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Abstract

Background: Diabetic retinopathy (DR) is a leading cause of end-stage blindness globally and is arguably one of the most disabling
complications of both Type 1 and Type 2 diabetes. Sodium Glucose Cotransporter-2 (SGLT2) inhibitors have now been successfully
introduced to clinical medicine and exert multiple beneficial effects in diabetic patients. Given the broad therapeutic application of
SGLT2 inhibitors, we hypothesised that SGLT2 inhibition may alleviate the progression of DR. Therefore, we aimed to compare the
effectiveness of two clinically available SGLT2 inhibitors, Empagliflozin and Canagliflozin, on the progression of Retinopathy and DR
using well-characterised mouse models, Kimba and Akimba, respectively. Methods: Empagliflozin, Canagliflozin (25 mg/kg/day) or
vehicle was administered to 10-week-old mice via drinking water for 8-weeks. Urine glucose levels were measured to ascertain SGLT2
inhibition promoted glucose excretion. Weekly body weight and water intake measurements were obtained. After 8-weeks of treatment,
body weight, daily water intake, fasting blood glucose levels were measured and eye tissue was harvested. The retinal vasculature was
assessed using immunofluorescence. Results: Empagliflozin treated Akimba mice exhibited metabolic benefits suggested by healthy
body weight gain and significantly reduced fasting blood glucose levels. Treatment with Empagliflozin reduced retinal vascular lesions
in both Kimba and Akimba mice. Canagliflozin improved body weight gain, reduced blood glucose levels in Akimba mice, and reduced
the development of retinal vascular lesions in Kimba mice. Conclusions: Our data demonstrates that Empagliflozin has future potential
as a therapeutic for Retinopathy and DR and should now be considered for human trials.
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1. Introduction factor (VEGF) injections, panretinal laser photocoagulation
and vitrectomy largely target the late PDR stage where vi-
sion loss occurs [10]. Therefore, therapies targeting the po-
tentially reversible early pathogenic stage of DR is urgently
needed to prevent the onset or slow the progression of DR

and eventual vision loss.

Diabetic retinopathy (DR) is recognised as one of
the most prevalent chronic microvascular complications
of both Type 1 [1,2] and Type 2 diabetes [3,4] and is
one of the leading causes of vision impairment globally
[5,6]. The classification of DR is primarily based on the
changes that occur in the pre-existing retinal microvascula-
ture and presence or absence of retinal neovascularisation
[7,8]. Diabetic retinopathy is divided into two principal
stages. The early Non-Proliferative Diabetic Retinopathy
(NPDR) stage is characterized by the presence of microa-
neurysms and the more advanced stage Proliferative Dia-

The kidneys play an important role in maintain-
ing glucose homeostasis. Sodium glucose co-transporter
2 (SGLT2) is a high-capacity, low affinity glucose co-
transport protein which helps to reabsorb about 90-95% of
glucose in the S1 and S2 segments of the renal proximal
tubular epithelial cells [11]. Interestingly, a new class of

betic Retinopathy (PDR) is characterised by neovasculari-
sation which may eventually lead to vision loss [7,8].

It is shown that intensive therapy leading to near-
normal blood glucose levels reduces the likelihood of de-
veloping retinopathy [9]. Beyond glycemic control, most
treatment options such as anti-vascular endothelial growth

anti-diabetic drugs act by inhibition of SGLT2, thereby de-
creasing the reabsorption of glucose from the renal proxi-
mal tubules. Hence, specific SGLT2 inhibition facilitates
the excretion of glucose via urine (glucosuria), resulting in
reduced plasma glucose levels and improved glycaemic pa-
rameters [11]. The SGLT2 inhibitors have been shown to
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reduce HbA Ic, fasting plasma glucose levels, blood pres-
sure, and body weight [12,13]. Additionally, it has been
shown that SGLT2 inhibitors have protective effects in car-
diovascular and kidney disease, which are two of the main
complications of diabetes [14]. Nevertheless, systematic
studies in both pre-clinical and clinical settings, to deter-
mine the effect of SGLT2 inhibition on retinal vascular dis-
orders such as DR is limited [15-25]. With respect to the
eye, retinal pericytes are identified as a novel source of
SGLT2 expression [17,26]. Furthermore, we have shown
elevated levels of Sg/t2 mRNA in the whole eye and SGLT2
protein expression in retinal ganglion cells [25]. Leley et
al. [27] has also shown a statistically significant increase in
Sglt2 mRNA levels in the retina of diabetic mice. In an at-
tempt to elucidate the effect of SGLT2 inhibition on the de-
velopment of DR, we have shown for the first time that the
treatment with Empagliflozin (EMPA) profoundly reduced
retinal vascular abnormalities such as capillary dropout,
vessel tortuosity, microaneurysms, intraretinal microvascu-
lar abnormalities (IRMA) and neovascular tufts in young
diabetic Akimba mice (4-5 weeks postnatal) [25]. How-
ever, thus far, the effect of SGLT2 inhibition on the pro-
gression of DR has not been examined. In addition, to the
best of our knowledge there is no data comparing individ-
ual SGLT?2 inhibitors in the context of DR, and therefore, it
remains unclear whether a class effect of SGLT2 inhibitors
on DR pathogenesis is present. It is reported that the possi-
ble difference in pharmacological effects and outcomes be-
tween different SGLT2 inhibitors is particularly due to the
degree of SGLT?2 selectivity [28-30]. Given the extensive
use of SGLT?2 inhibitors in clinical practice, particularly for
the treatment of cardiovascular and kidney disease, it is im-
portant to compare the effect of different SGLT?2 inhibitors
on features of DR.

