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ARTICLE INFO ABSTRACT

Background: Diabetic retinopathy (DR) is a serious microvascular complication of diabetes mellitus. Mesen-
chymal stem cells are currently studied as therapeutic strategy for management of DR. Exosomes, considered as a
promising cell-free therapy option, display biological functions similar to those of their parent cells. In retinal
development, Wnt/b-catenin signaling provides key cues for functional progression. The present study aimed to
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evaluate the potential efficacy of bone marrow-derived mesenchymal stem cell-derived exosomes (BM-MSCs-Ex)
in diabetes-induced retinal injury via modulation of the Wnt/ b-catenin signaling pathway.
Methods: Eighty-one rats were allocated into 6 groups (control, DR, DR + DKK1, DR + exosomes, DR + Wnt3a

and DR + exosomes+Wnt3a). Evaluation of each group was via histopathological examination, assessment of
gene and/or protein expression concerned with oxidative stress (SOD1, SOD2, Nox2, Nox4, iNOS), inflammation
(TNF-a, ICAM-1, NF-xB) and angiogenesis (VEGF, VE-cadherin).

Results: Results demonstrated that exosomes blocked the wnt/b-catenin pathway in diabetic retina concomitant
with significant reduction of features of DR as shown by downregulation of retinal oxidants, upregulation of
antioxidant enzymes, suppression of retinal inflammatory and angiogenic markers. These results were further
confirmed by histopathological results, fundus examination and optical coherence tomography. Additionally,
exosomes ameliorative effects abrogated wnt3a-triggered retinal injury in DR.

Conclusion: Collectively, these data demonstrated that exosomes ameliorated diabetes-induced retinal injury via
suppressing Wnt/ b-catenin signaling with subsequent reduction of oxidative stress, inflammation and

angiogenesis.

1. Introduction

Diabetic retinopathy (DR), a common microvascular complication of
diabetes mellitus (DM), results in retinal vascular leakage, inflamma-
tion, and aberrant neovascularization and is considered a primary cause
of blindness in the working-age population [1,2]. The incidence of
diabetes increases every year, with an estimated 451 million people
suffering from the disease in 2017 and a predicted increased incidence to
693 million people by 2045 [3]. Most patients with type 1 diabetes will
ultimately develop DR, with a further 50-80% patients with type 2
diabetes likely to develop DR with 20-25 years of diabetes diagnosis [4].

Laser photocoagulation and anti-vascular endothelial growth factor
(anti-VEGF) therapy are currently considered standard-of-care treat-
ments. Laser photocoagulation therapy targets advanced stages of dis-
ease [5] and while anti-VEGF medication can reduce vascular
permeability and halt the course of DR, trials have shown that it was not
successful for all individuals, and that some patient responses to therapy
wane over time [6]. New DR therapeutic options are therefore urgently
required. Understanding the underlying mechanisms of DR is essential
for the development of new therapeutic approaches. Proangiogenic
signaling pathways as well as inflammatory cytokines have now been
implicated in DR pathogenesis in addition to VEGF [7].

The Wnt signaling pathway plays a key role in a variety of physio-
logical and pathological processes, including angiogenesis and inflam-
mation [8-12]. Wnt pathways can be classified into two types, canonical
and noncanonical. Binding of Wnt to the co-receptor complex of Frizzled
(Fz) and low-density lipoprotein receptor-related protein (LRP5/6) in-
activates Glycogen synthase kinase-3b (GSK3b) and induces b-catenin
translocation to the nucleus, where it forms a complex with T-cell fac-
tor/lymphoid enhancer factor (TCF4/LEF) to stimulate the production
of Wnt target genes like VEGF [13,14]. The canonical b-cat-
enin—-dependent Wnt pathway is important for retinal microvasculature
growth and differentiation [15]. Dysregulated canonical Wnt signaling
in DR promoted pathogenic processes. On the other hand, Wnt antago-
nists have been considered as therapies for neovascular disorders due to
the importance of Wnt signaling in angiogenesis [12].

Mesenchymal stem cells (MSCs) are multipotent stem cells. In
regenerative medicine, they are amongst the most widely used cells for
both laboratory research and clinical trial [16]. MSCs are thought to
stimulate tissue regeneration either directly, through their differentia-
tion into a variety of mesenchymal cell lineages, or indirectly, via their
secretion of bioactive factors alone or packaged in exosomes that can
provide cell-to-cell signaling and activate regenerative pathways in host
tissues [17].

Exosomes are nanoscale vesicles of endocytic origins that have an
ability to play a key role in cell-to-cell communication with potential use
in novel therapeutic approaches [18-20]. Exosomes themselves are a
discrete population of vesicles with dimensions ranging from 30 to 150
nanometers [21]. These membrane-enclosed vesicles transport a variety
of functional proteins, microRNAs, and mRNAs, transferring

information between cells and mediating a variety of physiological and
pathological processes [22]. MSC-derived exosomes enhance regenera-
tion of damaged tissue and present a unique therapeutic technique for
application across a range of tissue types, including heart, bone, carti-
lage, retina, liver, neuron, and skin [23,24]. Intriguingly, MSC derived
exosomes contain anti-angiogenic miRNAs including miR-16 and
miR-100, which inhibit angiogenesis via targeting VEGF [25]. Recently,
Gu et al. [26] displayed that adipose MSC—derived exosomes suppressed
inflammatory response and angiogenesis in DR via miR-192 release.
Additionally, Bauchl et al. [27] revealed that exosomes control angio-
genic activity through regulation of endothelial cell viability, prolifer-
ation, and the tube-like generation. In vivo, exosomes reduced the
generation of endothelial vessel-like structures, associated with a
reduced proportion of endothelial cells. BM-MSCs-Exosomes down-
regulated the expression of numerous proteins (b-catenin, Wnt3a and
Wntl0b) in the Wnt signaling pathway, contributed subsequently to
inhibition of downstream gene expression (Cyclin D1 and WISPI1).
Further, MSC-derived exosomes transport miR-133b, which inhibited
the Wnt/b-catenin signaling pathway via suppression of EZH2 [28].
Nevertheless, the effect of MSC-exosomes on Wnt/b-catenin signaling in
DR has not been fully investigated.

Therefore, current work aims to understand the molecular mecha-
nisms by which the exosomes derived from bone marrow MSCs could
alleviates diabetes-induced retinal injury via Wnt/b-catenin signaling
regulation. We show that BM-MSCs-Exosomes ameliorate features of
retinal injury in experimental model of diabetes. BM-MSCs-exosomes
treatment suppressed Wnt/ b-catenin signaling, combated oxidative
stress, inflammation and angiogenesis.

2. Materials and methods
2.1. Experimental animals

Eight weeks aged adult male albino rats (weighing 250-270 g) were
obtained from the Experimental Animal Unit, Faculty of Veterinary
Medicine, Benha University, Egypt. Rats were housed in clean cages and
allowed free access to standard rodent diet and clean tap water. Animals
were allowed to adapt to lab environment which was controlled in terms
of room temperature (23 + 3 °C) and light (12 h cycle starting at 8:00
AM). All experimental procedures followed the guides of institutional
review board for animal experiments (Faculty of Medicine, Benha Uni-
versity, Benha, Egypt). All experiments strictly adhered to National In-
stitutes of Health Guide for the Care and Use of Laboratory Animals (NIH
publication 85-23, revised 2011).

2.1.1. Preparation of MSCs-derived exosomes

Supernatant of bone-marrow derived MSCs (BM-MSCs), representing
conditioned media was used for preparation of MSCs-derived exosomes.
Rat BM-MSCs were prepared in the Central Lab, Faculty of Medicine,
Benha University according to previous description [29,30]. BM-MSCs
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Fig. 1. Timeline for experimental design.

were cultured overnight in fetal bovine serum-free Dulbecco’s Modified
Eagle Medium (DMEM) containing 0.5% human serum albumin (HSA)
(Sigma-Aldrich, St. Louis, MO, USA). Viability of cells cultured over-
night was confirmed with Trypan blue exclusion which revealed more
than 99% viability. Thereafter, cells were plated for 7 days at 4000
cells/cm?. On day 7, cells were trypsinized, counted and re-incubated in
expansion medium for another seven days at a density of 2000 cells/cm?
(end of the first passage). Cells’ expansion was repeated until the third
passage. This was followed by conditioned medium collection and
storage at —-80 °C. To isolate exosomes, medium was centrifuged for 20
min at 2000 g to remove debris followed by ultracentrifugation at 100,
000g for 1 h using a SW41 swing rotor at 4 °C (Beckman Coulter, Full-
erton, CA, USA). Following isolation, exosomes were washed with so-
lution consisting of serum-free M199 mixed with 25 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH =7.4)
(Sigma-Aldrich, St. Louis, MO, USA), and then ultracentrifugation in the
same conditions. Finally, exosomes were collected, characterized, and
then kept at —-80 °C for further use.

