier alone. Blood glucose
levels were measured with a drop of blood (approximately
2 pL) obtained from the tail vein using a glucometer.

Retinal Vascular Permeability Assay

Retinal vascular permeability was assessed by accumulation
of fluorescein isothiocyanate-labeled bovine serum albu-
min (FITC-BSA; Sigma, St. Louis, MO, USA), as previously
described.*® To visualize regions of vascular leakage, the
extravascular accumulation of sulfo-NHS-biotin was imaged
as described previously.?! Briefly, EZ-link Sulfo-NHS-biotin
(300 mg/kg body weight, Thermo Fisher Scientific, Waltham,
MA, USA) was perfused into the femoral vein of anesthetized
mice and allowed to circulate for 5 minutes before tran-
scardiac perfusion with warm saline for 2 minutes to flush
vessels and then with 2% paraformaldehyde (PFA) for 3
minutes to fix the sulfo-NHS-biotin in place. Eyes were
harvested and post-fixed in 1% PFA in PBS for 6 hours at
4°C prior to retinal dissection. Dissected retinas were probed
with antibodies to endothelial marker CD31/PECAM1 (1:75,
clone MEC 13-3, BD Bioscience #553370, San Jose, CA,
USA), the tight junction protein ZO-1 (1:75, MABT11; Milli-
pore Sigma, Burlington, MA, USA), and Texas Red Strepta-
vidin (1:500, Vector Lab # SA-5006, Newark, CA, USA) by
confocal microscopy. Quantification of sulfo-NHS-LC-biotin
pixel intensity normalized by the area of the retinas was
performed using Image]J 1.54f software (Imagej.net).

In Situ Measurement of Retinal Layer Thicknesses

Retinal thickness was measured in situ in mice while
they were under anesthesia using a small animal spec-
tral domain optical coherence tomography (SD-OCT) imag-
ing system (Envisu R2200; Bioptigen, Morrisville, NC, USA)
and InVivoVue Diver software (Bioptigen). Measurements
were made at 4 compass points 350 um from the center of
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the optic nerve head and averaged. The total retina thick-
ness was defined as the distance from the inner limiting
membrane (ILM) to the RPE. The inner retina thickness was
defined as the ILM to the inner limit of the outer plexiform
layer (OPL) and the outer retina thickness was defined as
the inner limit of the OPL to the RPE.

Cell Death Assay

Cell death was measured by detecting cytoplasmic histone
associated DNA fragments using a Cell Death Detection
ELISA kit (Cell Death Detection Assay; Roche Applied
Science, Indianapolis, IN, USA) as described®® and colorimet-
ric signal was measured using a microplate spectrophotome-
ter (FluoStar Omega, BMG Labtech, Ortenberg, Germany) to
detect light absorbance at 405 nm with a 490 nm reference
wavelength and normalized to total retina wet weight.

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assays were performed in whole retinal
flatmounts and retinal frozen sections using the Click-iT
Plus TUNEL assay kit (Thermo Fisher Scientific). TUNEL
in whole retinas was performed as previously described.’’
After the Click-iT reaction occurred, retinas were incu-
bated with isolectin B4-AF488 (IB4, Molecular Probe 121411,
Eugene, OR, USA; 1:75) and rabbit anti-Iba-1 (Wako 019-
19741,1:200) in blocking buffer at 4°C overnight. After 5 to
6 washes with PBS plus 0.1% Tween 20 (PBST) for 1 hour
each, the retinas were incubated with a mixture of secondary
antibodies and Hoechst-33342 at 4°C overnight. After 5 to
6 washes with PBST for 1 hour each, the retinas were flat
mounted in mounting media (Prolong Gold; Thermo Fisher
Scientific). Immunofluorescence microscopy was performed
using a Leica TSC SP5 confocal microscope. For TUNEL in
retinal sections, immediately following euthanasia, the eyes
were removed and fixed in 4% PFA in PBS for 1.5 hour at
room temperature, then sequentially incubated in a gradi-
ent concentration of sucrose in PBS for cryoprotection (5% at
room temperature for 1 hour, 10% at room temperature for 1
hour, and 20% at 4°C overnight). The eyes were then embed-
ded with a 1:1 mixture of 20% sucrose and optimal cutting
temperature compound (Tissue-Tek 4583; Sakura Finetek,
Torrance, CA, USA) and cut into 30-um thick sections. Retinal
sections were permeabilized with 0.3% Triton X-100 in tris-
buffered saline, placed in terminal deoxynucleotide trans-
ferase (TdT) reaction buffer from the Click-iT Plus TUNEL
assay Kkit, and allowed to equilibrate for 20 minutes at 37°C.
The TdT reaction buffer was replaced with a complete TdT
reaction mixture and sections incubated for 75 minutes at
37°C to allow complete enzyme penetration into the tissue.
Tissue sections were then rinsed 3 times 0.3% BSA in PBS
and incubated in Click-iT TUNEL reaction cocktail for 60
minutes at 37°C to allow the Click-iT reaction to occur. The
sections were again rinsed 3 times with 0.3% BSA in PBS,
stained with Hoechst in 10% donkey serum, washed 2 times
in Tris-buffered saline-Tween 20 (TBST), and then mounted
and imaged with a DMG6000 fluorescent microscope (Leica
Microsystems, Inc., Buffalo Grove, IL, USA).