Here we report the first in vivo study compar-
ing the two independent SGLT2 inhibitors, EMPA and
Canagliflozin (CANA), on the progression of retinopathy
and DR in the following well-established mouse models:
(1) Kimba and (2) Akimba. Importantly, these models cap-
ture an array of hallmark features seen in human DR and
therefore our findings are likely to have clinical relevance
[31-36].

2. Materials and Methods
2.1 Mice and Genotyping

Specific pathogen free 10-wk-old male Kimba and
Akimba mice [32,35-37] were bred and obtained from the
Animal Resources Centre (ARC, Perth, Australia). These
models are highly relevant for the study of retinal vascu-
lar disease [15,18,31-33]. In our study, we investigated
10-week-old animals with the aim of evaluating the ef-
fect of EMPA and CANA on the progression of retinopa-
thy (Kimba model) and DR (Akimba model). Only male
mice were used for these studies as disease progression in
females is slower and inconsistent [32,37]. Genotyping of

Kimba and Akimba mice were performed as published pre-
viously [33,37,38].

2.2 Animal Experiments

The animal handling and experimental procedures
were conducted at the animal holding facility of the Harry
Perkins Institute for Medical Research in Perth, Western
Australia, following the guidelines of the Institutional Ani-
mal Care and Use Committee. The study was approved by
the Harry Perkins Institute for Medical Research Animal
Ethics Committee (AE141/2019 approved: 12/02/19). All
procedures were carried out in compliance with the Associ-
ation for Research in Vision and Ophthalmology (ARVO)
statement for the use of animals in ophthalmic and vision
research.

All animals were acclimatised for one week. Urine
glucose levels were obtained (Keta-Diabur-Test 5000,
Roche Diagnostics, Leverkusen, Germany) prior to treat-
ment to confirm the diabetic status of Akimba mice and
the non-diabetic status of Kimba mice. The 10-week-old
mice were housed individually under a 12-hour light/dark
cycle and maintained at a temperature of 21 £ 2 °C. An-
imals were provided free access to a standard Chow diet
(Specialty Feeds, Glen Forrest, Western Australia, Aus-
tralia) and drinking water containing the SGLT2 inhibitor
(CANA or EMPA) at a dose of 25 mg/kg (Ark Pharma
Scientific Limited, Wuhan, China) or vehicle Dimethylsul-
foxide (DMSO; Sigma-Aldrich, Sydney, Australia). The
mice were treated for 8 weeks. Drinking water containing
CANA, EMPA or vehicle was freshly prepared and replen-
ished on a weekly basis.

2.3 Measurement of Metabolic Parameters

Body weights, fluid intake and urine glucose levels
(Keta-Diabur-Test 5000, Roche Diagnostics, Leverkusen,
Germany) were recorded weekly. At the end of experiment,
mice were fasted for 5 hours with free access to treated
drinking water. Fasting blood glucose levels were mea-
sured using Accu-Chek Performa blood glucose monitoring
system (Roche Diagnostics, North Ryde, Australia) with a
range of 0.6 to 33.3 mmol/L. Readings over 33.3 mmol/L
were treated as 33.3 mmol/L during data analysis.

2.4 Specimen Collection

At the experimental endpoint, all animals were deeply
anesthetised with isoflurane inhalation and were euthanised
by cervical dislocation. For retinal vascular assessment,
eyes were enucleated, cornea was penetrated with a 27G
insulin needle and was fixed in ice-cold 10% buffered
paraformaldehyde (PFA; Sigma-Aldrich, Sydney, Aus-
tralia) for 2 hours at 4 °C.
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2.5 Retinal Isolation, Whole-Mount Preparation and
Immunofluorescence

Retinal whole-mounts were prepared and analysed as
previously published by our team [15,25]. In brief, fixed
eyes were washed in ice cold 1 xPBS and retinas were dis-
sected and cleaned. Fixed retinas were permeabilized for 2
hours in PBS-BSA-Triton-X (1xPBS, 1% Bovine Serum
Albumin (BSA), 1% Triton-X) at room temperature and
washed in Wash Buffer (1 xPBS, 0.5% Triton-X). Retinas
were incubated overnight in the dark at 4 °C with Isolectin-
B4 (1:100 in Wash Buffer; Griffonia Simplicifolia Lectin
I (GSL]) isolectin B4, Biotinylated; Catalog#: B-1205-.5;
Vector Laboratories, Burlingame, CA, USA). Retinas were
washed in 1 xPBS and incubated for five hours in the dark at
room temperature with Cy3-Streptavidin (1:500 in 1 xPBS;
GE Healthcare, Amersham, UK). Retinas were washed in
1xPBS and mounted with VECTASHIELD HardSet Anti-
fade Mounting Medium (Vector Laboratories, Burlingame,
CA, USA).