2.1.2. MSC-derived exosome characterization

Exosomes were isolated from the supernatant of MSCs cultured in
FBS free DMEM (the first, second, and third passages). The isolated
exosomes were fixed by incubation in 2.5% glutaraldehyde in human
serum albumin (HSA) for 2 h. The vesicles were then washed, ultra-
centrifuged and resuspended in HSA (100 pl). Twenty microliters of
exosomes were loaded onto a formvar/carbon-coated grid, negatively
stained with 3% aqueous phosphor-tungstic acid for 1 min, and observed
by transmission electron microscopy (Hitachi H-7650, Hitachi, Tokyo,
Japan) [31]. Bradford method (BioRad, Hercules, CA, USA) was used to
quantify the protein content of exosomes. Additionally, PKH-26 (Sig-
ma-Aldrich, St. Louis, MO, USA) was used to confirm exosomal locali-
zation within the retinal tissue. Briefly, the exosome pellet was diluted
to 1 ml with PKH-26 kit solution. Then, fluorochrome (2 pl) was added
to exosomes suspension and incubated for 15 min at 38.5 °C. After that,
exosomes suspension was mixed with serum-free HG-DMEM (7 ml) and
ultracentrifuged at 100,000g and 4 °C for 1 h. The final pellet was
rapidly resuspended in HG-DMEM and then stored at — 80 °C until used
for injection in experimental animals [32].

2.1.3. Iron oxide for direct labelling of MSCs

MSCs were incubated for 30 min in 4 ml RPMI media containing 50
um iron oxide [33]. Cells were then centrifuged for 10 min at 2000 rpm
to separate iron labelled MSCs. Labeled MSCs released exosomes that
contained iron oxide [34].

2.1.4. Prussian blue staining
Retinal sections were treated with acid solutions of ferrocyanides.
Ferrocyanide reacts with ferric ion (+3) in the retinal tissues to produce

ferric ferrocyanide, a bright blue pigment called Prussian blue. Iron
labeled injected MSCs were detected in retinal tissue sections by Prus-
sian blue staining using eosin as a counter stain [35].

2.1.5. Experimental Chemicals

Streptozotocin (STZ) was purchased from (Sigma Chemical Co., St.
Louis, USA) as a white powder. It was freshly prepared in 0.1 M cold
citrate buffer (pH 4.5) and was injected intraperitoneal (IP) at a single
dose of (60 mg/kg) [30].

Recombinant Mouse Dkk-1 (Catalog Number: 5897-DK-010/CF,
R&D Systems, Bio-techno brand); DKK1 100 pg/ml.

Recombinant Mouse Wnt3a (Catalog Number: 1324-WN, R&D Sys-
tems, Bio-techno brand); Wnt3a 40 pg/ml.

2.1.6. Induction of diabetes mellitus type I rat model

Type I diabetes mellitus (DM) was induced according to a previously
described protocol [30]. Overnight fasted rats were injected IP by a
single dose (60 mg/kg) of STZ. To reduce the early death due to
discharge of insulin from partially injured pancreas, rats were provided
with drinking water containing (15 g/L) sucrose for two days following
STZ injection. Then, rats were checked for induction of hyperglycaemia
72 hr later, and measured blood sugar greater than 250 mg/dl was
considered diabetic and included in the study. To avoid consequent
development of ketonuria, diabetic rats received subcutaneous injection
of long-acting insulin (2-4 U/rat) to keep blood glucose levels in a
desirable range (about 350 mg/dl).

2.2. Experimental design

After one week of acclimatization, 81 adult rats were randomly
divided into six groups:

Group I (control group; n = 27): The rats were divided equally into
three subgroups:

Subgroup Ia: The rats were maintained under similar laboratory
conditions without intervention.

Subgroup Ib: The rats were injected with vehicle of STZ (0.2 ml/kg
body weight sodium citrate buffer, IP, single dose).

Subgroup Ic: Rats were treated with vehicle of exosomes, DKK1 and
Wnt3a (0.2 ml phosphate buffer saline, single intravitreal injection).

Group II (DR group; n = 18): Diabetic rats which were further
equally allocated to two subgroups:

Group Ila: Diabetic rats were sacrificed after 8 weeks to confirm
histological changes of DR.

Group IIb (recovery group): Diabetic rats were sacrificed after 12
weeks.

Group III (DR + DKK1; n = 9): After 8 weeks of diabetes, rats were
intravitreally injected with 3 pl of Recombinant Mouse Dkk-1 [15].

Group IV (DR + exosomes; n = 9): After 8 weeks of diabetes, rats
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Table 1
Sequences for primers used.

Target genes Primer Sequence 5’ to 3’ Accession No

VEGF CGGGCCTCTGAAACCATGAA NM_001110333.2
GCTTTCTGCTCCCCTTCTGT

c-Myc TGAAAAGAGCTCCTCGCGTT NM_012603.2
AAATAGGGCTGCACCGAGTC

cyclin D1 CCGGTCGTAGAGCGCGAG NM_171992.5
CGGATGGTCTCCACTTCGCA

ICAM-1 TTTCAGCTCCCATCCTGACC NM_012967.1
GGGAAGTACCCTGTGAGGTG

VE-cadherin TGGGGACCCAATCTCATTGC NM_001107407.1
GTCTTTGGTACCCACAGGCA

TNF-a CGTCAGCCGATTTGCCATTT NM_012675.3
TCCCTCAGGGGTGTCCTTAG

Nox2 GTTTGCCGGAAACCCTCCTA NM_023965.1
CCTTCTGCTGAGATCGCCAA

Nox4 TGGCCAACGAAGGGGTTAAA NM_053524.1
TCCTAGGCCCAACATCTGGT

SOD1 TTGGCCGTACTATGGTGGTC NM_017050.1
GGGCAATCCCAATCACACCA

SOoD2 CACCGAGGAGAAGTACCACG NM_017051.2
TGTGATTGATATGGCCCCCG

GAPDH GCATCTTCTTGTGCAGTGCC NM_017008.4
TACGGCCAAATCCGTTCACA

U6 CTCGCTTCGGCAGCACA [37]
AACGCTTCACGAATTTGCGT

miR-129-5p ACACTCCTTTTTGCGTCTGGGCTTGC [38]
TGGTGTCGTGGAGTCG

miR-34a GCCTGGCAGTGTCTTAGCT [39]
GTGCAGGGTCCGAGGTC

were injected intravitreally with MSC-exosomes in a single dose of 0.5
ml for each rat at a concentration (100 pg protein/ml) [30].

Group V (DR + Wnt3a; n = 9): After 8 weeks of diabetes, rats were
intravitreally injected with 20 ng of recombinant Mouse Wnt3a.

Group VI (DR+ exosomes+ Wnt3a; n = 9): After 8 weeks of dia-
betes, rats were injected once with exosomes and single injection of
Wnt3a [36], Fig. 1.

The intravitreal injection was performed using a 1.5 cm 33-gauge
Hamilton needle (Hamilton Company, Reno, NV). The injection needle
was angled to avoid hitting the lens. Each injected eye was treated
topically post-injection with a polymyxin B sulfate ointment.

2.3. Sampling

At the end of the experimental period, rats were fasted for 12 h then
anesthetized by intramuscular injection of ketamine (100 mg/kg)
—xylazine (10 mg/kg). The rats were fixed on an operating table and
vascular perfusion fixation was performed through the left ventricle.
The eyeballs were then enucleated, the retina separated from the eyecup
and dissected to be appropriately processed for histopathological ex-
amination [electron microscopy, staining with Hematoxylin and Eosin
(H&E) and immunohistochemistry for iNOS, VEGF, GFAP and NF-xB]. In
addition, retinal tissues were used for molecular analysis by Real Time
PCR and Western blot. Fixation was performed by using 10% buffered
formol saline for light microscopy or Glutaraldehyde (1%) for electron
microscopy.

2.4. Gene expression profile

For RNA extraction from the retinal tissues, TRIzol (Invitrogen) was
used following manufacturer’s instructions. Sigma’s mirPremier micro-
RNA Isolation Kit was used for miRNA purification. Extracted RNA was
tested for purity and RNA concentration was assayed using Nano-Drop
2000C spectrophotometer (Thermo Scientific, USA). RNA purity for all
samples was > 1.9 A260/A280ratio. The integrity of RNA was then
verified by loading on 2% agarose gel using a gel electrophoresis image
(Gel Doc. BioRad) according to [34]. RNA was used for complementary
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DNA (cDNA) synthesis using SensiFast cDNA synthesis kits (Sigma
Bioline, UK) according to the manufacturer’s instruction. NCode VILO
miRNA c¢DNA Synthesis Kit (Invitrogen) was used for cDNA synthesis
from miRNAs following the manufacturer’s recommendations using a
T100 Thermal Cycler (Bio-Rad, USA).

Quantitative PCR was performed according to [37] using Maxima
SYBR Green/ROX qPCR master mix [2x] (Thermo Scientific, USA). Each
PCR reaction consisted of 0.3pmol L7 of each forward and reverse
primer, 10 nmol L1/100 Nm ROX Solution, 500 ng per reaction of cDNA
(except for NTC and cDNA control) and 12.5 pl Maxima SYBR Green
gPCR Master Mix (Maxima SYBR Green qPCR, ThermoFisher Scientific).
The mix was completed to a final volume of 25 pl with nuclease-free
water. Primer pairs for selected target, miRNA and reference genes
(VEGF, c-Myc, Cyclin-D1, ICAM-1, and TNF-a, Nox2, Nox4, VE-cadherin,
SOD1, SOD2, GAPDH, miR-129-5p, miR-34a, U6) were purchased from
Genwez (New Jersey, USA) (Table 1). The reaction was completed using
a two-step protocol in AriaMx Real-Time PCR (Agilent Technologies,
USA): initial denaturation for 10 min at 95 °C, then 40 cycles (15 s each)
of denaturation at 95 °C followed by annealing/extension for 60 s at
60 °C. Following PCR, a melting curve protocol was performed by
heating for 30 s at 95 °C then for 30 s at 65 °C and for 30 s at 95 °C.
GAPDH was used as a housekeeping gene for normalization of the
expression levels of target genes while the expression of miRNAs was
normalized relative to U6 RNA as an internal housekeeping reference
gene. The formula: RQ = 2*2¢ was used to calculate relative gene
expression ratios (RQ) between treated and control groups.