Retinal Layer Thickness Evaluation in
Plastic-Embedded Sections

Eyes were branded to mark orientation and then enucleated.
Enucleated eyes were fixed in 2% PFA and 2% glutaralde-
hyde overnight at 4°C, rinsed in PBS, and then dehydrated
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in increasing ethanol concentrations (50%, 70%, 80%, 95%,
and 100%) at room temperature for 30 minutes per step. The
eyes were then embedded in JB-4 plastic using reagents from
Electron Microscopy Sciences. The dehydrated eyes were
first incubated in JB-4 Solution A (Cat# 14270-01) contain-
ing 1.25% catalyst (plasticized benzoyl peroxide, Cat# 14270-
06) at 4°C overnight. The eyes were then embedded in
a 25:1 mixture of Solution-A plus catalyst and JB-4 Solu-
tion B (Cat# 14270-04). Three-micron thin sections were
stained for 30 to 60 seconds in Lee’s Methylene Blue-Basic
Fuchsin Stain containing 0.026% methylene blue, 0.026%
basic fuchsin, 24% ethanol in 0.2M phosphate buffer, and
pH 7.2, rinsed with water, 0.5% acetic acid, and then water,
and dried and mounted with Permount. Images of the retina
were captured at 350, 800, 1250, 1700, and 2150 pm from
the optic nerve head on both the nasal and temporal sides
with a 40 x objective (Leica DM6000 microscope). Images
of plastic retinal sections were quantified using MetaMorph
version 7.6.3 (Molecular Devices, Sunnyvale, CA, USA) and
ImageJ software. Using MetaMorph, inverted red images
of the Lee-stained retina, the sections were converted to
monochrome to highlight cell nuclei. ImageJ was used to
recognize and quantify cell nuclei as low intensity regions
of interest in GCL, INL, and ONL. Average layer thicknesses
were calculated by measuring the area of each layer as a
smoothed polygon and dividing by the average length of
the polygonal sides defining the top and bottom of each
area.

Statistics

Significances of differences between multiple groups (*P <
0.05, *P < 0.01, **P < 0.001, and ***P < 0.0001) were
determined using ANOVA with Sidak correction for multi-
ple comparisons.

REsuULTS

Ischemia Reperfusion Induces Outer Retinal Loss
in Diabetic Mice

Our previous studies in the mouse IOP-induced IR injury
model documented the progressive thinning of the inner
retina with minimal or no outer retinal thinning.>’ We
wondered if diabetes would alter the response to retinal
IR injury in mice and reveal a diabetes-induced suscepti-
bility to ischemic injury. The db/db leptin receptor deficient
mouse on the C57BLKS/J (BKS) mouse background (referred
to here as simply db/db) is an often-used model for type 2
diabetes mellitus (T2DM)-induced diabetic complications.42
Homozygous db/db mice become obese at 3 to 4 weeks
and hyperglycemic at 4 to 8 weeks of age (see https://www.
jax.org/strain/000642). BKS db/db mice exhibit progressive
inner retinal thinning from 1.5 to 9 months of age, with
no significant outer retinal layer loss.” In this study, db/db
diabetic mice and nondiabetic db/+ heterozygote controls
were subjected to IR injury at 10 weeks of age, which corre-
sponds to 2 to 6 weeks of diabetes. OCT analysis (Figs. 1A—
D) was used to evaluate total inner and outer retinal thick-
ness at 10 days following IR injury (# = 5-8 retinas/group).
A significant 31% (P < 0.0001) loss of total retinal thick-
ness was observed in IR injured db/db eyes (see Fig. 1B).
This loss was almost entirely due to outer retinal thinning
(49%, P < 0.0001) that only occurred in the db/db mice
after IR injury (see Fig. 1D). Inner retinal layers in both

