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Abstract

Purpose: Diabetic retinopathy is a vision-threatening complication of diabetes characterized by
endothelial injury and vascular dysfunction. The loss of the endothelial glycocalyx, a dynamic
layer lining all endothelial cells, contributes to several microvascular pathologies, including an
increase in vascular permeability, leukocyte plugging, and capillary occlusion, and may drive the
progression of retinopathy. Previously, a significant decrease in glycocalyx thickness has been
observed in diabetic retinas. However, the effects of diabetes on specific components of the
retinal glycocalyx have not yet been studied. Therefore, the aim of our study was to investigate
changes in synthesis, expression, and shedding of retinal glycocalyx components induced by
hyperglycemia, which could provide a novel therapeutic target for diabetic retinopathy.

Methods: Primary rat retinal microvascular endothelial cells (RRMEC) were grown under
normal glucose (5 mM) or high-glucose (25 mM) conditions for 6 days. The mRNA and protein
levels of the glycocalyx components were examined using qRT-PCR and Western blot analysis,
respectively. Further, mass spectrometry was used to analyze protein intensities of core proteins.
In addition, the streptozotocin-induced Type 1 diabetic rat model was used to study changes in the
expression of the retinal glycocalyx /n vivo. The shedding of the glycocalyx was studied in both
culture medium and in plasma using Western blot analysis.

Results: A significant increase in the shedding of syndecan-1 and CD44 was observed both

in vitro and /n vivo under high-glucose conditions. The mRNA levels of syndecan-3 were
significantly lower in the RRMEC grown under high glucose conditions, whereas those of
syndecan-1, syndecan-2, syndecan-4, glypican-1, glypican-3, and CD44 were significantly higher.
The protein expression of syndecan-3 and glypican-1 in RRMEC was reduced considerably
following exposure to high glucose, whereas that of syndecan-1 and CD44 increased significantly.
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In addition, mass spectrometry data also suggests a significant increase in syndecan-4 and a
significant decrease in glypican-3 protein levels with high glucose stimulation. /n7 vivo, our data
also suggest a significant decrease in the mRNA transcripts of syndecan-3 and an increase in
mRNA levels of glypican-1 and CD44 in the retinas of diabetic rats. The diabetic rats exhibited a
significant reduction in the retinal expression of syndecan-3 and CD44. However, the expression
of syndecan-1 and glypican-1 increased significantly in the diabetic retina.

Conclusions: One of the main findings of our study was the considerable diversity of glucose-
induced changes in expression and shedding of various components of endothelial glycocalyx,

for example, increased endothelial and retinal syndecan-1, but decreased endothelial and retinal
syndecan-3. This indicates that the reported decrease in the retinal glycocalyx in diabetes in not a
result of a non-specific shedding mechanism. Moreover, mMRNA measurements indicated a similar
diversity, with increases in endothelial and/or retinal levels of syndecan-1, glypican-1, and CD44,
but a decrease for syndecan-3, with these increases in mRNA potentially a compensatory reaction
to the overall loss of glycocalyx.
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Introduction

The global prevalence of diabetes is increasing at an alarming rate. Currently, 463 million
people worldwide have diabetes, which is projected to increase to 700 million by 2045
(Saeedi et al., 2019). According to the American Diabetes Association, 10.5% of the US
population is suffering from diabetes (ADA). Diabetic retinopathy (DR), one of the major
complications of diabetes, affects one third of diabetic patients and is the most common
cause of blindness among adults (CDC). Hyperglycemia, an important feature of Type 1
and Type 2 diabetes, causes vascular dysfunction, inflammation, and neurodegeneration in
the retina (Gui, You, Fu, Wu, & Zhang, 2020). Together, these events cause endothelial cell
injury and break down the blood-retinal barrier, which can lead ultimately to the formation
of acellular capillaries and edema in the retinal vasculature (Gui et al., 2020). The damage
to blood vessels leads to ischemia and abnormal neovascularization, which increases DR
severity and eventually causes vision impairment (Wright, Eshag, Lee, Kaur, & Harris,
2020). Previously, we have shown an altered distribution of red blood cells in the diabetic
retina, with a reduced fraction arriving in the deep capillary layer and increased flow
shunting towards the superficial vascular layer (Leskova, Watts, Carter, Eshaq, & Harris,
2013). Several treatments and therapies are available, including anti-VEGF agents, laser
photocoagulation, and intravitreal corticosteroids, that can halt further deterioration of vision
if administered in a timely manner (Sim6 & Hernandez, 2015). However, prolonged use

of corticosteroids has been linked to cataract formation and increased intraocular pressure
(Sim6 & Hernandez, 2015). In addition, laser photocoagulation is associated with loss of
peripheral vision and visual acuity and changes in color vision (Sim6 & Hernandez, 2015).
Anti-VEGF agents are the first-line therapy for DR; however, they are expensive, require
frequent injection, and are not universally effective (Sim6 & Hernandez, 2015; W. Wang
& Lo, 2018). New insight into the molecular mechanism underlying the early stage of
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DR is required to identify alternative therapeutic targets. It is possible that the loss of the
endothelial glycocalyx could contribute to the microvascular complications present in DR.