2.5. Assessment of SOD and NOX1 in retinal tissue homogenate

Retinal tissue was used for assessment of superoxide dismutase (SOD,
ab65354, Abcam, Cambridge, UK) by colorimetric method and NADPH
oxidase 1 (NOX1, E1408Ra) by ELISA method, following manufacturers’
protocols.

2.6. Western blot

For exosome identification, western blot analysis for CD63, CD81
and CD83 antibodies were utilized (Table 1). RIPA buffer was used for
isolation of protein from isolated exosomes. 20 ng of protein was loaded
on 4-20% polyacrylamide gradient gels and separated by SDS-PAGE.
The separated protein was blotted to PVDF membranes which were
further blocked by incubation for 1h in 5% nonfat dry milk. The
membranes were then incubated overnight at 4 °C with primary anti-
bodies (CD63, CD81, CD83 antibodies). f-actin was used as a loading
control. The membranes were then washed two times with 1% TBST and
further incubated for 2 h at room temperature with appropriate sec-
ondary antibodies. Another washing step was applied by washing the
membrane twice with 1% TBST. Intensity of immunoreactivity was
determined by densitometry to quantify the amounts of CD63, CD81,
CD83. ChemiDoc MP imaging system (version 3) (BioRad, Hercules, CA,
USA) was used for image analyses.

For Retina tissue western blot analysis, P-p- Catenin, - Catenin,
LRP6, PLRP6, GFAP, NF-kB and f-actin antibodies were employed
(Table 1). Ice-cold 1X cell lysis buffer was prepared for protein extrac-
tion from retinal tissues. The buffer consisted of Tris (50 mmol, SRL,
Mumbai, India), sodium chloride (150 mmol, Sigma Aldrich), sodium
fluoride (1 mol, Fischer Scientific, Qualigens, Mumbai), EDTA (1 mmol,
Fischer Scientific, New York), phenylmethylsulfonyl fluoride (2 mmol,
Sigma-Aldrich), sodium dodecyl sulfate (0.1%, SDS; Fischer Scientific),
Triton X-100 (1%, Sigma Aldrich) and protease inhibitor cocktail (4%,
Roche Diagnostics, Manheim, Germany). Whole retinas were minced
and homogenized by passing through hypodermic needles (20 G, 22 G,
and 26 G).

Produced cell lysates were agitated on ice for 30 min, and then su-
pernatant was collected by centrifugation for 30 min at 21,000g. Folin-
Lowry method was used for estimation of protein concentration using a
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Table 2
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List of antibodies used for western blot and immunohistochemistry with Host, Type, Dilutions, Catalog Number, Suppliers, and Analysis Type.

Antibody Host Type Dilution Cat. Number Suppliers Analysis Type

CD63 Rabbit Polyclonal 1/1000 A5271 ABclonal Western Blot

CD81 Rabbit Monoclonal 1/1000 Ab109201 Abcam Western Blot

CD83 Rabbit Polyclonal 1/1000 PA5-96044 ThermoFisher Scientific Western Blot

P-p- Catenin Rabbit Polyclonal 1/1000 #9561 Cell Signaling Technology Western Blot

pB- Catenin Rabbit Polyclonal 1/4000 Ab6302 Abcam Western Blot

LRP6 Rabbit Polyclonal 1/1000 #2560 Cell Signaling Technology Western Blot

PLRP6 Rabbit Polyclonal 1/500 Ab226758 Abcam Western Blot

p-actin Mouse Monoclonal 1/1000 Ab8226 Abcam Western Blot
Immuno-

iNOS Rabbit Monoclonal 1/20 Ab178945 Abcam histochemistry
Immuno-

VEGF Rabbit Monoclonal 1/250 Ab32152 Abcam histochemistry

GFAP Rabbit Polyclonal 1/5000 Ab7260 Abcam Immuno-histochemistry

NF-kB Rabbit Polyclonal 1/100 Ab194726 Abcam Immuno- histochemistry

spectrophotometer (Beckman Coulter Inc, Indianapolis, Indiana).
Laemmli buffer was mixed and incubated with protein extracts for
10 min at 95 °C. Then, protein samples were loaded (50 pg) on sodium
dodecyl sulfate (SDS) polyacrylamide 10% and resolved by gel electro-
phoresis. The resolved protein was blotted onto polyvinylidene
difluoride membrane (Amersham Biosciences, Bucks, United Kingdom).
The blot was then blocked for non-specific reactions by incubation for
1 h at 4 °C in 5% nonfat dry milk (NFDM) in 1% TBS with Tween 20.
Following blocking, the membrane was kept for 2 h at 4 °C with primary
antibodies against b catenin, P-b catenin, LRP6 and P-LRP6. Thereafter,
the membrane was washed and then incubated for 2 h at room tem-
perature with appropriate horseradish peroxidase-conjugated secondary
antibody (1:5000, Millipore). Actin was used for normalization and was
detected using secondary antibody (MAB1501, Millipore) at a 1:5000
dilutions.

Immunoreaction was visualized using Super Signal West Femto
substrate (Thermo Scientific, Waltham, Massachusetts) on photographic
films (Eastman Kodak Co, Rochester, New York). Housekeeping protein
was detected after blot stripping by stripping buffer (62.5 mmol Tris, 2%
DS, 100 mmol B-Mercaptoethanol) at 60 °C for 10 min. Densitometric
analysis of the immunoblots was performed using Image analysis soft-
ware on the Chemi Doc MP imaging system to quantify the amounts of b
catenin, P-b catenin, LRP6 and P-LRP6 by total protein normalization.

2.7. Histopathological analysis

2.7.1. H&E staining

Retinal tissues were excised, fixed in buffered formol saline (10%).
Fixed tissue specimens were used for preparation of 4-6-um-thick
paraffin sections which were mounted on glass slides for hematoxylin
and eosin (H&E), and positively charged slides for immunohistochem-
istry (IHC).

For H&E, fixed sections were dehydrated with successive concen-
trations of ethanol and washed twice in distilled water followed by
staining with H&E stains. Finally, the histological sections were
observed, analyzed and imaged by two blinded experienced in-
vestigators using light microscope (Leica DMR 3000; Leica Microsystem)
[35].

2.7.2. Immunohistochemistry analysis

Paraffin sections were deparaffinized and hydrated. After blocking
the endogenous activity of peroxidase using 10% hydrogen peroxide, the
sections were incubated with primary antibodies against iNOS, VEGF
Receptor 1, GFAP, and NF-kB (Table 2), using a concentration of 1-5 pg/
ml. Heat mediated antigen retrieval was performed before commencing
with IHC staining protocol, (abcam, UK). Then, after washing with
phosphate buffer, biotinylated goat anti-rabbit secondary antibody was
applied. Slides incubated with labeled avidin-biotin peroxidase. Dia-
minobenzedine was used as chromogen for visualization of the site of

antibody binding which is converted into a brown precipitate by
peroxidase [40].

For NF-Kb IHC quantitative assessment, immunoreactive score (IRS)
was used. It provides a scale of 0-12 representing IRS index (0-1 =
negative, 2-3 = mild, 4-8 = moderate, and 9-12 = strongly positive).
IRS is obtained by multiplication between staining intensity grading
(0—3) and positive cells proportion grading (0—4) and quantified using
the QuPath program (0.1.2).

2.7.3. Morphometric study

Image-Pro Plus program version 6.0 (Media Cybernetics Inc.,
Bethesda, Maryland, USA) was used for calculation of the mean area %
of iNOS, VEGF, GFAP and NF-kB. The mean area % for each marker was
quantified for five images from five non-overlapping fields from each rat
of each group.

2.7.4. Transmission electron microscopy study

Glutaraldehyde (1%) was used for vascular perfusion fixation
through the left ventricle. Rat retinal tissues were then dissected and
incubated in 0.1 M phosphate-buffered solution (PBS), pH 7.4 for 2 h at
4 °C, then washed three times (10 min each) with PBS. Samples were
post fixed in 1% osmic acid for 30 min, and then washing was repeated
with PBS three times (10 min each). Fixed specimens were dehydrated
using ethyl alcohol solutions (ascending series) for 30 min at each
concentration (30, 50, 70, 90%, and absolute alcohol). Dehydrated
specimens were infiltrated for 1 h with acetone followed by embedding
in Araldite 502 resin. Leica UCT ultra-microtome was used to cut the
plastic molds into semi thin sections which were stained with 1% tolu-
idine blue. Following semi thin sections examination, ultrathin sections
were prepared (50-60 nm thick), treated with uranyl acetate for stain-
ing and then with lead citrate for counterstaining. The sections were
further analyzed and photographed using electron microscope (JEOL-
JEM-100 SX, Japan), electron microscope unit, Tanta University
(10948426).