IOVS | November 2024 | Vol. 65 | No. 13 | Article 46 | 4

db/db and db/+ eyes subjected to IR injury were on average
thinner than their sham-treated counterparts, but differences
did not reach significance. OCT analysis was hampered in
some IR-injured eyes due to cataract formation. Therefore,
eyes were harvested at 14 days following IR injury and
plastic-embedded thin retinal sections were used to eval-
uate retinal layer thicknesses, photoreceptor nuclei densi-
ties in the ONL, and inner segment (IS) heights (Figs. 1E-]).
Spider graphs showing thicknesses as a function of nasal and
temporal distances from the optic nerve confirmed signifi-
cant total retina thinning only in db/db eyes subjected to IR
(see Fig. 1F), which was driven by loss of the outer retina
(see Fig. 1H). Inner retinal thinning was evident in all groups
compared to the db/+ sham group but was only significant
for the db/db IR group at the innermost regions (see Fig.
1G). Nuclei counts in the ONL (see Fig. 1I) showed virtu-
ally identical results as outer retinal thickness observed by
OCT, confirming photoreceptor loss. Counts of nuclei in the
GCL and INL showed mostly nonsignificant trends, but it
was noted that the db/+ IR group showed consistently less
nuclei in the GCL than other groups (Supplementary Fig.
S1). IR injury significantly reduced photoreceptor IS length
(P < 0.0001) by 40% to 50% in the central and medial retina
of db/db eyes, whereas IR had no effect on IS length in
eyes of db/+ mice (see Fig. 1J). These results demonstrate
that PR are normally insensitive to IR injury but are made
highly susceptible to IR injury by a relatively short duration
of diabetic conditions in this T2DM model.

The effect of diabetes on retinal layer thinning after IR
injury was next tested in the STZ-induced type 1 diabetes
mellitus (T1DM) mouse model. After 4 weeks of STZ-
induced diabetes, the mice were subjected to retinal IR
injury. OCT imaging (Fig. 2A) was used to evaluate total,
inner and outer retinal thicknesses (Figs. 2B-D) before IR
injury and over a 30-day time course after IR injury (n =
8-12 retinas/group). In nondiabetic (control) mice, IR injury
caused progressive inner retinal thinning (35% by 14 days,
P < 0.0001; see Fig. 2C), but no significant thinning of the
outer retina was observed (see Fig. 2D). These results are
very similar to what we previously observed in C57BL6/J
mice.”” In contrast, in STZ diabetic mice, IR induced progres-
sive thinning of the total retina driven by outer retinal loss,
such that the outer retina of STZ-IR eyes was significantly (P
< 0.0001) thinner than all other groups, including control-
IR, by 4 days after injury (see Fig. 2B). Control-IR and STZ-IR
groups exhibited similar significant inner retina thinning of
approximately 20% by 14 days after injury (see Fig. 2C). In
contrast, IR injury caused outer retina thinning only in the
STZ-IR group (see Fig. 2D), which reached a 55% decrease
by 14 days (P < 0.0001).

To determine whether phototransduction impacted the
outer retinal loss, the experiment was repeated with a set of
4-week STZ-diabetic mice with the animals separated into 2
groups and housed under normal light-cycling and contin-
ual dark conditions after IR injury (Supplementary Fig. S2).
OCT analysis revealed that darkness did not prevent the thin-
ning of the outer retina after IR injury of diabetic mice (see
Supplementary Fig. S2D).

We also explored whether the duration of diabetes altered
outer retinal loss after IR. Control and diabetic mice were
subjected to retinal IR injury after 3 months of STZ-induced
diabetes. OCT analysis was used to evaluate total, inner,
and outer retinal thickness values at 10 days following IR
injury (Fig. 3, n = 5-8 retinas/group). Significant outer reti-
nal thinning occurred in the IR-injured eyes of 3-month
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Ficure 1. Retinal layer thinning after IR injury in type 2 diabetic mice. At 10 weeks of age (2-6 weeks of diabetes), db/+ (control), and
db/db (diabetic) mice were subjected to retinal IR injury. OCT (A) was used to evaluate total (B), inner (C), and outer (D) retinal thickness
at 10 days following IR injury (7 = 5-8/group). At 14 days following IR injury, retinas were plastic-embedded, sectioned, and stained with

Lee’s stain (E) to evaluate total (F), inner (G), and outer (H) retinal

thickness. The linear density of nuclei in the ONL (I) and the length of

IS (J) were also evaluated. Significances of differences between groups: *P < 0.05, **P < 0.01, **P < 0.001, and ***P < 0.0001, with colors
indicating the comparison of db/db IR with each of the other groups.

diabetic mice (see Fig. 3D), which was similar to that
observed in 4-week diabetic mice at 10 days after IR injury.
As before, plastic sections were obtained for eyes of the
3-month diabetic cohort at 14 days following IR injury
(see Fig. 3E). These were used to evaluated nuclei density
in ONL (see Fig. 3F) and the length of the photorecep-
tor IS (see Fig. 3G). As with 1 month of diabetes, signif-
icant loss of PR nuclei (P < 0.0001) occurred only in
diabetic mice after IR injury. However, IS length differ-
ences were not consistently reduced across the entire retina
(see Fig. 3G).