2.6 Retinal Whole-Mount Imaging and Analysis

Whole-mounted retinas were imaged with an inverted
fluorescent microscope (Nikon Eclipse Ti, Nikon, Tokyo,
Japan) equipped with a digital camera (CoolSNAP HQ?2,
Photometrics, Tucson, AZ, USA) linked to a computer
running the image analysis software ‘NIS-Elements Ad-
vanced Research’ (Nikon, Tokyo, Japan). Serially over-
lapping high-resolution images of the whole retina were
captured using the 4x objective. Captured frames were
merged to generate a montage of the full retina. Montages
were semi-quantified for vascular morphological abnormal-
ities with minor modifications to the parameters as pub-
lished previously [15,25]. These modifications were in-
corporated to capture the advanced retinal phenotype ob-
served in both Kimba and Akimba mice due to disease pro-
gression. In addition, retinal vascular features such as mi-
croaneurysms, IRMA, exceptionally dense vascular bud-
ding, monocytes/macrophages and neovascular tufts (all
structural abnormalities intensely showing lectin positiv-
ity) were counted using the NIS-Elements Advanced Re-
search software (Nikon, Tokyo, Japan) within 2000 pm ra-
dius from the optic nerve head in low magnification photo
montages. Z-stacks (2 um steps) were compiled into a fo-
cused image representing all three vascular layers of the
retina (superficial, intermediate and deep capillary layers).

2.7 Statistical Analysis

All morphometric data were analyzed using two-tailed
Student’s ¢-test or one-way analysis of variance (ANOVA)
and graphs were produced using GraphPad Prism 9 (Graph-
Pad Software Inc., San Diego, CA, USA). Quantitative data
is presented as mean - SEM and p < 0.05 was deemed sta-
tistically significant.
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3. Results

3.1 SGLT?2 Inhibition Promotes Glucosuria in
Non-Diabetic Kimba Mice

Testing of urine glucose levels during the acclimatisa-
tion period confirmed the genotype of each strain. The non-
diabetic Kimba mice did not show the presence of glucose
in their urine while the diabetic Akimba mice showed the
presence of glucose indicated by the brown colour (>111
mmol/L) in the testing strips (data not shown).

The Kimba model lacks the hyperglycemic back-
ground. Therefore, Kimba mice act as an internal control
for the determination of the effectiveness of the SGLT2 in-
hibitors EMPA and CANA used in our study. As antic-
ipated, the consumption of EMPA (Fig. 1A) and CANA
(Fig. 1B) in drinking water at a concentration of 25
mg/kg/day, showed marked glucose excretion in the urine
of the non-diabetic Kimba mice as indicated by the brown
colour (>111 mmol/L). All vehicle treated mice showed a
reading of 0 mmol/L of glucose in their urine indicated by
the light blue colour (Fig. 1A,B).

Blue Dark brown

— ———

Dark brown
-——

Kimba Kimba Kimba Kimba
Vehicle EMPA Vehicle CANA
-ve - ve -ve ++++ ve
(0 mmol/L) (=111 mmol/L) (0 mmol/L) (=111 mmoV/L)

Fig. 1. SGLT2 inhibition promotes glucosuria in Non-Diabetic
Kimba mice. Representative image of urine glucose levels in (A)
EMPA (25 mg/kg) and (B) CANA (25 mg/kg) treated mice. Blue
=0 mmol/L glucose; Dark brown >111 mmol/L glucose; SGLT2,
Sodium glucose cotransporter 2; EMPA, Empagliflozin; CANA,
Canagliflozin.

3.2 Effects of EMPA and CANA on Blood Glucose Levels
in Kimba and Akimba Mice

At the end of treatment (after 8 weeks), relative to ve-
hicle treated mice, EMPA or CANA did not significantly al-
ter fasting blood glucose levels in Kimba mice (Fig. 2A,C,
respectively). However, fasting blood glucose levels in dia-
betic Akimba mice were significantly reduced after 8 weeks
of EMPA (Fig. 2B) or CANA (Fig. 2D) administration. In-
terestingly, when compared to EMPA (Vehicle 32.67 + 0.6
mmol/L vs EMPA 21.9 + 1 mmol/L; p = 0.00044), CANA
showed a greater reduction in fasting blood glucose levels
(Vehicle 32.46 + 0.5 mmol/L versus CANA 17.43 + 1.3
mmol/L; p = 0.0000039).
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Fig. 2. Role of SGLT2 inhibition on fasting blood glucose
in Kimba and Akimba mice treated with EMPA or CANA.
Graphs show fasting blood glucose levels after 8 weeks of treat-
ment with EMPA in (A) Kimba and (B) Akimba mice and treat-
ment with CANA in (C) Kimba and (D) Akimba mice. ***p <
0.001; ****p < 0.0001; data represented as mean + SEM of 3—6
mice per group. SGLT2, Sodium glucose cotransporter 2; EMPA,
Empagliflozin; CANA, Canagliflozin.

