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Abstract

Introduction: To study the protective efficacy of Empagliflozin (EMPA), a novel sodium glucose transporter inhibitor anti-
diabetic drug, on the expression of a-klotho (aKL) protein and of the autophagy key proteins Light chain 3 (LC3) in type 2
diabetic mellitus (T2DM) mice diabetic retinopathy (DR).

Materials and Methods: We used the BTBR mouse strain with the ob/ob leptin-deficiency mutation that develops
spontaneously severe T2DM, C57/BL mice used as control. EMPA was administrated to the diabetic mice via drinking water
for a period of 12 weeks. At the end of the experiment, mice retinas were removed and subjected to further histological
analysis: Immunohistochemistry and Immunofluorescence staining for aKL, LC3, protein expression level.

Results: Retinal oKL protein expression levels were lower in diabetic mice than control (11.94+4.6 vs 48.4+5.33) % ** P<
0.01), which were restored to near normal with EMPA treatment compared to DM mice (35+20.4% vs 11.94+4.6%,*P<0.05).
LC3 levels were increased in diabetic retinas compared to control (29.44+2.84 vs 15.6% 2.23) %, *** P<0.01, and increased
with EMPA treatment compared to control (24.77+1.4% vs, 15.6£2.3% *P<0.05). There were no significant changes in ATG5
protein expression in the two groups of diabetic mice with or without EMPA.

Conclusions: The data suggested that aKL protein and the autophagy proteins LC3 & ATG5 are involved in the pathogenesis of
DR. Our data suggested that aKL and the autophagy key protein LC3 modulators could probably be potential protective factors

against retinopathy develops in T2DM patients.
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Introduction

Diabetic retinopathy (DR) remains a leading cause of
blindness, and its incidence is increasing worldwide due to
the luck of achieving near normal blood glucose levels [1,2].
Beyond glycemic control, most therapies that target the late
proliferative stage of the DR are effectuated late, at a time
when vision is already incurable [3-5].

DR is a very common long-term complication of
diabetes mellitus (DM). Two types of DR were described,
the background DR type and the serious proliferative type
[6]. The latter is characterized by an abnormal growth of
small blood vessels in the eye due to local hypoxia and
increased synthesis of vascular endothelial growth factor )
VEGF), neo-vascularization at disc, vitreous hemorrhages
that ends in retinal detachment and loss of vision [7].

Hyperglycemia triggers pro-inflammatory mediators,
which activate oxidative stress pathways with increased
production of free reactive oxygen species and further
amplify the inflammatory signal through multiple pathways
[7,8]. The chronic activation of inflammatory cascades results
in retinal microvasculature damage. Chronic hyperglycemia
also triggers and increases synthesis and production of VEGF
due to hypoxia, with increased retinal angiogenesis leading
to retinal damage [7,9].

The a-klotho (aKL) gene is an anti-aging gene, coding
for a single-pass transmembrane protein with multiple
pleiotropic effects [10-14], and is highly expressed in
the kidneys, retina, and is affected by pathophysiological
conditions including oxidative stress found in DM and its
associated micro-vascular complications. The extracellular
domain of aKLis cleaved by proteolytic enzymes and released
into the circulation as soluble akL [13]. Studies have shown
that aKL can play role as protective against vascular disease
by reducing oxidative stress and inflammatory processes
[14]. It was published that klotho silencing induced oxidative
stress and inflammatory response, which results in genomic
instability, endoplasmic reticulum stress and retardation of
the autophagy process with induction of apoptotic cell death
[15,16].

Autophagy is the primary intracellular mechanism
mediating degradation and recycling of proteins and
organelles and catabolic process in which cellular
components are degraded by lysosomes [9]. Autophagy
is essential for retinal development and vision formation
[17,18]. Autophagy, a well-coordinated multi-step process
regulated by autophagy-related gene (Atg) products. Initially,
a phagophore forms around cytoplasmic components that
are then sequestered by a double membrane, which forms
the autophagosome. The autophagosome subsequently fuses
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with the lysosome to form an autolysosome; the enclosed
contents are then degraded.

Autophagy can be measured by microtubule-associated
proteins 1A/1B light chain 3B (LC3-II) protein expression
levels. In the course of autophagy, the microtubule-
associated protein 1 light chain 3 (LC3-I) is transformed
to LC3-1I, which permits the combination of the protein to
autophagosome membranes [17,19-21]. So, light chain 3
(LC3) is a key autophagy proteins, which have a central role
in the pathogenesis of DM vascular complications.