Collectively, the data demonstrate that IR applied to both
type 1 and type 2 mouse models of diabetes produced
dramatic photoreceptor degeneration, with loss of approx-
imately half of the outer retinal thickness within 10 to 14
days. This phenomenon is not affected by post-IR dark hous-
ing and is observed in mice after both 1 and 3 months
of diabetes. The data reveal a previously unrecognized
dramatic outer retinal degeneration in diabetic animals
subject to transient ischemia.

IR Induces Apoptosis in STZ Diabetic Mice

Our previous study®’ used a DNA-fragmentation death assay
and TUNEL to investigate retinal cell death after IR injury
and found that cell death was maximal at 1 to 2 days after
injury, when TUNEL-positive cells corresponded mainly to
RGC and dAC in the GCL.>” However, even though inner
retinal thinning was complete by 2 weeks, a low but signifi-
cantly elevated level of DNA fragmentation persisted until 3
weeks after injury, at which time TUNEL-positive cells were
mainly in the ONL. To further examine how diabetes affected
specific cell death we compared the distribution of TUNEL-
positive cells caused by IR injury in 4-week STZ diabetic
and control mice. At 1 and 4 days after IR, the retinas (nz =
5/group) were harvested, and retinal frozen sections were
TUNEL stained (Fig. 4). This revealed a dramatic increase
in the number of TUNEL"' cells in the ONL of IR-injured
retina of diabetic mice at 1 day, which was significantly (P <
0.0001) 4.3-fold higher than in control IR retinas (see Figs.
4A, 4B). Although appreciable numbers of TUNEL"' cells
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Ficure 2. Time course of retinal layer thinning after IR injury in STZ-induced diabetic mice. After 4 weeks of STZ-induced diabetes,
the mice were subjected to retinal IR injury. OCT (A) was used to evaluate total (B), inner (C), and outer (D) retinal thickness before IR
injury and at the indicated times after IR injury (z = 8-12/group). Significances of differences between groups: *P < 0.05, **P < 0.01, ***P

< 0.001, and ***P < 0.0001, with colors indicating the comparison of STZ-IR group with each other group.

were observed in other retinal layers, the increase was only
significant in the ONL of IR-injured diabetic mice. At 4 days
after IR injury the number of TUNEL" cells in the ONL of
STZ-IR retinas had decreased from 400 cells/section to 120
cells/section and was no longer significantly higher than in
the control-IR ONL (see Fig. 4C). The results confirm that
diabetes induced high PR cell death after IR, with peak PR
cell death at 1 day after IR injury.

The experiment was repeated and TUNEL staining was
performed in whole-mounted retinas, along with IB4 stain-
ing of the vessels and Iba-1 immunofluorescence to iden-
tify microglia and invading phagocytes. The deep capillary
plexus was used to identify the top of the OPL and Hoechst
staining (not shown) was used to identify the ONL. Whole-
mounted retinas at 2 weeks after IR injury demonstrated a
significant increase in TUNEL staining in the ONL (Figs. 5A,
5B and additional images in Supplementary Fig. S3), which
persisted but was reduced at 4 weeks after IR (Fig. 5C). Cell
death assays were also performed for retinas harvested at 2
and 4 weeks after IR (Fig. 5D). Significant increases in DNA-
fragmentation were observed in the IR injured retinas, with a

significant difference between the control and diabetic reti-
nas at 2 weeks and equivalence at 4 weeks after IR injury.
Thus, this analysis confirmed that the early death response
in PR is unique to IR injury of retinas under diabetic condi-
tions and established its time course.

Vascular Permeability After IR in Diabetic
Animals

We next explored the effect of diabetes on the retinal vascu-
lar response to IR injury. Previously, we demonstrated a
rapid retinal vascular permeability response to IR injury,
which was spontaneously resolved between 3 and 4 weeks
after injury.’” We speculated that the increased cell death
observed after IR injury in diabetic mice could delay restora-
tion of the iBRB, thus prolonging leakage. Therefore, IR
injury was produced in control and 4-week STZ-diabetic
mice and vascular permeability was assessed by FITC-BSA
accumulation in retinal tissue after 2 and 4 weeks of recovery
(Fig. 6A). In control mice, significant increases in permeabil-



Investigative Ophthalmology & Visual Science

Diabetic Photoreceptors are Sensitive to IR Injury

w

IOVS | November 2024 | Vol.65 | No. 13 | Article 46 | 7

(@
O

Total Inner Outer
=03 =015 =015 B —
g0  kkk [l S— [l ****
£ T £ £
b T xwek b ******** b ces,, =
So2 8 0.10 . A 8 010
c c o c
x £ x
L 2 L2
= & =
Eoa F o005 F 005
© © <
£ £ £
= = =
] g, £,