3.3 Effects of EMPA and CANA on Body Weight

Firstly, we compared the starting (day 0) and final
body weight (day 49; 7 weeks post-treatment) of Kimba
and Akimba mice treated with vehicle. After 7 weeks non-
diabetic Kimba mice showed a significant increase in body
weight compared to the starting body weight (Fig. 3). How-
ever, diabetic Akimba mice showed lack of weight gain
(Fig. 3), a hallmark of the failure to thrive phenotype in
these animals.

As shown in Fig. 4, EMPA treatment showed a reduc-
tion in percentage body weight gain in non-diabetic Kimba
(Fig. 4A) mice throughout the treatment period from week
1 to 7. Interestingly, the percentage weight reduction was
significant from week 2—7. In contrast, throughout the ex-
periment period, the weight gain was increased in diabetic
Akimba mice after treatment with EMPA (Fig. 4B). The
CANA treatment also resulted in a reduction in percent-
age body weight gain in Kimba mice compared to vehi-
cle treated mice (Fig. 4C). The percentage weight reduction
was significant only at week 7. Similar to EMPA, treat-
ment with CANA progressively increased body weight in
diabetic Akimba mice (Fig. 4D).

3.4 Effects of EMPA and CANA on Water Intake

At the age of 10 weeks, non-diabetic Kimba mice had
a water intake of less than 10 mL per day, which was consid-
erably lower than that of the diabetic Akimba mice. In addi-
tion, diabetic Akimba mice showed a significant increase in
water intake from day 3 to day 31 of the experiment (Fig. 5)
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(Vehicle) (Vehicle) (Vehicle) (Vehicle)
Day 0 Day 49

Fig. 3. Failure to thrive phenotype in diabetic Akimba mice.
Graph depicts the raw body weight of non-diabetic Kimba and
diabetic Akimba mice without treatments at the start of the exper-
iment (day 0) and 7 weeks post (49 days). ****p < 0.0001; data
represented as mean = SEM of 9—10 mice per group.

suggestive of excessive thirst or polydipsia associated with
the progression of diabetes.

In Kimba mice treated with EMPA or CANA
(Fig. 6A,C), water intake from day 0 to day 31 post-
treatment was slightly increased when compared to vehi-
cle treated mice. There was no significant effect of EMPA
on water intake in Akimba mice (Fig. 6B). Interestingly,
CANA promoted reductions in water intake in treated mice
at days 24- and 31-days post-treatment (Fig. 6D).

3.5 Effects of EMPA and CANA on the Retinal Vasculature

The objective of our study was to investigate whether
inhibition of SGLT?2 can delay the advancement of retinopa-
thy and DR. To achieve this, the severity of retinal vas-
cular lesions was evaluated after 8 weeks of treatment in
Kimba and Akimba mice administered with either vehi-
cle, EMPA or CANA. The number of vascular lesions in
Kimba mice treated with EMPA was noticeably reduced
when compared to vehicle treated mice (Fig. 7A—C). Inter-
estingly, when compared to vehicle treatment, CANA sig-
nificantly reduced retinal vascular lesions in Kimba mice
(Fig. 7D—F). Similar to Kimba mice treated with EMPA,
Akimba mice also showed a noteworthy reduction in retinal
vascular lesions (Fig. 8A—C). However, there was no appre-
ciable difference between the number of lesions in Akimba
mice receiving vehicle or CANA (Fig. 8D-F).