A new anti-diabetic class of drugs has been developed
for patients with T2DM that targets the sodium-glucose
cotransporter type 2 (SGLT2), which is mainly expressed
in renal proximal convolute tubules [22]. Inhibition of
the SGLT2 by empagliflozin (EMPA) is a very selective and
potent SGLT2 inhibitor lowers plasma glucose levels mainly
by increasing urinary glucose excretion and is associated
with additional non-glycemic benefits including reduction in
blood pressure and body weight, decrease urinary albumin
[22,23]. EMPA also has pleiotropic effects such as decreased
the production of inflammatory markers. New therapies
that target the early pathogenesis of DR are needed. Despite
these recent advances, the effects of aKL and LC3 proteins on
retinal health have not yet been examined extensively.

In this study, BTBR mice with the ob/ob leptin-
deficiency and wild-type C57BL/6 male were purchased
from the Jackson Laboratory. BTBR (0ob/ob) mice have been
recently described as an excellent animal model for diabetic
nephropathy and other microvascular complications [24].

Materials and Methods

Animals

All animal experiments were conducted according to
the institutional animal ethical committee guidelines, which
conform to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health
(Eighth edition 2011) (Ethics 48-07-2019). The animals
were maintained at the animal facility of the Galilee Medical
Center, Nahariya, Israel. They were maintained at a constant
temperature and relative humidity under a regular light-
dark schedule (12h: 12h), fed with normal rodent diet and
with tap water ad libitum.

Study Design

In the study, BTBR mice with the ob/ob leptin-
deficiency and wild-type C57BL/6 male were purchased
from the Jackson Laboratory. BTBR (ob/0ob) mice have been
recently described as an excellent animal model for diabetic
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nephropathy [24]. BTBR ob/ob mice develop progressive
proteinuria and a renal histomorphological picture that is
quite similar to that seen in human patients with advanced
diabetic nephropathy.

BTBR mice of 20-25 g body wt. (~2 months of age) were
randomly divided into 2 groups: 15 BTBR ob/0b mice with no
treatment (DM) and 15 BTBR ob/ob mice that were treated
with EMPA (DM+EMPA), 15 wild-type C57BL/6 male mice
were used as control (C57/Bl). Weekly, mice were weighed
and their blood glucose was measured using Glucometer
(Accu-chek, Roche). Every three weeks mice were held for
24 hours, in metabolic cages (five times) for partial kidney
function evaluation. All mice were sacrificed, 13 weeks after
the beginning of the experiment, and selected organs were
harvested and preserved for later biochemical or histological
analyses.

Kidney Function

To assess partial kidney function, urine was collected
by placing each mouse in a metabolic chamber (Techniplast
S.p.A., Buguggiate, Italy) for 24 h. Urine output volume, 24-
hrs protein and creatinine excretion water intake, as well
as body weight (BW) were evaluated. Urine protein and
creatinine concentrations were biochemically analyzed.

Drug Treatment

EMPA was purchased from DA-TA Biothec, USA. EMPA
was supplied to mice in the dosage of 1mg/kg/day, which
was dissolved in the drinking water. We have estimated daily
water consumption, according to the data derived from the
metabolic cages.

Sacrifice, Organ Harvesting and Preservation

Under deep anesthesia by overdose of Ketamine-Xylazine
injection mice were killed, and an eyeball was harvested and
underwent consecutive immersion in PBS then immersed in
20% sucrose-PBS for 12 h at 4°C and then frozen in O.C.T.
embedding medium (Miles, Elkhart, USA) and kept in -80°C
for cryosection. Retinal tissues were selected randomly from
each group, and were sectioned using cryostat into 16um
sections and mounted on positively charged histological
slides [24].

Histological and
Staining

Immunohistochemistry

Sections were incubated overnight at 4°C with primary
antibodies at the following dilutions in blocking solution
(CAS-block, Invitrogen): oKL (1:400; LSBio, Seattle, WA. USA),
Rat anti-aKL antibodies were purchased from TransGenic.
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Anti-GAPDH (1:20,000, EPR 16891, Abcam, UK). Rabbit
monoclonal anti-LC3A/B (D3U4C) (1:100 Cell Signaling
Technology Israel). Secondary antibodies used were donkey
anti-rat TRITC-linked from Invitrogen; and goat anti-rabbit
HRP-linked and goat anti-mouse HRP-linked (Cell Signaling
Technology, Israel) [24].

Klotho Expression in the Retina

To determine whether aKL expression is detected in
retina, we performed IHC simultaneously on retinal sections
from C57/Bl mice, DM mice and DM+EMPA mice. Confocal
microscopy with orthogonal projections to detect aKL
protein expression (red) and DAPI (nucleus) in a single
optical section (0.35 pm) from the GCL retina. Quantification
ofklotho signal in GCL was conducted across multiple retinas.