2.8. Ocular coherence tomography (OCT)

Retinal structure was analyzed using Spectral-domain optical
coherence tomography (SD-OCT). The SD-OCT measurements were
obtained with Spectralis Heidelberg retina angiography (HRA) + OCT
device that was segmented with Spectralis viewing module software
(Heidelberg Engineering Inc., Heidelberg, Germany). The software de-
livers high-resolution OCT images with a lateral resolution of 5.7 Im/pix
and provides 55-degree field of view. Automatic real-time registration
was used with a mean of 100 scans at the exact same location. All scans
had a quality index greater than 25 dB.
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Fig. 2. (a) Ultrastructure of exosomes by TEM showing characteristic spheroid double-membrane bound morphology (arrows) of exosomes, they are heterogeneous
in size with a diameter of 40-100 nm. Scale bar 100 nm (b) Detection of exosomes in retinal tissues by PKH26 under fluorescent microscopy. (c) Western blot analysis
of exosomal specific markers (CD63, CD81, CD83) in three different passages. *significant compared to first passage at p<0.05, ## significant compared to second
passage at p<0.05. Data are shown as mean + SE. (e) Prussian blue staining proved iron oxide particles stained blue in retinal tissues.
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Fig. 3. Effect of BM MSC-derived exosomes intravitreal administration on wnt/b-catenin pathway in diabetic rats. MSC-derived exosomes were intravitreally injected
to eight weeks’ diabetic rats in a single dose of 0.5 ml for each rat at a concentration (100 pg protein /ml) alone or in combination with wnt3a (20 ng). Additional
group received DKK1 3 pl. Western blot was used to evaluate average relative density of phosphorylated b-catenin and total b- catenin (A) LDL Receptor Related
Protein 6 (LRP6) and Phospho-LRP6 (B) in retinal tissues of various experimental groups. * Represents significance in comparison with control group at p<0.05, * *
represents significance in comparison with control group at p<0.01, $ represents significance in comparison with diabetic group at p<0.05, $$ represents significance
in comparison with diabetic group at p<0.01, ## represents significance in comparison with wnt3a group at p<0.01. Data are expressed as mean+SE, (n = 6).
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Fig. 4. Effect of BM MSC-derived exosomes intravitreal administration on wnt/b-catenin induced oxidative stress in diabetic rats. MSC-derived exosomes were
intravitreally injected to eight weeks diabetic rats in a single dose of 0.5 ml for each rat at a concentration (100 pg protein /ml) alone or in combination with wnt3a
(20 ng). A further group of diabetic rats received DKK1. RT-PCR was used to evaluate mRNA levels of NADPH oxidase 2 (Nox2) and Nox4 (A), superoxide dismutase 1
(SOD1), (SOD2) in retinal tissues of various experimental groups (B). Data are expressed as median (maximum and minimum). SOD activity was assayed in retinal
tissue by colorimetric assay (C), and NOX1 concentration was assayed by ELISA method (D). Data are expressed as mean+SE. * represents significance in comparison
with control group at p<0.05, ** represents significance in comparison with control group at p<0.01, $ represents significance in comparison with diabetic group at
p<0.05, $$ represents significance in comparison with diabetic group at p<0.01, ## represents significance in comparison with wnt3a group at p<0.01, (n = 6).

2.9. Statistical analysis

Statistical software package SPSS for Windows (Version 16.0; SPSS
Inc., Chicago, IL, USA) was used for performing statistical analysis.
Differences between various experimental groups were evaluated using
one-way Analysis of Variance (ANOVA; F) and Kruskal Wallis test (}2)
for parametric and non-parametric data, respectively. Post-hoc analysis
was then performed to detect differences in pairs. Parametric data were
expressed as mean + standard error (SE), non-parametric data were
expressed as median (maximum and minimum) and a P-value < 0.05
was considered significant.

3. Results
3.1. Characterization of exosomes

Transmission electron microscopy demonstrated exosomes with
characteristic spheroid double-membrane bound morphology with
40-120 nm diameter (Fig. 2a). Expression of exosome membrane
markers CD63, CD81, and CD83 was confirmed in exosomes isolated
from passages 1-3 (Fig. 2c&d). Increased expression of CD63, CD81 and
CD83 correlated with passage number with significant differences noted
between passages 1, 2, and 3.

The exosomes labelled with iron-oxide were observed in the retinal
tissue under a light microscope after staining with Prussian blue
(Fig. 2e). Also, under fluorescent microscopy exosomes labeled with
PKH26 dye, a red fluorescence chromophore inserted into the lipid bi-
layers of exosomes, were incorporated in retinal tissues which became
clearly visible (Fig. 2b).

3.2. MSC-derived exosomes blocked wnt/b-catenin pathway in diabetic
retina

Dysregulated wnt/b-catenin signaling was observed in diabetic
retina. This was indicated by significant increases in protein levels of
total b-catenin, LRP6 and PLRP6 by 4.8-, 5.8-, 3.88- fold, respectively,
accompanied by marked downregulation of phosphorylated b-catenin
by about 0.6 fold in retinal tissue of diabetic compared to control groups.
Administration of DKK1 blocked wnt/b catenin activation as demon-
strated by a significant decrease in total b-catenin, LRP6, PLRP6 by
about 0.9-, 0.85-, 0.92-fold, respectively accompanied by marked in-
crease in phosphorylated b-catenin level in retinal tissue by 9.2- fold
when compared to diabetic group. MSC-derived exosomes similarly
blocked wnt/b catenin activation in diabetic retina, where retinal pro-
tein levels of total b-catenin, LRP6, PLRP6 were significantly reduced by
approximately 0.9-, 0.87-, 0.94-fold respectively with significant upre-
gulation of phosphorylated b-catenin level in retinal tissue by 0.99-fold
when compared to diabetic group. In contrast, wnt3a administration
triggered wnt/b-catenin activation in diabetic retina as shown by
noticeable increase in total b-catenin, LRP6, PLRP6 protein levels by
1.05-, 1.2-, 1.2-fold, respectively, accompanied by decreased phos-
phorylated b-catenin level in retinal tissue by about 1.8-fold when
compared to diabetic group. However, MSC-derived exosomes co-
administration blocked this effect as manifested by decreased retinal
protein levels of total b-catenin, activated b-catenin, LRP6, PLRP6 by
approximately 0.89-, 0.85-, 0.92-, respectively, accompanied by marked
increase in phosphorylated b-catenin level in retinal tissue by 11.2-fold
when compared to wnt3a injected group, Fig. 3.
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3.3. MSC-derived exosomes ameliorated wnt/b-catenin-triggered
oxidative stress in diabetic retina

Significant up-regulation of oxidative stress transcriptional markers
were observed in diabetic retina with increased Nox2 and Nox4 (2.78-,
2.67-fold, respectively) and decreased SOD1 and SOD2 expression by
0.3- and 0.34- fold, respectively in diabetic group compared to normal
control. Similarly, SOD activity was decreased by 22.7% and NOX1 level
was increased by 1.75-fold compared to normal control. Blockage of the
wnt/b-catenin pathway via DKK1 intravitreal administration resulted in
significant decreases in retinal mRNA levels of Nox2 and Nox4 by about
0.49- and 0.53- fold, respectively as well as restoration of SOD1 and
SOD2 mRNA levels by 1.25- and 1.35- fold, respectively compared to
diabetic group. This was accompanied by restoration of SOD activity by
~ 9% and a decrease in NOX1 by 0.22- fold compared to diabetic group.
Similarly, administration of MSC-derived exosomes resulted in marked
downregulation of retinal Nox2, Nox4 mRNA levels and NOX1 protein
levels by 0.49-, 0.55-, 0.22- fold, respectively, coupled to upregulation of
SOD1, SOD2 mRNA levels and SOD activity by 1.36-, 1.29- fold and 15%
respectively, compared to diabetic group. On the other hand, stimula-
tion of wnt/b-catenin pathway via wnt3a administration increased
retinal Nox2, Nox4 mRNA levels and NOX1 concentration by 1.3- and
1.1-, 1.3- fold, respectively and decreased SOD1, SOD2 mRNA and SOD
activity by 0.06- and 0.16- fold and 7% respectively in injected diabetic
rats compared to diabetic group. This effect was reversed by concomi-
tant administration of MSC-exosomes with wnt3a to diabetic rats, where

rats in this group showed significant reduction in retinal Nox2, Nox4
mRNA levels and NOX1 protein by about 0.52-, 0.45-, 0.35,- fold,
respectively in addition to significant up-regulation of SOD1, SOD2
mRNA levels by 1.3- and 1.4- fold, respectively, and SOD activity by
15% compared to wnt3a injected group, Fig. 4.

3.4. MSC-derived exosomes suppressed wnt/b-catenin-induced
inflammation in diabetic retina

Induction of diabetes was accompanied by prominent up-regulation
of inflammatory markers in retinal tissues including mRNA levels of c-
Myc, cyclinD1, TNF-a, ICAM-1 compared to control group. In contrast,
the DKK1 treated group showed marked reduction of c-Myc, cyclinD1,
TNF-a, ICAM-1 by 0.39-, 0.44-, 0.41-, 0.56- fold, respectively compared
to diabetic group. Injection of MSC-derived exosomes produced similar
effects as depicted by marked reduction of c-Myc, cyclinD1, TNF-q, and
ICAM-1 by 0.49-, 0.5-, 0.4- and 0.58- fold, respectively compared to
diabetic group. In contrast, retinal inflammation was enhanced by
wnt3a injection into diabetic rats where mRNA levels of c-Myc, cyclinD1,
TNF-a, ICAM-1 were markedly increased in retinal tissues by 1.6-, 1.5-,
2.2-, 1.3- fold, respectively compared to diabetic group. However, co-
administration of MSC-derived exosomes altered this effect as indi-
cated by significant upregulation of these inflammatory markers by
about 0.58-, 0.57-, 0.55-, 0.59- fold, respectively in comparison with
wnt3a injected group, Fig. 5.
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Fig. 6. Effect of BM MSC-derived exosomes intravitreal administration on miR-
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p<0.01. Data are expressed as mean+SE, (n = 6).