L 7 sham R Sham R 7 sham R Sham
sh: R sh
a(’:nontrol am Control STZ Control
ONL Nuclei IS Height
Sham IR 9
Control 3000 20
e * Control-Sham e Control-IR ® STZ-Sham e STZ-IR * Control-Sham e Control-IR ® STZ-Sham ® STZ-IR
GOL s oo wmbasson
IPL —, 3 1 2500
INL — 15

ont :Wmmmm I

1500

Nuclei Count / mm

>

Inner Segment Length (um)
&

2150 1700 1250 800 350 O 350 800 1250 1700 2150
Distance from Optic Nerve Head (um)

(Nasal to Temporal)

2150 1700 1250 800 350 O 350 800 1250 1700 2150
Distance from Optic Nerve Head (um)
(Nasal to Temporal)

Ficure 3. Retinal layer thinning after IR injury in STZ-induced diabetic mice with longer duration of diabetes. After 3 months of
STZ-induced diabetes, the mice were subjected to retinal IR injury. OCT (A) was used to evaluate total (B), inner (C), and outer (D) retinal
thickness at 10 days following IR injury (n = 5-8/group). At 14 days following IR injury, retinas were plastic-embedded, sectioned, and
stained with Lee’s stain (E) to evaluate the linear density of nuclei in the ONL (F) and the length of IS (G). Significances of differences
between groups: *P < 0.05, **P < 0.01, **P < 0.001, and ***P < 0.0001, with color indicating the comparison of STZ-IR with each of the

other groups.

ity were observed in the IR-injured group compared to the
sham group at 2 days after injury, but by 2 weeks there was
no significant difference. In contrast, in diabetic mice, IR-
increased permeability persisted through 4 weeks. Further,
we used crosslinking and imaging of sulfo-NHS biotin to
identify regions of vascular leak in flat-mounted retinas
harvested 4 weeks after IR injury of control and 4 week
diabetic mice (Fig. 6B). Sulfo-NHS biotin accumulation was
highest at the optic nerve head and the peripheral retina,
particularly in the IR-injured STZ-diabetic group. Quantifi-
cation of total retinal NHS-biotin intensity per area revealed
significantly increased leakage only in the STZ-diabetic IR
retinas (Fig. 6C), similar to FITC-BSA accumulation. Confocal
images of deep capillary plexus (Fig. 6D) revealed examples
of leaking vessels in the central, peripheral, and edge of the
distal retina. In contrast, there was limited NHS-biotin leak
at 4 weeks after IR in nondiabetic control animals (Supple-
mentary Fig. S4). Collectively, these studies revealed that
whereas IR induced a dramatic increase in vascular perme-
ability, the iBRB reformed within 2 to 4 weeks in the absence
of diabetes. However, in diabetic animals, IR-induced perme-
ability persisted for at least 4 weeks.

SGLT1/2 Inhibition Prevents Outer Retinal
Thinning After IR in Diabetic Animals

Finally, we tested the ability of the SGLT1/2 inhibitor phlo-
rizin to prevent outer retinal degeneration after IR in diabetic
animals. Phlorizin was chosen for use because it has a
long record of application in rodent diabetes models, and
because phlorizin is relatively nonselective, with a half-
maximal inhibitory concentration (ICsy) toward SGLT1 of

400 nM and an ICs, of 65 nM toward SGLT2.%-44 As before,
the mice were made diabetic with STZ and 4 weeks later
they were subjected to IR injury. However, a group of mice
were treated with phlorizin at 16 hours and 1.5 hours before
the IR procedure, and treated mice were compared to vehi-
cle injected controls. A relatively high dosage of 400 mg/kg
body weight was chosen because it was previously shown
to be effective at lowering blood glucose levels in T2DM
mice and was also shown to directly block leptin stimu-
lated cardiac glucose uptake in normal healthy mice. -4
Blood glucose measures revealed this limited phlorizin treat-
ment reduced diabetic blood glucose compared to untreated
animals but did not normalize glucose to control levels
(Supplementary Fig. S5). OCT analysis (Fig. 7A) was then
used to evaluate total (Fig. 7B), inner (Fig. 7C), and outer
(Fig. 7D) retinal thicknesses (n = 8 retinas/group) at 10
days following IR injury. Dramatic outer retina thinning was
observed in the vehicle treated IR-injured retinas, as shown
above. Remarkably, retinal thinning was completely abro-
gated in the phlorizin-treated IR group, with outer retinal
layer thinning reduced from 49% to 3% (P < 0.0001). At
14 days following IR injury, the eyes were harvested and
plastic-embedded retina sections were obtained (n = 5-7
retinas/group; Fig. 7E). Evaluation of retinal layers confirmed
that phlorizin pretreatment blocked thinning of total (Fig.
7F) and outer (Fig. 7H) retina layers. The density of nuclei
in the ONL and the length of IS were also evaluated in the
sections, demonstrating that loss of PR (Fig. 7I) and shorten-
ing of IS (Fig. 7]) were also abrogated by phlorizin. Collec-
tively, these data reveal that treatment with an SGLT1/2
inhibitor, coinciding with limited blood glucose normaliza-
tion, was able to completely prevent the IR-induced outer
retinal loss in diabetic animals.
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Ficure 4. TUNEL staining in retinal sections in STZ-induced diabetic mice after IR injury. After 4 weeks of STZ-induced diabetes, the
mice were subjected to retinal IR injury. At 1 and 4 days after injury, the retinas (n = 5/group) were harvested, embedded, thin sectioned, and
TUNEL stained (A). TUNEL positive cells in different retinal layers were quantified at 1 day (B) and 4 days (C) after IR injury. Significances
of differences between groups: *P < 0.05, **P < 0.01, ***P < 0.001, and ***P < 0.0001.