An in-depth analysis of the retinal vasculature was car-
ried out with the semi-quantitative grading of the retinal
vascular features in EMPA or CANA treated Kimba and
Akimba mice. These results are summarised in Tables 1,2
(Kimba and Akimba, respectively). When compared to ve-
hicle treated mice, EMPA treated Kimba mice showed a
marked reduction in capillary non-profusion, loss of ves-
sel integrity and vascular leakage (Table 1 Panel A; sym-
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Fig. 4. Effect of SGLT2 inhibition on body weight in Kimba and Akimba mice treated with EMPA or CANA. Graphs show the
normalized body weight percentage during 7 weeks of treatment with EMPA in (A) Kimba and (B) Akimba mice and treatment with
CANA in (C) Kimba and (D) Akimba mice. *p < 0.05; data represented as mean == SEM of 4-6 mice per group. SGLT2, Sodium
glucose cotransporter 2; EMPA, Empagliflozin; CANA, Canagliflozin.
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Fig. 5. Increased water intake in diabetic Akimba mice. Graph
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treatment. *p < 0.01; ****p < 0.0001; data represented as mean
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bol $) as well as vessel tortuosity (Table 1; Panel A; sym-
bols &, $ and *, respectively). The vascular leakage in
EMPA treated Kimba mice was often confined to the ar-
eas with large IRMA. In CANA treated Kimba mice, cap-
illary non-profusion, and vessel tortuosity (Table 1 Panel
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B; symbols & and *, respectively) was not improved with
SGLT2 inhibitor treatment. However, vascular leakage was
markedly reduced in CANA treated Kimba mice when com-
pared to vehicles (Table 1 Panel B; symbol $). In vehi-
cle treated Kimba mice, although the number of microa-
neurysms/IRMA/vessel tufts appeared reduced these struc-
tures were often large and convoluted (Table 1 Panel A;
symbol #) spanning into the mid and deep capillary beds
of the retina. In EMPA treated mice, this phenomenon was
noted only in 25% of retinas, whereas 75% of the retinas
appeared to have minimal microaneurysms/IRMA/vessel
tufts. The number of infiltrating macrophages and mono-
cytes were also decreased with EMPA (Table 1 Panel A;
symbol @) and CANA (Table | Panel B; symbol @) treat-
ment in Kimba mice.

Overall, Akimba mice showed more pronounced vas-
cular disorganization, microaneurysms, IRMA and neovas-
cular tufts when compared to Kimba mice as previously
published [32,35,37,39]. With the treatment of EMPA, 75%
of the DR Akimba mice showed a marked improvement in
all retinal vascular parameters when compared to vehicles
(Table 2 Panel A). However, 25% EMPA treated Akimba
mice showed extensive damage to the retina which was sim-
ilar to vehicle treated mice (Supplementary Fig. 1). The
treatment with CANA did not show an overall improvement
in the retinal vascular features when compared to vehicle
treated Akimba mice (Table 2 Panel B). While the num-
ber of microaneurysms/IRMA/vessel tufts appeared to be
reduced, there were expansive regions without retinal cap-
illaries in Akimba mice treated with CANA (Table 2 Panel
B; symbol # and &, respectively).
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Table 1. Semiquantitative grading of the retinal vascular lesions in Kimba mice treated with vehicle or EMPA and vehicle or CANA.

Panel A Panel B

Characteristic Kimba + Vehicle Kimba + EMPA Kimba + Vehicle Kimba + CANA

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4
Capillary non-profusion & +H++ + A A + S e e e e S o o e A S o e o S o
Loss of vessel integrity and leakage ® +++ - +aa +aa +a +a - - - - - R +a - A+ R _ _ .
Vessel tortuosity * +H+ ++ ++ ++ ++ -+ B A S = +H+ ++ ++ ++ +++ ++ +
Microaneurysms/IRMA/vessel tufts #  +*/** + +* AR +* [ + + +  ++ + +* ++* +* ++ + +
Monocytes/macrophages @ ++H++ - A ++ ++++ - - - - ++  ++ +++ ++ +H+ + ++ + -

&: -, Absent; +, in 1 quadrant; ++, in 2 quadrants, +++, in 3 quadrants, ++++, in 4 quadrants.

$: -, Absent; +, mild; ++, moderate; +++, severe.

A -, Absent; + mild; ++ moderate; +++, severe.

#: -, Absent; +, less than 300 microaneurysms/IRMA/vessel tufts; ++, more than 300 microaneurysms/IRMA/ vessel tufts.
@: -, Absent; +, in 1 quadrant; ++, in 2 quadrants, +++, in 3 quadrants, ++++, in 4 quadrants.

*: Expansive retinopathy/capillary dropout resulted in the retina showing a lower incident of vascular lesions such as microaneurysms/IRMA/vessel tufts.
**: Large convoluted IRMA.

**%: Showed less than 50 microaneurysms/IRMA/vessel tufts and the overall retinal vasculature was clearly organised.

a: Leakage confined to areas of IRMA.

aa: Minimal vascular capillaries remaining, these capillaries could be occluded leading to less vascular leakage.

EMPA, Empagliflozin; CANA, Canagliflozin; IRMA; Intraretinal microvascular abnormalities.
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Table 2. Semiquantitative grading of the retinal vascular lesions in Akimba mice treated with vehicle or EMPA and vehicle or CANA.

Panel A Panel B
Characteristic Akimba + Vehicle Akimba + EMPA Akimba + Vehicle Akimba + CANA
1 2 3 4 1 2 3 4 1 2 3 4 5 1 2 3 4 5 6

Capillary non-profusion & S + -+ + + SR e S = S o o e o S o S S
Loss of vessel integrity and leakage ® ++ - - +++ - 4+ - - + - - - - - _aa t +a _ _aa
Vessel tortuosity H+ A -/+ 4+ -+ -+ o ++ + o+ -+ A
Microaneurysms/IRMA /vessel tufts * +* ++ +* I +* S[AEEE [k ++ + ++ T + + +* ¥ +* + 4+
Monocytes/macrophages @ -+ - - -+ - ++ - - +++ - - ++ - - ++ ++ ++ - ++

&: -, Absent; +, in 1 quadrant; ++, in 2 quadrants, +++, in 3 quadrants, ++++, in 4 quadrants.