3.5. MSC-derived exosomes attenuated wnt/b-catenin-induced
angiogenesis and vascular leakage in diabetic retina

VEGF is a major inflammatory and angiogenic factor regulated by the
wnt/b-catenin pathway. Activated VEGF induces retinal neo-
vascularization and vascular leakage in diabetic retina [41]. Further,
VE-cadherin is an endothelial cell-specific adhesion molecule crucial for
maintenance of retinal barrier integrity. VEGF induces disruption and
degradation of VE-cadherin in DR [42]. To evaluate the impact of
MSC-derived exosomes on wnt/b-catenin-induced angiogenesis and
vascular leakage in diabetic retina, MSC-derived exosomes were
administrated to diabetic rats alone or in combination with wnt3a and
compared to DKK1 administration. The diabetic group showed signifi-
cantly increased retinal VEGF mRNA and protein by 1.4- and 3.7-fold,
respectively, as well as downregulation of retinal VE-cadherin mRNA
levels by 0.37- fold in comparison with control group. Blocking
wnt/b-catenin by DKK1 significantly attenuated angiogenesis and bar-
rier disruption as evident by marked suppression of retinal VEGF mRNA
and protein levels by 0.18- and 0.48-fold, respectively with restoration
of VE-cadherin mRNA levels by 1.4-fold compared to diabetic group.
Similar results were observed in the MSC-derived exosomes treated
group, where retinal VEGF mRNA and protein levels were significantly
reduced by 0.24- and 0.54- fold, respectively. This was accompanied by
a marked increase of retinal VE-cadherin mRNA level of 1.4-fold when
compared to diabetic group. On the other hand, retinal VEGF mRNA and
protein levels were significantly increased by wnt3a administration by
1.5, 1.73, fold, respectively in comparison to the diabetic group. Addi-
tionally, retinal VE-cadherin mRNA levels were markedly decreased by
about 0.2-fold. Conversely, co-administration of MSC-derived exosomes
attenuated angiogenesis and barrier disruption as demonstrated by
significant reduction in retinal VEGF mRNA and protein levels by
approximately 0.45- and 0.6- fold, respectively accompanied by marked
increase in retinal VE-cadherin mRNA level by 1.7-fold in comparison
with wnt3a injected group, Fig. 5.

3.6. MSC derived exosomes are associated with elevated miR-129-5 P
and miR-34a

Retinal tissue from the diabetic group displayed significant decreases
in miR-129-5 P and miR-34a expression by 0.8- and 0.42-fold, respec-
tively, when compared to control group. Expression levels of miR-
129-5 P and miR-34a in the DKK1 treated group were no different to the
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control group. MSC-derived exosomes administration resulted in
significantly increased expression of both miR-129-5 P and miR-34a by
4.8- and 1.8-fold, respectively, when compared to the diabetic group. In
contrast, Wnt3a administration decreased expression of both miR-
129-5P and miR-34a by 0.26- and 0.61- fold, respectively, when
compared to the control group. However, this effect was blocked by co-
administration of MSC-derived exosomes, resulting in increased
expression of miR-129-5 P and miR-34a by 4.4- and 1.4-fold, respec-
tively, when compared to either control group or Wnt3a injected group,
Fig. 6.

3.7. Histological findings underlying role of Wnt/b-catenin in diabetic
retinopathy treated with MSC derived exosomes

No histological differences were observed upon examination of
retinal sections from the control subgroups. Therefore, the results of
subgroup Ia were used to represent the control group.

3.7.1. H&E results

Group I (control group) revealed a normal retinal histology consists
of 10 layers organized from outward to inward: retinal pigment
epithelial (RPE) layer, photoreceptor layer (PRL), outer limiting mem-
brane (OLM), outer nuclear layer (ONL), outer plexiform layer (OPL),
inner nuclear layer (INL), inner plexiform layer (IPL), ganglionic cell
layer (GCL), nerve fiber layer (NFL) and inner limiting membrane (ILM),
Fig. 7a. DR group (group Ila) revealed decreased retinal thickness, small
nuclei and extensive clear zones around the shrunken nuclei in GC
associated with dilated and congested blood capillaries. INL verified
broadening of intercellular spaces with vaculation, eosinophilic necrotic
material, and congested blood capillaries invading the OPL. Focal
vacuolation and broadening of intercellular spaces in the ONL with
atrophied photoreceptor layer were also observed, Fig. 7b. The recovery
group (group IIb) revealed diminished retinal thickness with darkly
stained small pyknotic nuclei of GCs with some large vacuolation. The
nuclei of the INL and outer ONL were small and darkly stained. Multiple
dilated new blood vessels were present in the NFL and the GCL.
Widening of intercellular spaces between the cells of the ONL with
atrophied photoreceptor layer was established, Fig. 7c. The DKK1
treated group (group III) revealed retinal tissues structure near normal
except for few clear zones around nuclei of ganglionic cells and few focal
broadening of intercellular spaces among the cells of the INL and ONL,
Fig. 7d. The exosome treated group (group IV) revealed increased retinal
thickness with near normal histological structure of retinal tissues,
Fig. 7e. The Wnt3a treated group (group V) revealed the same histo-
pathological changes as the DR group, Fig. 7f. Wnt3a and exosomes
(group VI) showed DR histopathological alteration enhanced with
enlarged retinal thickness and few blood capillaries in INL invading the
IPL, Fig. 7g.

3.7.2. Immunohistochemistry results

3.7.2.1. iNOS immunohistochemistry. Retinas of control groups (group I)
showed no immunoreactivity for iNOS, Fig. 8a, while retinal tissues of
DR groups (group Ila, IIb) and Wnt3a treated group (Group V) revealed
strong positive cytoplasmic and nuclear iNOS immunoreactivity in GCL
and INL when compared to control group, Fig. 8b, ¢, f. DKK1 treated
groups (group III) and exosome treated groups (Group IV) showed
minimal cytoplasmic iNOS immunoreactivity within the GCL and INL
when compared to control group, Fig. 8d, e. Group VI where Wnt3a was
added in combination with exosomes revealed mild positive cytoplasmic
iNOS immunoreactivity of GCL and INL, Fig. 8g.

3.7.2.2. VEGF immunohistochemistry. The retinas of control groups
(group I) showed weak immunoreactivity for VEGF, Fig. 9a. While
retinal tissues of DR groups (group Ila and IIb) and Wnt3a treated group
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Fig. 7. Representative photomicrographs of hematoxylin and eosin-stained sections from retinal tissues. (A): Group I (control group) revealed that normal retinal
layers; the photoreceptor layer (PRL) with outer segments (o) and inner segments (i) of rods and cones, the outer limiting membrane (OLM), the outer nuclear layer
(ONL), the outer plexiform layer (OPL), the inner nuclear layer (INL), the inner plexiform (IPL), the ganglion cell layer (GCL) with large vesicular nuclei (curved
arrows), the nerve fiber layer (NFL) and the inner limiting membrane (ILM). (B&F): Group Ila and V: displayed apparent decrease in retinal thickness. The ganglion
cells revealed shrunken nuclei (curved arrows), wide clear areas (arrow heads) and large congested blood vessels (star) in-between. Focal widening of intercellular
spaces of the INL and ONL (straight arrows) with multiple congested blood vessels (wavy arrows) in the (INL). (C): Group IIb (recovery group): displayed apparent
marked reduction in retinal thickness. The Ganglion cells revealed pyknotic nuclei (curved arrow) and some vacuolation (v). Multiple dilated blood vessels (star) in
the NFL and GCL can be seen. The INL & ONL showed wide intercellular spaces (straight arrow). (D): Group III (DR+DKK1 group): displayed apparently increased
retinal thickness, with more regularly arranged layers. Some ganglion cells had euchromatic nuclei (curved arrow). Notice; the slightly decreased intercellular spaces
between the cells of INL and ONL. (E): Group IV (DR+ exosomes): displayed nearly normal retinal histological architecture. Ganglion cells showing vesicular nuclei
(curved arrow). (G): Group VI (DR+ Wnt3a+ exosomes group): some ganglion cells showed darkly stained nuclei (curved arrow) and clear areas in-between (arrow
}‘1ead). Some blood vessel appeared in the GCL (star) and INL (curved arrow). Focal widening of intercellular spaces between the cells of the ONL (straight arrow).

(Group V) revealed positive VEGF immunoreactivity in NFL, GCL, INL
and OPL when compared to control group, Fig. 8b, ¢, and f. DKK1 treated
groups (group III) and exosome treated groups (Group IV) showed
minimal VEGF immunoreactivity within the NFL, GCL, INL and OPL
when compared to control group, Fig. 8d and e. Group VI (Wnt3a and
exosomes) revealed mild positive VEGF immunoreactivity in NFL, GCL,
INL and OPL, Fig. 8g.