DISCUSSION

In the present study, we show that both type 1 and type 2
diabetic mice exhibit dramatic outer retinal layer thinning
and loss of PR following IR injury. The effect is synergis-
tic, as IR or diabetes alone fail to induce significant PR
death. The diabetic mice also demonstrated sustained vascu-
lar permeability after IR injury, potentially a result of the
increased PR death. Normally, PR are relatively resistant to
death following IR injury.?® For example, our previous study
in C57BL/6J mouse with the IR model of the same duration
(90 minutes) of IOP-induced ischemia, showed an approxi-
mately 36% loss in inner retinal layer thickness and only a
5% loss in outer retinal layer thickness.>” Similar inner retinal
thinning with no outer retinal thinning have been observed
in the rat IOP-induced retinal IR injury model.*®*> Because
of the preferential loss of RGC, the retinal IR-injury model
is also referred to as “acute glaucoma.”’ However, it is well
known that PR are adversely affected by IR injury. For exam-
ple, electroretinogram (ERG) responses have long been used
to evaluate retinal damage caused by IR and several studies
show rapid and sustained decreases of both a- and b-wave

amplitudes after IR injury.”'~>® This suggests that IR injury
causes PR and bipolar cell dysfunction or loss, but the lack
of b-wave could also be caused by loss of synaptic signal-
ing between PR and bipolar cells.>>>* Effects on the a-wave
response could be due to inhibition of phototransduction.
For example, expression levels of opsins are downregulated
in mice and rats following IR injury.>>>> In addition, several
IR studies in rats have documented greater outer retinal thin-
ning and PR loss than observed in our mouse model (for an
example, see Ref. 55).

We also observed extended retinal vascular permeabil-
ity in the IR and diabetes model. Previous studies revealed
IR leads to a VEGF-driven increase in vascular permeabil-
ity.?%-%0 However, this increase in permeability resolves by 2
to 3 weeks, with retinal barrier restoration as inflammation
recedes.’’” Here, we observed that permeability persisted for
at least 4 weeks in the diabetic IR model. One potential
mechanism by which vascular leakage may be extended is
the increased release of all-trans-retinaldehyde from addi-
tional dying PR in the IR-injured retina of diabetic mice. We
previously demonstrated the Lrat™~ genetic model, thera-
peutic intervention of the retinal cycle, or dark adaption
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Figure 5. TUNEL staining in flat-mount retinas in STZ-induced diabetic mice after IR injury. After 4 weeks of STZ-induced diabetes,
mice were subjected to retinal IR injury. At 2 and 4 weeks after injury, the retinas (n = 5/group) were harvested, flat-mounted, and stained
for TUNEL, IB4 (vascular), and Iba-1 (microglia and invading phagocytes). Representative images from OPL and ONL at 2 weeks after
IR injury are shown (A). TUNEL positive cells in different retinal layers were quantified at 2 weeks (B) and 4 weeks (C) after IR injury.
Retinal cell death assays were performed at 2 and 4 weeks after IR injury (D), with optical density of the DNA fragmentation ELISA
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to reduce all-trans-retinaldehyde level each attenuated IR- mediated glucose entry into the neural retina was also
induced permeability 48 hours after ischemia by approxi- found to be necessary for retinal pathologies in the diabetic
mately 50%.5° Extended all-trans-retinaldehyde release and ~ mouse %%
its potential role in extended retinal permeability after IR Mitochondrial ROS formation during reperfusion is a
injury in diabetic mice remains to be tested. key mechanism of IR-induced death.®® In addition, Du and
The present model combining diabetes with IR-injury coworkers showed that PR are the major source of reac-
suggests that some aspect of diabetes causes PR to become tive oxygen species in the diabetic mouse retina, and that
much more sensitive to IR injury, and reversal of this sensi- ablation of PR inhibited the increase in retinal superoxide
tivity by an SGLT inhibitor suggest that hyperglycemia may formation induced by diabetes.’> Thus, a potential expla-
be causal. The extent of hyperglycemia is a well-recognized nation of our results is that an increased influx of glucose
risk factor for DR risk and progression,”’ and elevated reti- during reperfusion increases ROS formation in PR such
nal glucose is often cited as the causal factor in DR pathol- that they cannot survive the enhanced oxidative damage.
ogy.”® Yokomizo and coworkers recently found that patients However, this mechanism does not appear to account for
with long term diabetes but no DR, called Gold Medal- the increased PR sensitivity in our model for several reasons.
ists, had elevated retinol binding protein 3 (RBP3).>° These First, ketamine and xylazine anesthesia caused an increase
authors also found downregulation of RBP3 expression in in blood glucose,”> such that at the time of reperfusion blood