$: -, Absent; +, mild; ++, moderate; +++, severe.

A -, Absent; + mild; ++ moderate; +++, severe.

#: -, Absent; +, less than 300 microaneurysms/IRMA/vessel tufts; ++, more than 300 microaneurysms/IRMA/ vessel tufts.
@: -, Absent; +, in 1 quadrant; ++, in 2 quadrants, +++, in 3 quadrants, ++++, in 4 quadrants.

*: Expansive retinopathy/capillary dropout resulted in the retina showing a lower incident of vascular lesions such as microaneurysms/IRMA/vessel tufts.
**: Large convoluted IRMA.

**%: Showed less than 50 microaneurysms/IRMA/vessel tufts and the overall retinal vasculature was clearly organised.

a: Leakage confined to areas of IRMA.

aa: Minimal vascular capillaries remaining, these capillaries could be occluded leading to less vascular leakage.

EMPA, Empagliflozin; CANA, Canagliflozin; IRMA; Intraretinal microvascular abnormalities.
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Fig. 6. Effect of SGLT?2 inhibition on water volume consumed by Kimba and Akimba mice treated with EMPA or CANA. Graphs
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and (D) Akimba mice treated with CANA. Data represented as mean = SEM of 4-8 mice per group. EMPA, Empagliflozin; CANA,

Canagliflozin.

4. Discussion

SGLT2 inhibitors are now an established therapy for
the treatment of diabetes due to their anti-diabetic proper-
ties and their potential benefits for cardiovascular and renal
complications [40—44]. Many pre-clinical studies on both
Type 1 or Type 2 diabetic animals have shown that glycemic
control with SGLT?2 inhibitors decreased the progression
of major microvascular complications associated with dia-
betes [21,45—47]. In this novel study, we examined the ther-
apeutic effect of two SGLT?2 inhibitors, EMPA and CANA,
on retinopathy and DR, utilizing the well-characterised
Kimba and Akimba mice, respectively. We chose Kimba
and Akimba mice for the current study, as these models are
regarded as two of the most suitable models of retinopathy
and DR [15,25,32,35,37]. The key findings of this study
are (1) both SGLT2 inhibitors significantly lowered fasting
blood glucose levels and improved weight gain in diabetic
Akimba mice; (i) EMPA exerts protective effects for both
retinopathy and DR as shown by the reduction in retinal
vascular abnormalities and (iii) CANA showed protective
effects against retinopathy in Kimba mice only.

Similar to human trials, EMPA and CANA reduced
fasting blood glucose levels in our type 1 diabetic Akimba
model, in agreement with other rodent studies [45,48-51].
Interestingly, CANA showed a more profound reduction in
fasting blood glucose levels compared to EMPA (Vehicle
32.46 4+ 0.5 mmol/L versus CANA 17.43 + 1.3 mmol/L;

p =0.0000039 and Vehicle 32.67 &+ 0.6 mmol/L vs EMPA
21.9 £ 1 mmol/L; p = 0.00044). Gliflozins present vari-
ous potencies of inhibition of SGLT1 and SGLT2 [52]. It
is reported that SGLT1 inhibition by CANA contributes to
10.6% of daily urinary glucose excretion, whereas SGLT1
inhibition by EMPA is 2.41% [53]. This shows that in com-
parison to EMPA, CANA demonstrates a greater inhibitory
effect on SGLT1 [54].

Glucose variability or fluctuation of glucose levels
are a contributing factor to diabetes-related macrovascular
complications [55]. It is shown that high glucose variability
can lead to endothelial dysfunction [56,57], which in turn
may contribute to the development and progression of DR.
SGLT?2 inhibitors have been shown to reduce glucose vari-
ability in diabetic patients [58] thereby reducing endothe-
lial dysfunction. Therefore, it is plausible to hypothesise
that SGLT2 inhibitors may in fact improve DR by effi-
ciently managing glucose variability and thereby reducing
endothelial dysfunction. Therefore, future studies should
investigate these aspects in relation to DR and SGLT2 in-
hibitors.

Typically, impaired or stalled growth is a characteris-
tic feature of uncontrolled hyperglycaemia [59]. Type 1 di-
abetic Akimba mice typically show poor weight gain which
is a hallmark of the failure to thrive phenotype in these an-
imals. We have previously shown that EMPA prevented
the failure to thrive phenotype in these animals when treat-
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ment started at 4 weeks of age [25]. Similarly, in our cur-
rent study, the SGLT2 inhibitors EMPA and CANA both
induced improved weight gain in Akimba mice. However,
an opposite effect on body weight was observed in the non-
diabetic Kimba mice. Similar findings have been reported
in a study by Vallon et al. [45] in diabetic Akita mice and
its non-diabetic counterparts.