3.8. GFAP immunohistochemistry

Control group retinas (group I) showed weak immunoreactivity for
GFAP adjacent to ILM in NFL and GCL while Miiller cell processes were
not stained, Fig. 10a. Retinal tissues of DR groups (Groups Ila and IIb)
and Wnt3a treated group (Group V) revealed strongly positive GFAP
immunoreactivity in NFL and GCL, which was more prominent around
blood capillaries in the innermost layers of the retina. Miiller cell pro-
cesses which prolonged radially all over the retina displayed moderate
positivity of GFAP immunoreactivity, Fig. 10b, ¢, and f. DKK1 treated,
Group III and exosome treated group Group IV showed minimal GFAP
immunoreactivity within the Muller cell end feet at ILM, Fig. 10d and e.
While Group VI (Wnt3a and exosomes) revealed mildly positive GFAP
immunoreactivity of Miiller cell bodies and their processes. Fig. 10g.

3.9. NF-xB immunohistochemistry

Localized NF-xB immunostaining was detected in the cytoplasm and/
or nucleus of cellular components in retinal neurons, glial cells, vascular
ECs, and intravascular leukocytes. Cytoplasmic NF-kB p65 expression
represented an inactive protein state, while NF-xB expression in the
nucleus represented an active state.

The retinas of control groups (group I) showed no immunoreactivity
for NF-xB P65, Fig. 11a. Retinal tissues of DR groups (groups IIa and IIb)
and Wnt3a treated group (Group V) revealed strong positive cytoplasmic
NF-kB P65 immunoreactivity in GCL and INL when compared to control
group, Fig. 11b, ¢, and f. DKK1 treated groups (group III) and exosome
treated groups (Group IV) showed minimal cytoplasmic NF-xB P65
immunoreactivity within the GCL and INL when compared to control
group, Fig. 11d and e. While, group VI, where Wnt3a was added with
exosomes revealed mild positive cytoplasmic NF-xB immunoreactivity
of GCL and INL, Fig. 11g.

3.9.1. Morphometric study

The mean area percentage of iNOS, VEGF, NF-kB and GFAP immuno-
expression for all groups are presented in, Fig. 8h, Sh, 10h and 11h,
respectively. The DR groups (group IIa and IIb) and Wnt3a group (group
V) showed a significant increase (P < 0.05) in the mean area percentage
of iNOS, VEGF, NF-kB and GFAP immuno-expression compared to the
control group. Furthermore, administration of DKK1 (group III) and
exosomes (group IV) caused a significant decrease (P < 0.05) in the
mean area percentage of iNOS, VEGF, NF-kB and GFAP immuno-
expression to near control group. Wnt3a and exosomes (group VI), dis-
played non-significant increases in iNOS, VEGF, NF-xB and GFAP
immuno-expression.
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3.9.2. Ultrastructure examination of retinal tissues

3.9.2.1. Retinal Pigment Epithelial (RPE) cells and photoreceptors outer
segments (POS). RPE were resting on Bruch’s membrane with basal
mitochondria, large euchromatic oval nucleus, and long apical micro-
villi adjoining the POS. POS displayed straight and elongated structures.
Parallel lamellar structures of the outer segment of photoreceptors were
observed, Fig. 12a. DR group (group Ila) displayed RPE with broadly
destructed apical microvilli, numerous large phagosomes and karyolitic
nucleus. POS were vacuolated and disorganized with loss of the regular
alignment of their lamellar disc membranes. There were extensive re-
gions of complete loss of POS, Fig. 12b. Moreover, the recovery group
(group IIb) RPE had vacuolated cytoplasm, shrunken nuclei with het-
erochromatin, large phagosomes, and distorted apical microvilli. POS
were shrunken and distorted. There were areas occupied with debris.
Projected some photoreceptors nuclei into the area of the outer segments
might be perceived, Fig. 12c. DKK1 group (group III) displayed RPE
resting on Bruch’s membrane with apical microvilli and with large oval
heterochromatic nuclei. POS were slightly detached in some instances
and while some segments had a regular lamellar appearance, others
displayed vacuolation, Fig. 12d. The exosomes treated group (group IV)
displayed broadly normal RPE resting on Bruch’s membrane and sepa-
rating it from the Choriocapillaris layer. RPE had numerous long apical
microvilli enclosing the outer segments and large oval heterochromatic
nuclei. The POS had lamellar membranous discs Fig. 12e. In DR treated
with Wnt3a (group V), the RPE had broadly destructed apical microvilli,
numerous large phagosomes, and karyolitic nucleus. POS were vacuo-
lated and disorganized with loss of regular alignment of their lamellar
disc membranes. There were extensive regions of complete loss of POS,
Fig. 12 f. Wnt3a and exosomes in group VI had RPE resting on distorted
Bruch’s membrane in small areas while the rest of membrane was
continuous and had large oval nuclei with many fragmented apical
microvilli. Some POS had a regular lamellar appearance while some
showed loss of typical orientation of their lamellar disc membranes with
vacuolations and a few zones had loss of POS, Fig. 12g.

3.9.2.2. The ultrastructure of Ganglion cell layer (GCL). Control group
(group I) displayed GCs had uniformly staining nucleoplasm and
rounded large euchromatic nuclei with prominent nucleoli, few mito-
chondria, RER, and scattered ribosomes. GC axons arose from a portion
of the axon hillock, Fig. 13a. DR (group Ila) showed GCs with vacuolated
cytoplasm and indented nuclei displaying convoluted sinuses with zones
of electron-dense heterochromatin. Swollen mitochondria with des-
tructed cristae and reduced matrix density can be observed, Fig. 13b.
Moreover, in group IIb, the GCs showed a highly rarefied cytoplasm with
large vacuoles. The small shrunken irregular heterochromatic nucleus
(N) with irregular outlines was vacuolated with a slightly dilated dis-
rupted nuclear envelope. The inner limiting membrane seemed
abnormal, and the inner plexiform layer displayed destructed axons,
Fig. 13c. In DKK1 (group III), the GCs had large euchromatic nuclei, and
some swollen mitochondria with destructed cristae, Fig. 13d. The exo-
somes treated group (group IV) displayed near normal GCs with a
cytoplasm having numerous ribosomes, slightly swollen mitochondria,
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Fig. 8. Representative photomicrographs of iNOS immuno-stained sections from retinal tissues. (A) Control groups (group I) showed no immunoreactivity for iNOS.
(B, C, and F): Groups Ila, IIb and Wnt3a revealed strong positive cytoplasmic iNOS immunoreactivity in GCL and INL. (D and E): Groups III and IV minimal
cytoplasmic iNOS immunoreactivity within the GCL and INL. (G): Group VI revealed mild positive cytoplasmic iNOS immunoreactivity of GCL and INL. (H): His-
togram representing the mean area percentage of iNOS immuno-reaction in all experimental groups. * Represents significance in comparison with control group at
p<0.05, ** represents significance in comparison with control group at p<0.01, $ represents significance in comparison with diabetic group at p<0.05, $$ represents
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significance in comparison with diabetic group at p<0.01, ## represents significance in comparison with wnt3a group at p<0.01. Data are expressed as mean

+SE, (n = 6).

slightly dilated RER, and large oval euchromatic nuclei. GCs axons arose
from a portion of the axon hillock, Fig. 13e. Group V (Wnt3a group)
showed a degenerated ganglion cell with large nucleus, irregular nuclear
envelope, areas of heterochromatin, swollen mitochondria with dis-
integrated cristae, and decreased matrix density, Fig. 13f. In Wnt3a and
exosomes (group VI), the GCs displayed some swollen mitochondria
with destructed cristae, Fig. 13g.

3.10. Fundus examination and Optical coherence tomography (OCT)

Control group (group I) displayed normal retinal appearance, optic
nerve head and vasculature upon fundus examination. OCT scan of the
retinal layers showed normal appearance and thickness of all the retinal
layers. Fundus examination of DR group (group II) showed obscuration
of the retinal appearance due to vitreous hemorrhage and veinous
beading (irregular dilatation of veins). OCT scan of the retinal layers
shows irregular appearance and reduction of all the retinal layers
thickness due to neurological degeneration. In DKK1 (group III), fundus
examination showed normal retinal appearance, optic nerve head and
vasculature. OCT scan of the retinal layers shows within normal
appearance and reduction of the inner retinal layers thickness. The
exosomes treated group (group IV) displayed normal retinal appearance,
optic nerve head and vasculature in fundus examination. OCT scan of
the retinal layers shows within normal appearance and thickness of all
the retinal layers. Fundus photo of Group V (Wnt3a group) retinal rat
shows obscuration of the retinal appearance due to vitreous hemorrhage
and attenuation of the retinal vasculature. OCT scan of the retinal layers
shows irregular appearance and reduction of all the retinal layers
thickness due to neurological degeneration. In Wnt3a and exosomes
(group VI), fundus photo of retinal rat shows obscuration of the retinal
appearance due to vitreous hemorrhage and attenuation of the retinal
vasculature. OCT scan of the retinal layers shows: irregular appearance
and reduction of all the retinal layers thickness due to neurological
degeneration, Fig. 14.

4. Discussion

DR is considered as one of the most serious complications of diabetes
mellitus [43]. Hyperglycemia and hypoxia are the leading pathogenic
factors causing retinal oxidative stress, inflammation, and microvascular
injuries leading to blood-retinal barrier destruction, capillary failure and
retinal ischemia with subsequent vision diminution and even blindness
[44-46].