The endothelial glycocalyx is a carbohydrate-rich mesh-like network present on the vascular
endothelium (Reitsma, Slaaf, Vink, van Zandvoort, & oude Egbrink, 2007). The major
backbone molecules of the glycocalyx are proteoglycans, which themselves are composed
of core proteins and covalently attached glycosaminoglycan chains (GAGS) (Reitsma et
al., 2007). The central core proteins are either transmembrane proteins from the syndecan
family or the GPI-anchored glypican family. Each syndecan has an extracellular domain,
a single-span transmembrane domain, and a short cytoplasmic tail (Tkachenko, Rhodes, &
Simons, 2005). Heparan sulfate (HS) and chondroitin sulfate (CS), two major GAGs, are
found on the extracellular domain of core proteoglycans, whereas hyaluronic acid (HA)
binds to its receptors, mainly CD44 (a transmembrane glycoprotein) (Hasib et al., 2019;
Reitsma et al., 2007).

The glycocalyx is a crucial regulator of vascular permeability; it limits the passage of
plasma molecules to the endothelial cell membrane using steric hindrance and electrostatic
charge (the glycocalyx is negatively charged due to sulfated molecules) (Reitsma et al.,
2007). Enzymatic degradation of the glycocalyx has been shown to increase retinal vascular
leakage (Leskova et al., 2019), a major microvascular complication of DR. In addition, the
glycocalyx affects blood cell and vessel wall interactions (Reitsma et al., 2007). The removal
of the endothelial glycocalyx by infusion of ox-LDL and heparitinase causes the increased
adhesion of platelets and leukocytes to the endothelium, respectively (Constantinescu,

Vink, & Spaan, 2003; Vink, Constantinescu, & Spaan, 2000). Adherent leukocytes have
been temporally and spatially linked with retinal endothelial cell injury and death in an
experimental rat model of diabetes (Joussen et al., 2001). Both computational and /n

vivo studies have shown that the absence of the glycocalyx at the vessel wall impairs
perfusion and red blood cell flux (Cabrales, Vazquez, Tsai, & Intaglietta, 2007; McClatchey,
Schafer, Hunter, & Reusch, 2016). Syndecan-1, syndecan-3, and glypican-1 have shown to
regulate major endothelial function including permeability, leukocyte adhesion, shear stress-
induced eNOS activation, angiogenesis, and anchoring of tissue factor pathway inhibitor
(Arokiasamy, Balderstone, De Rossi, & Whiteford, 2019; Bartosch, Mathews, & Tarbell,
2017; Ebong, Lopez-Quintero, Rizzo, Spray, & Tarbell, 2014; Gétte et al., 2002; Qing

et al., 2015; Tinholt et al., 2015). Therefore, alterations in proteoglycan levels can cause
endothelial dysfunction which may contribute to the pathogenesis of DR.

It has been suggested that endothelial glycocalyx perturbations in diabetes are involved

in the initiation of systemic vascular complications (Nieuwdorp, Mooij, et al., 2006). The
volume of systemic glycocalyx decreased more than 60% along with increased shedding of
glycocalyx components in the plasma of Type 1 diabetic patients compared to that of healthy
volunteers (Nieuwdorp, Mooij, et al., 2006). In healthy individuals, an acute hyperglycemic
clamp (a glucose concentration of 300 mg/dL) for 6 hours significantly reduced (~50%) the
glycocalyx volume, which was prevented when N-acetylcysteine (a free radical scavenger)
was infused along with hyperglycemic clamp (Nieuwdorp, van Haeften, et al., 2006). Using
electron microscopy, Kumase et al. showed a 50% decrease in the glycocalyx thickness in
the retinas of rats in a streptozotocin (STZ) induced Type 1 diabetes model (Kumase et
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al., 2010). Similarly, using the two-dye infusion technique, Broekhuizen et al. showed the
same percentage reduction in the thickness of the retinal endothelial glycocalyx of Type 2
diabetic patients (Broekhuizen et al., 2010). The glycocalyx thickness in diabetic patients
was partially restored following dietary supplementation for 8 weeks with sulodexide, a
mixture of GAGs containing mainly heparan sulfate (80%) and dermatan sulfate (20%)
(Broekhuizen et al., 2010). In Ins2(Akita) mice, a genetic model of Type 1 diabetes, we
have previously shown a 35% reduction in the retinal arteriolar, but not venular, glycocalyx
thickness (Leskova et al., 2019).