diabetic rodent retinas, and revealed that a protective mech- glucose levels in normal and diabetic mice were not signif-
anism of RBP3 is inhibition of glucose transport into the icantly different (see Supplementary Fig. S5). Second, by
retina via glucose transporter-1 (GLUT1) binding. GLUT1- immunofluorescence (IF) in retinal sections, Madrakhimov
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biotin was imaged to visualize vascular leakage (B). Intensity of NHS-biotin in the flat-mount retinas were quantified (C). Confocal images
show NHS-biotin in the deep plexus (D). Significances of differences between groups: *P < 0.05, **P < 0.01, and **P < 0.001.

and coworkers® clearly showed increased GLUT1 protein
after 4 weeks of diabetes localized to the inner retina
and to Miiller cells, not to PR. Furthermore, Holoman and
colleagues® showed that conditional knockout of Glut1 in
the RPE, which is expected to reduce the glucose supply
to PR, did not alleviate retinal pathologies in diabetic mice.
Importantly, we performed IF in retinal sections using the
same antibody as used in previous studies®-% (Millipore
#07-1401) and did not observe an increase in GLUT1 at 4
weeks of diabetes (data not shown). In addition, Madrakhi-
mov and coworkers® found that GLUT1 protein expression
was no longer increased after 3 months of diabetes. Such a
normalization would be predicted to reverse the PR sensi-
tivity to IR injury, but we found that the PR sensitivity was
retained in 3-month diabetic mice. Finally, as a measure of
oxidative damage following IR injury, we measured the accu-
mulation of malondialdehyde (MDA), a lipid peroxidation
product that is often used to quantitate oxidative damage
in retinal IR injury models,” 7' and found no difference
between control-IR and diabetic IR-injured retinas (data not
shown).

Pretreatment with phlorizin blocked the synergistic
effects of diabetes and retinal IR injury. The current study
does not provide mechanistic insight into how SGLT inhibi-
tion acts to prevent diabetes/IR outer retinal loss. However,
simply reducing blood glucose levels does not seem to be
the explanation because blood glucose levels at the time of
IR injury were not normalized by the treatment. It is possible
that phlorizin has direct effects on PR in the diabetic retina.
Intriguingly, a recent study showed that intravitreal injec-
tion of the SGLT2 inhibitor (SGLT2i) empagliflozin largely
prevented inner retinal thinning and inflammation after IOP-
induced IR injury in normal healthy mice.”> The protec-
tive and anti-inflammatory effects of empagliflozin were
attributed to its ability to promote mitochondrial fusion and
prevent ROS production in RGC. We observed that systemic
phlorizin treatment reduced inner retinal layer thinning after
IR injury, but the effects were not significant (see Fig. 7C)
and not consistent between nasal and temporal retina (see
Fig. 7G).

Phlorizin is a natural sodium-glucose co-transporter
inhibitor that led to development of the synthetic sodium-
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Ficure 7. Effect of a SGLT1/2 inhibitor on retinal layer thinning. After 4 weeks of STZ-induced diabetes, the mice were treated twice
(16 and 1.5 hours before ischemia) with an SGLT inhibitor (phlorizin, 400 mg/kg, intraperitoneally [IP]) or carrier prior to retinal IR injury.
OCT (A) was used to evaluate total (B), inner (C), and outer (D) retinal thickness at 10 days following IR injury (7 = 8/group). At 14 days
following IR injury, retinas were plastic-embedded, sectioned and stained with Lee’s stain (E) to evaluate total (F), inner (G), and outer
(H) retinal thickness. The linear density of nuclei in the ONL (I) and the length of IS (J) were also evaluated. Significances of differences
between groups: *P < 0.05, **P < 0.01, **P < 0.001, and ***P < 0.0001, with red color in F to J indicating the comparison between the

STZ-vehicle-IR and the STZ-phlorizin-IR groups.