Recent studies have revealed that the Wnt/b-catenin signaling
pathway is stimulated during pathogenesis of DR leading to inflamma-
tion, microvascular damage and retinal vascular leakage [47,48].
Recent reports indicate b-catenin accumulation and nuclear trans-
location in high glucose and hypoxia exposed in vitro cultured retinal
endothelial cells [49]. Moreover, the canonical Wnt signaling pathway
has been reported to be increased in retinal sections of patients with DR
when compared to healthy non-diabetic controls [50]. Furthermore,
expressional levels of b-catenin and LRP5/6 in retinal tissues are
up-regulated in STZ-induced diabetic rats as well as oxygen-induced
retinopathy [15].

These observations are consistent with the current study where the
STZ induced diabetic rat model (group II) revealed significant upregu-
lation of phosphorylated and total LRP6 that associated with significant
upregulation of total b-catenin levels, with down regulation of phos-
phorylated b-catenin. These molecular changes were confirmed by his-
topathology in the form of reduced retinal thickness, signs of
degenerated cells (RPE, ONL, INL and GCL), and congested dilated new
blood capillaries. These outcomes are consistent with other reports [51,
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52].

Dysregulation of Wnt signaling is linked with unbalanced oxidative
stress, inflammation, and pathological angiogenesis that contribute to
the pathogenesis of DR [41]. So, in the current study, we explored three
underlying mechanisms of DR and their relation to Wnt/b-catenin.

The DR group showed significant upregulation of Nox2, Nox4 and
Nox1, downregulation of SOD1 and SOD2 mRNA, reduced SOD activity
and increased iNOS immune-reaction. Recent reports have detailed that
Nox2 and Nox4 are expressed abundantly in vascular endothelial cells,
are considered as a chief source of vascular ROS production [53-55],
and responsible for blood-retinal barrier dysfunction and retinal neo-
vascularization in ischemic and DR [56,57]. Further, retinal SOD ac-
tivity is decreased in DR compromising antioxidant defense capability
and aggravating oxidative damages [58].

The Wnt/b-catenin cascade is suggested to be sensitive to activation
by redox signaling. Mechanistically this is proposed to be a result of
Nox1-derived ROS initiated oxidative-inactivation of the NRX and
dissociation of NRX and Dvl, accelerating the activation of Wnt/b-
catenin signaling [59,60]. Nox4 overexpression increased LRP6 phos-
phorylation of; in contrast, knockdown of Nox4 reduced HG-induced
LRP6 phosphorylation, signifying a pivotal role of Nox4-derived ROS
in Wnt/b-catenin activation [61]. Further, SOD transcriptional down-
regulation via Wnt/b-catenin signaling cascade was concomitant with a
previous study indicating that SOD activity was dramatically reduced
via Wnt3a [62]. Taken together, in diabetic retina, hyperglycemia
caused upregulation of Nox, increased ROS production, and activated
Wnt/b-catenin concomitant with downregulation of SOD expression and
activity and an increased retinal ROS burden.

In the current study we explored the role of canonical Wnt signaling
in retinal angiogenesis. Significant upregulation of VE cadherin and
VEGF mRNA levels. This was associated with vitreous hemorrhage and
veinous beading in fundus examination. VEGF is a recognized down-
stream target of canonical Wnt signaling [63]. With a significant func-
tion in new retinal blood vessels formation involved in pathogenesis of
DR, VEGF levels in vitreous fluid and aqueous humor of DR patients
correlate with DR severity [64]. Recent studies demonstrated
up-regulation of LRP5 and Fzd-4 in a DR model while LRP5 loss sup-
pressed pathological neovascularization in DR, signifying that Wnt
signaling plays a potential role in control of pathological neo-
vascularization within DR models [7].

Canonical Wnt signaling controls blood-retina barrier (BRB) integ-
rity [65] via regulation of endothelial cell proliferation and maintaining
vessel stability throughout vascular formation [66-68]. In DR, b-catenin
overexpression causes BRB disruption through a dysregulated adhesive
attachment, particularly the interaction among pericytes and retinal
microvascular endothelial cells. Consistent with this is the observation
that b-catenin activity is related to dysfunction and loss of pericytes
confirming that the Wnt/b-catenin pathway exerts a crucial role in BRB
integrity [69].

The DR group showed upregulation of c-Myc, Cyclin-D1, ICAM-1, and
TNF-a with significantly increased NFkB and GFAP protein. Retinal
inflammation plays crucial role in vascular leakage leading to macular
edema and neovascularization (NV). Recent studies revealed that c-Myc
knock-down caused DR improvement via hastening the release of retinal
Miiller cell-derived pro-inflammatory cytokines. Additionally, c-Myc
played a role in angiogenesis of endothelial cells and promoted retinal
pigment epithelial cell proliferation [70].

ICAM-1 overexpression in diabetic retina triggers leukostasis which
contributes to local ischemia and capillary non-perfusion causing VEGF
overexpression [71,72]. Levels of ICAM-1 were significantly higher in
the vitreous from patients with DR [73,74]. Wnt/b-catenin signaling
regulates the expression of pro-inflammatory and pro-angiogenic factors
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Fig. 9. VEGF immuno-stained retinal tissues. (A) Control groups (group I) showed weak immunoreactivity for VEGF. (B, C, and F): Groups IIa, IIb, and V revealed
strongly positive VEGF immunoreactivity in NFL, GCL, INL, and OPL. (D and E): Groups III and IV showed minimal VEGF immunoreactivity within the NFL, GCL, INL
and OPL. (G): Group VI revealed mild positive VEGF immunoreactivity of NFL, GCL, INL and OPL. (H): Histogram representing the mean area percentage of VEGF
immuno-reaction in all experimental groups. * represents significance in comparison with control group at p<0.05, ** represents significance in comparison with
control group at p<0.01, $ represents significance in comparison with diabetic group at p<0.05, $$ represents significance in comparison with diabetic group at
p<0.01, ## represents significance in comparison with wnt3a group at p<0.01. Data are expressed as mean+SE, (n = 6).
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Fig. 10. GFAP immuno-stained sections from retinal tissues. (A) Control groups (group I) showed weak immunoreactivity for GFAP very close to GCL. (B, C, and F):
Groups IIa, IIb, and V revealed strongly positive GFAP immunoreactivity in NFL and GCL, which was more prominent around blood capillaries in the innermost layers
of retina and in Muller cell processes. (D and E): Groups III and IV showed minimal GFAP immunoreactivity within the Muller cell end feet. (G): Group VI revealed
mildly positive GFAP immunoreactivity of Muller cell bodies and their processes. (H): Histogram representing the mean area percentage of GFAP immuno-reaction in
all experimental groups. * represents significance in comparison with control group at p<0.05, ** represents significance in comparison with control group at p<0.01,
$ represents significance in comparison with diabetic group at p<0.05, $$ represents significance in comparison with diabetic group at p<0.01, ## represents
significance in comparison with wnt3a group at p<0.01. Data are expressed as mean+SE, (n = 6).
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Fig. 11. NF-xB P65 immuno-stained sections from the retina. (A) Control groups (group I) showed no immunoreactivity for NF-kB P65. (B, C, and F): Groups IIa, IIb,
and V revealed strongly positive NF-kB P65 immunoreactivity in GCL and INL. (D and E): Groups III and IV showed minimal NF-xB P65 immunoreactivity within GCL
and INL. (G): Group VI revealed mildly positive NF-xB P65 immunoreactivity of GCL and INL. (H): Histogram representing immunoreactive score for NF-kB/p65
differentially in the nucleus and cytoplasm. Data are expressed as mean =+ SE (n = 6). ***: p < 0.001 versus normal, $$: p < 0.01, $$$: p < 0.001 versus diabetic
group, ###: p < 0.001 versus diabetic+DKK1 group, ®®®: p < 0.001 versus diabetic+ MSC-derived exosomes group and AAA: p < 0.001 versus wnt3a group for
nuclear expression, @@@: p < 0.001 versus normal, axa: p < 0.01, axax: p < 0.001 versus diabetic group, ppp: p < 0.001 versus diabetic+DKK1 group, yyy: p < 0.001
versus diabetic+ MSC-derived exosomes group and ¥¥: p < 0.001 versus wnt3a group for cytoplasmic expression.
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Fig. 12. Representative electron micrographs of retinal pig-
mented epithelial changes after exosomes administration.
(A): Group I (control) showed an area of retinal pigment
epithelial (RPE) with euchromatic oval nucleus (Nu), mito-
chondria (white arrow), and long apical microvilli (mv)
surrounding elongated outer segments of the photoreceptor
(0S) that showed parallel lamellar discs (arrow head). Note;
The Choriocapillary layer (CH) appeared. (B): Group Ila
showed short broken apical microvilli (mv) of RPE. Some
outer segments (OS) are highly disorganized with distorted
discs (black arrow) while, other discs appear normal (arrow
head). Some areas showed lost OS (star). (C): Group IIb RPE
short broken or absent apical microvilli (mv). The outer
segments (OS) were highly disorganized with distorted discs
(black arrow) and vacuolation (v). wide areas showed lost OS
(star). (D) Group III showed RPE with heterochromatic nu-
cleus (Nu) and apical microvilli (mv). OS had some normal
lamellar discs (arrow head) and some other had distorted
discs (black arrow). (E): Group IV RPE had basal mitochon-
dria (white arrow) and long microvilli (mv). The outer seg-
ments (0OS) showed mostly nearly normal lamellar discs
(arrow head) and few with slightly distorted discs (black
arrow). (F) Group V RPE showed long microvilli (mv). Some
discs of the OS were still disorganized (black arrow) and
vacuolated (v). (G): Group IV RPE showed euchromatic nu-
cleus (Nu), vacuolated cytoplasm (v), and highly distorted
apical microvilli (mv). There was large area of lost OS (star).
(TEM, X2000).
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Fig. 13. Representative electron micrograph of Ganglion cell
layers after exosomes administration. (A): Group I (control
group) showed normal ganglion cells (G) had large euchro-
matic nucleus (N) and axon hillock (a). (B): Group Ila showed
a degenerated ganglion cell (G). The cytoplasm displayed
large irregular heterochromatic nucleus (N) with dilated
nuclear envelope (arrow heads), dilated rER (double black
arrows), vacuolations (v), and cristiolysis of mitochondria
(angled arrow). (C): Group IIb showed a highly degenerated
ganglion cell (G) with pyknotic nucleus (N). The cytoplasm
showed vacuolations (v), cristolysis of mitochondria (angled
arrow), and irregular Golgi apparatus (wavy arrow). (D):
Group III showed ganglion cell (G) displaying large euchro-
matic nucleus (N) with slight indentation (star). Note;
Swollen mitochondria (angled arrow) with disintegrated
cristae. (E): Group IV showed nearly normal ganglion cell (G)
had large euchromatic nucleus (N). (F): Group V showed
degenerated ganglion cell (G) displaying irregular nucleus
(N) with areas of heterochromatin (c). Swollen mitochondria
(angled arrow) with disintegrated cristae were present. (G):
Group VI showed mildly degenerated ganglion cell (G) with
large nucleus. Some mitochondria showed partial cristiolysis
(angeled arrow) while others, cytoplasm, SER and Golgi
were broadly normal. (TEM, X3000).
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Fig. 14. Figure a-b: Fundus photo of a normal (Group I) retinal rat shows: normal retinal appearance, optic nerve head and vasculature. OCT scan of the retinal layers
shows: normal appearance and thickness of all the retinal layers. Figure c-d: Fundus photo of a diabetic (Group II) retinal rat shows obscuration of the retinal
appearance due to vitreous hemorrhage and veinous beading (irregular dilatation of veins). OCT scan of the retinal layers shows: irregular appearance and reduction
of all the retinal layers thickness due to neurological degeneration. Figure e-f: Fundus photo of retina from DKK1 treated rat (Group III) shows within normal retinal
appearance, optic nerve head and vasculature. OCT scan of the retinal layers shows: within normal appearance and reduction of the inner retinal layers thickness.
Figure g-h: Fundus photo of retinal rat from exosomes treated group (group IV) shows normal retinal appearance, optic nerve head and vasculature. OCT scan of the
retinal layers shows: within normal appearance and thickness of all the retinal layers. Figure i-j: Fundus photo of Group V (Wnt3a group) retinal rat shows
obscuration of the retinal appearance due to vitreous hemorrhage and attenuation of the retinal vasculature. OCT scan of the retinal layers shows: irregular
appearance and reduction of all the retinal layers thickness due to neurological degeneration. Figure k-L: Fundus photo of Wnt3a and exosomes (group VI) retinal rat
shows obscuration of the retinal appearance due to vitreous hemorrhage and attenuation of the retinal vasculature. OCT scan of the retinal layers shows: irregular
appearance and reduction of all the retinal layers thickness due to neurological degeneration. Figure M: retinal thickness (micron).
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Fig. 15. Summary for proposed mechanisms of MSC-exosomes beneficial effects in diabetic retina.