Consistent with previous reports in SGLT2-deficient
non-diabetic mice [60,61], the increased loss of glucose
calories into the urine (glucosuria) of SGLT2 inhibitor-
treated (both EMPA and CANA) non-diabetic Kimba mice
could be responsible for the increased fluid intake. Fur-
thermore, Masuda ef al. [62], reported that in non-diabetic
rats with free access to food and water, SGLT2 inhibi-
tion increased glucosuria, urine volume and Na+ excretion,
which was associated with increased fluid intake. Simi-
larly, in non-diabetic Kimba mice, the mechanism of ac-
tion of EMPA and CANA potentially caused hyperosmo-
lar urine (due to the presence of Nat and glucose) lead-
ing to polyuria (excessive urination), due to osmotic di-
uresis. This was likely responsible for polydipsia (exces-
sive thirst resulting in increased fluid intake) noted in these
animals. It can be suggested that the increase in fluid in-
take in response to SGLT?2 inhibition may be compensat-
ing the primary diuretic, glucosuric, and natriuretic effect
of EMPA and CANA to maintain fluid and electrolyte bal-
ance in Kimba mice [62].

A very limited number of studies have investigated
the effect of SGLT?2 inhibition on the retinal vasculature.
A substantial decrease in the number of acellular capil-
laries were observed with the treatment of Dapagliflozin
db/db mouse retinas [63]. In early stages of DR, microa-
neurysm, exudation, and retinal hypoperfusion was reduced
in db/db mice with the treatment of EMPA [19]. Eid et
al. [21] showed that EMPA reduced retinal apoptosis and
thereby showed a trend toward a salutary effect on DR
in type I diabetic animals. Similarly, we have recently
demonstrated that the features of DR in young Akimba
mice (4 weeks of age) were decreased with the treatment
of EMPA [25]. When compared to younger Akimba mice,
older mice used in this study showed a severe disease phe-
notype [25,32,39]. In this study, we have shown that in
older Akimba mice, EMPA attenuated diabetes-associated
increases in retinal microvascular abnormalities such as mi-
croaneurysms, IRMA, capillary dropouts and vessel tor-
tuosity. Taken together, our investigations in the specific
Type 1 Diabetes Akimba mouse model suggests that the
SGLT?2 inhibitor EMPA could be a promising therapeutic
for the treatment of DR development and progression.

Loss of neural cell populations and thinning and
changes in retinal layers are well-documented in both
Kimba and Akimba mice [33-35,37,39]. We have recently
shown that, in Akimba mice, the SGLT2 inhibitor Da-
pagliflozin preserved the well-structured neural layers, re-
duced Muller cell gliosis and minimised abnormal blood
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vessel transgression to the outer retinal neural layers (outer
plexiform and nuclear layer) [15]. Similarly, Ipragliflozin
has been shown to improve retinal neural layer modifica-
tions in spontaneously diabetic Torii fatty rats [64] and re-
duced modifications to the nerve fiber layer and ganglion
cell layer and prevented retinal neural apoptosis in db/db
mice [19]. Therefore, future studies should investigate the
effect of both EMPA and CANA on the retinal neural struc-
ture of Kimba and Akimba mice to gain a better understand-
ing of the role of SGLT2 inhibition in the neurodegeneration
of the retina.

The frequency and severity of DR among patients with
diabetes mellitus is heterogeneous [65]. Although not en-
tirely explained, known risk factors such as duration of
diabetes and glycaemic control, explains some of the ob-
served heterogeneity in DR [66,67]. For instance, some di-
abetic patients develop DR and progress through the dis-
ease, despite a short duration of diabetes and/or excellent
glycaemic control. Interestingly, other patients do not de-
velop DR with long durations of diabetes and/or long-term
poorly managed hyperglycaemia [65]. As summarised in
Tables 1,2, this heterogenous disease phenotype was evi-
dent in the Kimba mice displaying retinopathy and Akimba
mice demonstrating DR.

Differential response to the same treatment by differ-
ent patients with different characteristics of DR has been
shown [68]. Similarly, although EMPA decreased the over-
all progression of retinal vascular lesions in Akimba mice,
a small percentage of animals did not show an improve-
ment in retinal vascular abnormalities due to the deferen-
tial response to EMPA treatment by Akimba mice with DR.
Furthermore, it is evident that upon the complete disrup-
tion of the retinal vasculature (Supplementary Fig. 1),
treatment may not achieve improvements in the disease
pathology [69]. There is cumulative evidence demonstrat-
ing the effectiveness of various treatment options earlier in
the pathogenesis of DR [70,71]. Therefore, choosing the
appropriate treatment window with an earlier initiation of
treatment may potentially result in improved outcomes in
DR [19,25,71].