Although glycocalyx thickness has been shown to significantly decrease in the diabetic
retina, the effect of high glucose on the specific composition of the retinal glycocalyx is
not well studied. One study has reported a significant reduction in the synthesis of heparan
sulfate and mRNA levels of perlecan, the latter being a proteoglycan primarily found on
the basement membrane (Noonan et al., 1991), 20 weeks after the induction of diabetes

in Wistar rats using STZ (Bollineni, Alluru, & Reddi, 1997). Given the critical nature of
the roles of glycocalyx proteoglycans in endothelial function, we investigated the effect of
hyperglycemia on the retinal synthesis, expression, and shedding of core proteins, mainly
syndecan-1, syndecan-3, glypican-1, and CD44, using STZ-induced Type 1 diabetic rats.

2. Materials and Methods

2.1 Invitro

2.2 Animal

model of hyperglycemia

Primary rat retinal endothelial cells (RRMEC) were purchased from Cell Biologics
(Chicago, IL) and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) containing
5% heat inactivated fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA), 1%
GlutaMAX (ThermoFisher Scientific, Waltham, MA), and 1% antibiotic-antimyotic solution
(10,000 U/mL penicillin, 10,000 pg/mL streptomycin, and 25 pg/mL Amphotericin B;
ThermoFisher Scientific, Waltham, MA). RRMEC monolayers were grown for 6 days either
in normal glucose media (DMEM with 5 mM glucose; control conditions) or in high-glucose
media (20 mM D-glucose, Sigma-Aldrich, St. Louis, MO, added to DMEM containing 5
mM glucose) in an incubator with 5% CO» at 37 °C, with a partial media change on day 3.
After 6 days, the culture media and RRMEC were collected for analysis. With only a single
partial media exchange, the protein analysis may reflect protein accumulated on any or all of
the 6 days of the protocol. All experiments were performed from passages 7 to 9.

model of Type 1 diabetes

For our animal studies, male Wistar rats (100-120 g) were purchased from Envigo
(Indianapolis, IN). The Institutional Animal Care and Use Committee of Louisiana State
University Health Science Center-Shreveport approved the animal protocols, and all
procedures were performed in compliance with the ARVO statement for the Use of Animals
in Ophthalmic and Vision Research.

To establish a Type 1 diabetes model, age-matched Wistar rats were injected with either
a vehicle (sodium citrate buffer, pH 4.5, control group) or streptozotocin (30 mg/kg/day,
diabetic group; Millipore Sigma, Burlington, MA) for 3 consecutive days. Rats with a
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non-fasting glucose level of 150 mg/dL or less were used as controls, while rats exhibiting
a non-fasting blood glucose level higher than 300 mg/dL were considered hyperglycemic.
To verify constant hyperglycemia, the blood glucose levels were measured at 1, 5, and 8
weeks following STZ injection. Plasma and retinal samples were collected 8 weeks after
the induction of hyperglycemia. The rats were anesthetized with ketamine (100 mg/kg) and
xylazine (10 mg/kg) and the eyes enucleated for retinal isolation for further analysis. Whole
blood was collected via femoral artery cannulation and centrifuged at 5000 rpm for 10
minutes at 4 °C to obtain plasma, which was stored at =80 °C until used for Western blot
analysis.

2.3 Western Blot

Retinas and RRMEC were lysed in radioimmunoprecipitation assay (RIPA) buffer
containing a protease inhibitor (Sigma-Aldrich, St. Louis, MO). The protein concentrations
of cell and retina lysates, plasma, and cell culture medium were determined using the Pierce
BCA protein assay (ThermoFisher Scientific, Waltham, MA). The sample buffer (Laemmli
buffer, Bio-Rad, Hercules, CA) was added to dilute samples to a final concentration of 1

po/uL.

Equal amounts of protein (10 ug for syndecan-1 and CD44; 30 pg for syndecan-3

and glypican-1) were loaded and separated using 10% SDS-polyacrylamide gels. The
proteins were then transferred to nitrocellulose membranes and blocked using Pierce
protein-free blocking buffer (ThermoFisher Scientific, Waltham, MA). The membranes
were immunoblotted with primary antibodies : (A) syndecan-1 (1:2000, EPR6454, Abcam,
Cambridge, United Kingdom), (B) CD44 (1:2000, EPR18668, Abcam, Cambridge, United
Kingdom), (C) syndecan-1 (1:1000, PA5-79961, ThermoFisher, Waltham, MA), and (D)
glypican-1 horseradish peroxidase (HRP) conjugated (1:1000, SC-365000 HRP, Santa
Cruz Biotechnology, Dallas, TX) overnight at 4 °C. When examining the expression of
syndecan-3 and glypican-1 in the retina, the membranes were immunoblotted with their
respective primary antibodies for 72 hours. The membranes were then incubated with
HRP-conjugated secondary antibody for 1 hour at room temperature (RT) followed by
detection of specific bands using an electrochemiluminescent system (Bio-Rad, Hercules,
CA). The blots were imaged using the ChemiDoc XRS gel imaging system (Bio-Rad,
Hercules, CA) and quantified using Image J (National Institutes of Health, Bethesda, MD).
HRP-conjugated B-Actin (1:2000, SC-47778, Santa Cruz Biotechnology, Dallas, TX) was
used as loading control for retina and RRMEC samples; Ponceau staining (Sigma, St. Louis,
MO) was used as a control for plasma and media samples.