Finally, slides were covered, underwent scanning at
x400 magnification light microscope LSM 700 laser scanning
confocal microscope (Carl Zeiss Meditec, Germany), and
photographed using the Tecnai 12 BioTwin TEM (FEI)
equipped with a SIS MegaView3 CCD camera (Surface
Imaging Systems). The images were processed using Adobe
Photoshop CS (Adobe Systems). For each mouse’s retina
slide, five different fields of view were randomly selected,
the total number of pixels with specific fluorescence of the
designated antibody was counted, and then divided by the
total ganglionic cell layer (GCL) tissue area to achieve the
percentage of fluorescence.

Statistical Analysis

Data are presented as mean+SD. Comparisons between
groups were performed by 2-way analysis of variance
(ANOVA) with repeated measures, in which the treatment
and the time point were the independent variables. Single
measured data i.e, final measurements and histological
analysis were compared between groups using 1- way
ANOVA, in which the treatment was the independent variable,
whenever the ANOVA was significant, a multiple comparison
was performed using the Holm-Sidak as post-hoc test. P value
of <0.05 was considered significant.

Results

Mice General Parameters

At baseline (BL), the average DM and DM+EMPA mice
BW was 37.620.9 gr. and the C57/Bl mice were 23.4+0.9
gr., consistently throughout the study the C57/Bl mice were
liner than the DM and the DM+EMPA mice (Figure 1A).
The mice consumed 3.9+0.5 ml/day, 6.4+0.5 ml/day and
5.3£0.5 ml/day water in the DM, DM+EMPA and C57/BIl
groups, respectively, though EMPA was not yet administered,
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higher water consumption was found in the DM+EMPA
group (Figure 1B). Initial urine outputs for the DM and the
DM+EMPA groups were 2.07+0.26 ml/day and 1.81£0.26
ml/day, respectively. The C57/Bl group urine output was
significantly lower, 0.98+0.26 ml/day, (P<0.05 vs. both DM
groups, Figure 1C).

At one and two months the DM mice (DM and DM+EMPA
groups) gain weight considerably (P<0.01 vs. BL and C57/
Bl, Figure 1A). Interestingly, at two month this group was
significantly, lighter than the DM group (P<0.05, Figure 1A).
Water intake was preserved at 1 one month but increased
significantly at 2 months (P<0.001, Figure 1B). Urine output
of the DM mice was preserved at 2.32+0.26 ml/day and
2.26%0.26 ml/day at one and two months, respectively
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(P>0.05, Figure. 1C). Yet, For the DM+EMPA mice group,
urine output increased as soon as one month of treatment
reaching (3.84+0.26 ml/day and 4.45+0.26 ml/day at one
and two months, respectively, P<0.001). Urine composition,
i.e. urine protein, creatinine and glucose, were all preserved
along the experiment in the DM and C57/BI groups.

The DM+EMPA group’s urine composition changed
dramatically at one and two month of experiment. Urine
protein and urine creatinine were 72.7+9.7 mg/dl and
58.9+9.7 mg/dl and 12.8+2.8 mg/dl, and 13.2+2.8 mg/
dl (P<0.05 vs. DM and BL) at one month and two months
measurements, respectively (Figure 1D and 1E). On the other
hand, urine glucose levels increased to 13038.5£702.9 mg/dl
and 10402+702.9 mg/dl (P<0.001, Figure 1F).

mean + SEM.

Figure 1: Mice general maintenance physiological parameters. A. mean weight, B. water intake, C. urine output, D. Urine
protein exertion, E. urine creatinine, F. urine glucose level. C57 group (black columns), DM mice (red columns), DM+EMPA
(blue columns). * P<0.05 vs. C57, ** P<0.01 vs. C57, *** P<0.001 vs. C57, $ P<0.05 vs. DM+EMPA, $$ P<0.01 vs. DM+EMPA, $$$
P<0.001 vs. DM+EMPA, £££ P<0.001 vs. one month, T P<0.05 vs. BL, 11 P<0.01 vs. BL, 111 P<0.001 vs. BL. Data represent the
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Retinal Structure and oKL Expression in C57 mice retina (Figure 2A) , DM mice retina (Figure
2B). DM+EMPA mice retina (Figure 2C). Red indicates oKL
oKL expression in ganglionic cell layer (GCL) of the positive pixels, Blue- nuclei detected by DAPI.

retina, showing representative immunofluorescence sections

Figure 2: oKL expression in ganglionic cell layer (GCL) of the retina, showing representative immunofluorescence sections in
C57 mice retina, B: DM mice retina. C: DM+EMPA mice retina. Red indicates aKL positive pixels, Blue- nuclei detected by DAPI.