Monitoring vascular and non-vascular alterations of
retinopathy and DR using in vivo ophthalmic modalities
are often used in translational research [72]. However,
one limitation of our study is that we were unable to per-
form longitudinal in vivo imaging and functional investi-
gations to evaluate the efficacy of SGLT2 inhibitor treat-
ment on the retinal vasculature, neural structure and func-
tion. To date, a very limited number of studies have
utilised in vivo techniques to study the effects of SGLT2
inhibitors on the retina. For instance, Takakura and oth-
ers showed that the treatment of Iplegliflozin in sponta-
neously diabetic Torii obese rats improved the oscillat-
ing potential when retinal electroretinogram was conducted
[64]. It is also shown that, in db/db mice, Dapagliflozin
treatment improved the Electroretinogram (ERG) b-wave
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amplitude [63] and Empagliflozin alleviated retinal edema
around the disc observed by optical coherence tomography
(OCT) [19]. Therefore, future studies should utilize in vivo
techniques such as OCT, fundus fluorescein angiography
(FFA), electrophysiological testing (ERG) and fundus pho-
tography (FP) to study the structure (vascular and neural)
and function of the retina [72]. These studies will reveal
clinically relevant findings and provide important insights
into the effectiveness of SGLT2 inhibitor treatment.

Prolonged hyperglycaemia is an established, indepen-
dent, and prominent risk factor for the development and
progression of DR and good glycaemic control is strongly
related to the progression and improvement of DR [66,73].
In part, the beneficial retinal vascular outcomes in the
treated diabetic Akimba mice are likely due to glycaemic
control conferred by SGLT2 inhibitors. However, the fact
that (i) Akimba-CANA mice did not demonstrate an im-
provement in the retinal vasculature and (ii) the improve-
ment in the retinal vascular phenotype in the non-diabetic
Kimba mice (with EMPA or CANA) indicates that there
are perhaps other mechanisms influenced by the treatment
of this drug class. Hence, inflammation, oxidative stress,
blood flow autoregulatory mechanisms, increased sorbitol
in retinal cells as a consequence of osmotic effects, ad-
vanced glycosylation end product formation and the role
of growth-factor/alternative angiogenic factor production
should be investigated in future studies to determine the
mechanisms of action of SGLT2 inhibitors [15,16,18,20,
74-77].

The relationship between dyslipidemia and DR is con-
troversial and not yet fully understood [78-80]. Some
studies have shown diabetic patients display high lev-
els of triglycerides and low-density lipoprotein (LDL)
cholesterol, along with low high-density lipoprotein (HDL)
cholesterol and these patients may have an increased risk
of development and progression of DR [81-84]. However,
the NO BLIND study showed that high HDL values are as-
sociated to DR [85] and as revealed by the United King-
dom Prospective Diabetes Study (UKPDS), higher levels
of HDL cholesterol levels correlated with more advanced
retinopathy [86]. A recent study reported that the parental
strain of the Akimba, the Akita mouse, showed significantly
increased LDL cholesterol while HDL cholesterol levels
were significantly higher [87]. Therefore, it is likely that the
Akimba mouse model with DR may possess a similar lipid
profile. However, future studies should firstly investigate
the lipid profiles of Akimba mice and secondly, conduct
dose dependant HDL therapy studies [88] to determine the
effect of HDL in the development and progression of DR
in the Akimba model. As recently reviewed by Yaribeygi
et al. [89], evidence suggest that SGLT2 inhibitors im-
proved dyslipidaemia by decreasing LDL-levels, triglyc-
erides and increasing HDL-levels, thus providing cardio-
vascular benefits in diabetic patients. Given improving dys-
lipidaemia may improve retinal endothelial function, reti-
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nal blood flow, inflammation, retinal vascular leakage, and
thus delay the development and progression of DR [90], fur-
ther research is needed to determine the long-term effects of
SGLT2 inhibitors on HDL levels and DR.

Tahara and colleagues used diabetic and non-diabetic
rodents to demonstrate that each SGLT2 inhibitor has dis-
tinct pharmacokinetics, pharmacodynamics, and pharma-
cologic effects [91-93]. Although all SGLT2 inhibitors
block the function of the SGLT2 protein in the kidneys,
there are differences in their onset of action, half-life,
renal threshold, selectivity, absorption, distribution, and
metabolism. Additionally, their relative affinity for the
SGLT2 protein versus the SGLT1 protein is significant
in understanding the distinct effects of these medications
[94]. While both SGLT2 inhibitors in this study effec-
tively increased urinary glucose excretion and decreased
hyperglycemia, the actual differences reflected in the phar-
macokinetics, pharmacodynamics, and pharmacologic pro-
files of each of these SGLT2 inhibitor might be responsi-
ble for the distinct SGLT2 inhibitor mediated variations in
metabolic parameters, retinopathy and diabetic retinopathy
observed in our specific mouse models.

5. Conclusions

Our findings suggest beneficial effects of SGLT2 inhi-
bition on DR, which now warrants clinical investigations to
determine the overall effect of SGLT2 inhibition on the full
spectrum of DR. Such clinical studies will be able to address
the differences in outcomes between individual SGLT?2 in-
hibitors and also determine if these outcomes are due to dif-
ferences in SGLT?2 selectivity.
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