[75] including c-Myc, TNF-a, ICAM-1, and VEGF [41], and other tran-
scriptional regulators including nuclear factor kB and signal transducer
and activator of transcription 3 (STAT3) [76,77].

To confirm the Wnt signaling pathway activation in diabetic retina,
DKK1 was intravitreally injected into diabetic rat eyes. In the DR
models, an intravitreal injection of DKK1, a specific peptide inhibitor of
the Wnt pathway is sufficient to mitigate retinal inflammation via
blocking overexpression of pro-inflammatory factors such as ICAM-1
and COX-2. Correspondingly, DKK1 also decreased the retinal vascular
leakage and enhanced the ischemia-induced retinopathy [7]. Further-
more, Wnt signaling blocking by DKK1 suppressed the ROS production
induced by TNF-a and hyperglycemia. Recently, DKK1 was reported to
inhibit the proliferation and migration of retinal pigment epithelial
(RPE) cells. Further, expression of b-catenin and cyclin D1 were reduced
in DKK1 over-expressing RPE cells [78]. Concomitant with these results,
group III (DR+ DKK1 group) revealed inhibition of Wnt/b-catenin
pathway with significant downregulation of LRP6, pLRP6, and total
b-catenin with upregulation of P-b-catenin. These results were associ-
ated with significant downregulation of Nox2, Nox4, NOX1 and upre-
gulation of SOD1, SOD2 mRNA and SOD activity. Further, significant
downregulation of VEGF, VE Cadherin, c-Myc, Cyclin-D1, ICAM-1, and
TNF-a indicated decreased retinal inflammation and ischemia high-
lighting that Wnt signaling played a key role in driving upregulation of
these angiogenic and inflammatory factors. Histopathological observa-
tions reinforced these conclusions where retinal tissues showed
increased retinal thickness, small, congested blood vessels. and signifi-
cant reduction in iNOS, VEGF, NFkB and GFAP expression when
compared to group II.

Stem cells are widely studied for their potential therapeutic role in
microvascular disorders. Recent observations indicate that cellular
release of paracrine factors mediates an element of therapeutic efficacy
of stem cells in affected tissues [79]. Indeed, cells through their exo-
somes are capable of secretion of various molecules/factors, including
growth factors, nucleic acid, proteasomes, proteins, and antioxidants
[80]. Stem cell-derived exosomes are also described as having roles in
retinal protection via reduction of oxidative stress, inhibition of endo-
thelial dysfunction, as well as limiting inflammatory responses [81,82],
Therefore, MSC-derived exosomes may provide therapeutic potential for
patients suffering from DR. Interestingly, a recent comparative analysis
of exosomes isolated from bone marrow, adipose tissue and umbilical
cord stem cells suggested superiority of exosomes separated from bone
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marrow derived MSCs in context of regeneration ability[83].

The therapeutic potentiality of bone marrow MSCs-derived exo-
somes in DR can potentially be attributed to the presence of exosomal
microRNAs (miRs). MSC derived exosomes have revealed the presence
of multiple miRNAs regulating Wnt/b-catenin pathways such as miR-
129e5p [84] and miR-34a [85]. Recently, Wang et al. [38] established
the critical roles of miR-129-5p in diabetes via targeting FZD4 to inhibit
the b-catenin signaling pathway. FZD4 is a member of the frizzled gene
family, coupled with Wnt/b-catenin signaling pathway, and is vital in
DR. miR-129e5p is predicted to target the 30 UTR of FZD4 [86] and its
overexpression repressed FZD4 30 UTR reporter gene luciferase activity.
Further, deletion of the 7 nt continuous matching sites complementary
to miR-129e5p in the 30 UTR of FZD4 (FZD4-30 UTR-Mut) reduced this
inhibition, confirming specificity of this effect, while a MiR-129e5p
mimic significantly downregulated FZD4 protein compared with the
control group [87]. Moreover, Zhu et al. [39] revealed that miR-34a
down-regulated the expression of Wnt/b-catenin signaling pathway by
targeting p-catenin gene. Anti-miR-34a significantly relieved b-catenin
repression, its downstream genes, c-myc and Cyclin D1, and the S-phase
cell cycle arrest. MSC-derived exosomes also possess surface receptors
such as PDGFRB, which inhibit GSK3p signaling, via its induction of the
PI3K/Akt pathway, and interrupts the b-catenin signaling pathway [88,
89]. The observations derived from the MSC-derived exosomes treated
group (group IV) were similar to those of group III (DKK1 group),
indicating that MSC-derived exosomes potentially exerted their action
through Wnt/b-catenin inhibition.

To confirm the blocking effect of the MSC-derived exosomes on Wnt
pathway activation, we supplemented the animals with wnt3a, a ligand
of Wnt pathway, followed by treatment with MSC-derived exosomes
(group VI). Analysis of Wnt pathway components revealed up-regulated
total b-catenin by Wnt3a in group V of the current study. However, this
effect was inhibited by concomitant administration of MSC-derived
exosomes in group VI. Meanwhile, the level of p-b-catenin, an indica-
tor of the degradation of b-catenin and inactivation of Wnt pathway,
showed the opposite trend to total b-catenin. Furthermore, Wnt3a in
group V induced upregulation of VEGF, VE Cadherin, c-Myc, Cyclin-D1,
ICAM-1, TNF-a, Nox1, Nox2, Nox4 transcripts and this upregulation
was blocked by co-treatment with MSC-derived exosomes in group VI.
Likewise, MSC-derived exosomes reduced iNOS, VEGF, NFKb and GFAP
protein levels induced by Wnt3a. Further, Wnt target gene expression
displayed non-significant changes between the DKK1 treated group and
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the group treated with both Wnt3a and MSC-derived exosomes. These
results indicated that both MSC-derived exosomes and DKK1 blocked
Wnt pathway activation.

5. Conclusion

In the present study, we have demonstrated that MSC-exosomes
suppress the Wnt/ b-catenin pathway in diabetes-induced retinal
injury with subsequent reduction of oxidative stress, inflammation and
angiogenesis, Fig. 15.
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