There was no significant difference between the three was occupying 380055+100281 pixels, the DM’s average GCL
groups’ GCL size, as measured by their number of pixels in layer was of 617963+312261 pixels, and in the DM+EMPA
the microscopic photographs, indicating comparable GCL groups it was 293302+129155 pixels (P>0.05, Figure 3).

layer in all mice groups. Specifically, C57 /Bl mice’s GCL layer

Figure 3: Number of pixels in ganglionic cell layer (GCL). There was no significant difference between the three groups. All
results are shown as mean * SEM.

oKL Expression Measured by Number of Pixels Upon stain measurements, oKL occupied, 65285+26099

in GCL Retina pixels and 181494+42479 pixels, in the DM mice and C57/B],

respectively (P<0.01). EMPA treatment to DM mice increased

oKL was detected in C57/Bl group (Figure 2A), its the number of oKL positive pixels yet, their number was still

expression was significantly lower in DM (Figure 2B) and lower compared to the C57/Bl, 8925362352 pixels vs.
restored toward control level in DM+EMPA mice (Figure 2C). 181494+42479 pixels, respectively (P<0.05, Figure 4).
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Figure 4: Klotho expression measured by number of pixels in the retinal GCL. There was significant reduction in the pixels
number in diabetic mice vs. control (P<0.05). EMPA treatment decreased less the number of pixels vs control (P<0.01).

When expressed as percent of stained tissue area, 5). Collectively, indicating, that though GCL structure
a Significant decrease of oKL was found in the DM mice was comparable between the experimental groups, oKL
group vs. C57/Bl mice group 11.9+4.6% vs. 48.4+5.3% (P< expression was significantly affected by DM and to some
0.01), and vs. the DM+EMPA 35.0+20.4% (P<0.05, Figure extent by the EMPA treatment.

Figure 5: Klotho area staining % in the GCL retina. There was significant decrease in the % area in the DM group vs. control
(P<0.01), and the EMPA treated group P<0.05.

LC3 Expression % in GCL Retina Bl mice showing the lower level of LC3 expression (Figure
6A). Analysis of the photographs show significant increase

In the representative photographs LC3 seems to be in the LC3 expression area in the DM group vs. the C57/Bl
highly expressed in DM mice (Figure 6A), and to lower group (29. 4+1.4 % vs. 15.621.6 %, P<0.001, Figure 6D),
extent in the DM+EMPA treated mice (Figure 6B), yet C57/ EMPA treatment increased significantly LC3 expression vs.
Nakhoul E et al. Potential Protective Effect of Empagliflozin on aKlotho/Autophagy Copyright© Nakhoul E et al.
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6D). Nevertheless, LC3 expression was comparable among

Diabetes & Obesity International Journal

DM and DM+EMPA mice (P>0.05, Figure 6D).

Figure 6: LC3 expression % in GCL retina in the three experimental groups. A. representative photographs taken from a C57
mice, B. DM mice, C. DM+EMPA mice. D. summary of measured LC3 expression, presented in % of tissue area.

Discussion

DR is the leading cause of blindness in the general
population and the elderly [3,4]. It is well known that retinal
function deterioration in proliferative DR is irreversible.
Under diabetic conditions, hyperglycemia and the resulting
glucose-toxicity are the driving forces for inflammatory
processes in the retina [6,25]. Hyperglycemia activates
oxidative stress and inflammatory pathway, concomitantly
to increase of reactive oxygen species production, all lead to
injury to the retinal cells.

The soluble oKL is expressed in multiple tissues, with
particularly high levels in the kidney and retina [13], and acts
as a humoral factor that targets multiple tissues and organs
with antiaging effects, anti-inflammatory and antioxidant
activity [26-28]. Different studies suggest that klotho protein,
which decreased in early stages of DN, and has an important
role in the pathogenesis of DM and its vascular complications
such as DR [11].

Autophagy process has a central role in the maintenance
of cell hemostasis, and acts as a protective mechanism against

Nakhoul E et al. Potential Protective Effect of Empagliflozin on aKlotho/Autophagy

oxidative stress, that may prevent cell death, especially in
DM and DR [17,29,30]. The key protein LC3 is one of the
important autophagy proteins involved in the final formation
of the auto-phagosome with a protective role.

Our Lab had demonstrated that in diabetic mice model,
there is decreased expression and abundance of the defensive
protein aklotho, and down regulation of the autophagy
proteins LC3 and ATG5 in diabetic nephropathy in diabetic
mice model [17,29].