glucose co-transporter 2 inhibitor class of drugs now widely
prescribed for patients with diabetes. Phlorizin exhibits an
approximate 6-fold selectivity for SGLT2 over SGLT1, which
is much lower than most SGLT2is used clinically.® Blocking
SGLT2 reduces hyperglycemia by inhibiting glucose reup-
take in the kidneys. Additional inhibition of SGLT1 with high
doses of phlorizin has the advantage of also blocking SGLT1-
mediated glucose uptake in the kidney and intestine.*3
Less selective SGLT2is exhibit clinical benefits in patients
with diabetes, particularly preventing heart failure and renal
disease.”” SGLT2is with relatively low selectivity for SGLT2
over SGLT1 (SGLTis) also lower the risk of stroke in patients
with type 2 diabetes.”* Notably, the ability of relatively nons-
elective SGLTis to protect against diabetic complications is
not explained by reduction of hyperglycemia because other
anti-diabetic treatments with larger effects on blood glucose
and HbA1c levels do not cause the same protective effects as
SGLTis, and SGLTis exhibit protective effects against heart

failure in non-diabetic patients.”> Rather, it is thought that
SGLTis exert direct protective effects on tissues, and a multi-
tude of potential mechanisms have been examined, espe-
cially in cardiomyocytes, which express SGLT1.7%77 Further
studies are needed to determine if phlorizin or other SGLTis
can directly protect PR in diabetic retinas from IR injury.
Studies have examined the effects of SGLTis in experi-
mental diabetic retinopathy models. Fort and coworkers’®
revealed that phlorizin treatment for 4 days nearly abro-
gated retinal cell death and reversed Miller cell gliosis.
Protection coincided with normalization of retinal glucose
content, and with increased insulin receptor kinase and
Akt activities in the retina. Hi and colleagues’” showed
that dapagliflozin treatment of STZ-diabetic mice for 12
weeks largely prevented retinal thinning. The neuroprotec-
tive effect was not duplicated by insulin treatment for the
same period, even though insulin lowered blood glucose
and HbAlc levels to the same extents as dapagliflozin.
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Madrakhimov et al®!' found that 10 days of treatment

of STZ-diabetic mice with phlorizin prevented death and
lowered cleaved caspase-3 in RGC, which was attributed to
activation of autophagy downstream of mechanistic target
of rapamycin (mTOR) complex 1. Fid and colleagues®
showed reductions in DRN after 10 weeks of treatment of
STZ-diabetic and db/db mice with empagliflozin. Recently,
Yamamoto and coworkers®! employed a mouse model using
a single very high dose of STZ (150 kg/mg) to examine the
effects of SGLTis on retinal pathologies. This model exhibits
rapid retinal inflammation and edema after STZ treatment.
The authors showed that treatment of this model with
ipragliflozin or luseogliflozin blocked signs of microglial
activation at 2 weeks after STZ, lowered expression of
VEGF-A, VEGF receptor, and Ang2 at 4 weeks after STZ,
and blocked capillary dropout at 4 weeks after STZ treat-
ment. Remarkably, low doses of the SGLTis were as effec-
tive as high doses, even though blood glucose levels in
all four treatment groups were in the diabetic range and
the glucose levels in the two low dosage SGLTi treatment
groups were not significantly different than the untreated
STZ group. It should be noted that the multiple low dose
STZ mouse model used in the present study does not
exhibit overt signs of retinal pathology at 2 or 4 weeks
of diabetes, and does not exhibit retinal edema or develop
significant capillary dropout until after 6 to 9 months of
diabetes.??

Recently, several large retrospective clinical studies and
META analyses have examined potential benefits of SGLT2is
for lowering DR risk and progression. These studies have
either found no increased risk® % or significantly decreased
risk®-8-% of DR onset associated with SGLT2i use. Li and
coworkers found that SGLT2i use initially increased the
risk of DR, whereas longer-term (>2 years) use consider-
ably lowered risk of DR A META analysis by Ma and
colleagues®® found that SGLT2i use lowered DR risk only
in patients with less than 10 years duration of diabetes. In
contrast, Lin et al.?? found that the risk of DR onset was
not affected, but the risk of progression to PDR was consid-
erably lowered with SGLT2i use. Ishibashi and coworkers
performed an insurance claims database analysis includ-
ing 11 million Japanese patients revealing that SGLT2i use
reduced the frequency of anti-VEGF treatments required
to treat DME.®* In this way, SGLT2i treatment may repre-
sent an adjuvant treatment for DME. Furthermore, a topical
eye drop formulation containing the SGLT2i enavogliflozin
(Daewoong Therapeutics Inc., DWRX2008) is under devel-
opment as a primary treatment for DR and DME.”

In conclusion, the current study revealed that retinal
IR injury applied to rodent models of diabetes induced a
dramatic and rapid loss of PR that was not observed in
nondiabetic control IR animals. This was associated with a
prolonged period of increased vascular permeability. Phlo-
rizin pretreatment effectively prevented this loss of PR, with
limited effects on blood glucose. The data are consistent with
the development of dual SLGTis to treat diabetic complica-
tions including DR.
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