Different investigators had published that treatment of
BTBR ob/ob mice with the new anti-diabetic drug EMPA
(SGLT2i) led to reduced inflammation, as demonstrated by
the significant reduction in mRNA expression of the pro-
inflammatory cytokines MCP-1, RANTES, and IL-6 [29-
31]. Further, studies demonstrated that SGLT2is suppress
hyperglycemia, restored {3 cell mass, macrophage infiltration,
gene expression of inflammation, oxidative stress and
apoptosis in diabetic db/db mice [29-31]. Yet, less is known
on the role of aKL and autophagy protein LC3 in diabetic
mice with retinopathy treated with SGT2Is such as EMPA.
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Few studies have investigated changes in the expression
of aKL in GCL retina. Baolan, et al. (15) demonstrated that
the serum aKlotho level was independently and negatively
correlated with retinopathy in type 2 diabetes patients, and
other showed that Klotho can ameliorate apoptosis via the
ERK1/2-p38 kinase signaling pathway [11,14]. Different
pathophysiological factors in vivo could affect klotho gene
expression, among them hyperglycemia, oxidative stress,
inflammation and angiotensin II significantly inhibited
klotho gene expression [32]. Their results showed that the
serum klotho protein level was evidently reduced in diabetes,
which was consistent with previous other studies [33,34].
The data suggested that klotho protein was likely to be a new
and important target for DR.

Antonella and her group [34] demonstrated that in
T2DM patients, lower circulating levels of the vascular
protective hormone Klotho are associated with increased
risk of progression of DR. In C57BL/6 male mice, disruption
of leukotriene signaling by pharmacologic blockade
inhibited early DR. Before pathologic lesions develop, the
administration of montelukast impeded the preceding
diabetes-induced cellular dysfunction, significantly reducing
retinal vascular permeability, pro-inflammatory leukotriene
generation, and superoxide accumulation. Over time, these
early beneficial effects correlated with long-term protection
of the retinal capillaries and neurons [35].

The association between Kklotho, apoptosis and
autophagy has been reported in various diseases, such as
Alzheimer’s disease and cancer [15]. Chen and his group
[36] investigated, whether the autophagy process plays a
role in Klotho gene deficiency-induced arterial stiffening
and hypertension. They demonstrated that Klotho gene
deficiency increased autophagy, as evidenced by increased
expression of LC3B-II and autophagy in klotho gene deficient
mice [29], however, whether Klotho deficiency directly
induces autophagy is not clear, but they conclude that Klotho
directly regulates autophagy [36].

Excessively stimulated autophagy in retinal cells may
cause autophagy death cells, which may lead to advanced
stages of DR. Therefore, preventing excessive stimulated
autophagy at early stages by new treatments may be of
benefit to patients with DR.

The aim of our study was to assess the role of klotho
protein and LC3 protein, in the pathophysiology of DR.
Further, we looked into the protective effects of the new
anti-diabetic drug, the SGLT2i, on DR. Finally, we evaluated
the correlation between oKL expression in ob/ob mice with
DM, and DM mice treated with SGLT2i (EMPA) to gain novel
insightinto the underlying functions of Klotho and autophagy
in preventing or slowing the progression of DR. Our results
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showed that oKL in the DM mice was decrease in the retinal
GCL and was restored toward normal by EMPA treatment.
Concomitantly, we found a significant increase in the LC3
protein expression probably as a compensatory response to
decreased aKL levels, to protect retinal cell damage, which
was restored also by EMPA treatment [26,27].

Conclusion

Our study demonstrates that the anti-aging protein oKL
plays a critical role in retinal pigment epithelium (RPE),
function, especially the GCL. Our study revealed significant
decrease in retinal oKL protein expression in T2DM mice
model, and restored by EMPA treatment. It appears that
Klotho may be involved in several physiological processes
such chronic hyperglycemia in T2DM vascular complications
[37], that can affect the progression of DR. On the other side
we found a significant increase in LC3 protein expression in
the retinal GCL in the diabetic mice, and downregulated to
basal levels by EMPA treatment. The effects of high glucose
on decreased klotho protein levels in retinal GCL, is followed
by excessively stimulated autophagy in retinal cells with
increased LC3 protein levels, may cause autophagy death
cells, which may lead to advanced stages of DR and loss of
vision. Exogenous supplementation with Klotho may be a
potential therapeutic target in the future for inhibiting the
progression of DR. However, further studies are needed
to elucidate the role of Klotho in the pathophysiological
mechanisms of the development and progression of T2DM
[38-40].
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