2.4 RNA Isolation

RRMEC and retinas were collected for RNA extraction in RLT buffer (Qiagen, Hilden,
Germany) and QIAzol lysis buffer (Qiagen, Hilden, Germany), respectively. Total RNA
was isolated using a RNeasy Minikit (Qiagen, Hilden, Germany) and RNase-free DNase

I (Qiagen, Hilden, Germany) treatment according to the manufacturer’s protocols. RNA
quality and concentration were determined using a NanoDrop 100 spectrophotometer
(ThermoFisher Scientific, Waltham, MA). RNase-free water was used to dilute the samples
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to a final concentration of 25 ng/uL. Retinal samples processed for syndecan-1 mRNA
analysis were diluted to a final concentration of 50 ng/uL.

2.5 gRT-PCR

2.6

2.7

2.8

2.9

The mRNA levels of the target genes were quantified using real time-PCR (qRT-PCR)
using TagMan Universal PCR Master Mix, no AmpErase UNG (ThermoFisher Scientific,
Waltham, MA). gRT-PCR was carried out at 48 °C for 30 minutes, 95 °C for 10

minutes, 95 °C for 15 seconds, and 60 °C for 1 minute (40 cycles of steps 3 and

4) on a CFX96 or CFX384 (Bio-Rad, Hercules, CA) sequence detection PCR system.

The relative expression was calculated using the 2722Ct analysis method with expression
normalized to the housekeeping gene peptidylprolyl isomerase B (Ppib). All samples were
analyzed in duplicate; gRT-PCR was carried out using 100 ng RNA. The expression of
the following genes was evaluated: syndecan-1 (SDC1; Rn00564662_m1), syndecan-3
(SDC3; Rn00588067_m1), syndecan-4 (SDC4; Rn00561900_m1), glypican-1 (GPC1;
Rn01290371_m1), and CD44 (CD44; Rn00681157_m1). All probes were purchased from
Applied Biosystems (Waltham, MA). The abundance of syndecan-1 mRNA was determined
using an iTaq Universal Probes One-Step Kit (Bio-Rad, Hercules, CA) and 200 ng RNA.
The reaction was carried out at 50 °C for 10 minutes, 95 °C for 5 minutes, 95 °C for 10
seconds, and 60 °C for 30 seconds (40 cycles of steps 3 and 4).

Osmolarity treatment

ELISA

To study the effect of osmolarity on the expression of core proteins in RRMEC, monolayers
were grown for 6 days using different osmotic controls with osmolarity equivalent to the
high-glucose treatment. Mannitol, L-glucose, and o-methyl-d-glucopyranose were added at
a concentration of 20 mM, while NaCl was added at a concentration of 10 mM, to normal
glucose media. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO).

The levels of insulin in plasma collected from non-diabetic and diabetic rats and from
culture medium (normal glucose and high-glucose medium) were measured using a rat
insulin enzyme-linked immunosorbent assay (ELISA; Crystal Chem, Elk Grove Village, IL)
according to the manufacturer’s instructions.

Membrane protein isolation

For membrane protein enrichment, the membrane proteins were isolated using a subcellular
protein fractionation kit for cultured cells (ThermoFisher Scientific, Waltham, MA)
according to the manufacturer’s instructions. The protein concentration of the extract was
determined using the Pierce BCA protein assay (ThermoFisher Scientific, Waltham, MA).
Equal amounts of protein extract (100 ug) were used for mass spectrometry analysis.

Mass spectrometry

Mass spectrometry analyses were performed in the Genomics and Proteomics Center at
Oklahoma State University. Equal amounts of membrane extract were dissolved in 3%
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SDS and processed using S-trap devices according to the manufacturer’s protocols (ProtoFi,
Farmingdale, NY).

Peptides were separated on an Acclaim PepMap RSLC column (2 um C18 particles, 75

pum ID x 50 cm length; ThermoFisher Scientific, Waltham, MA) and then developed in
0.1% aqueous formic acid using an acetonitrile gradient from 2.5% to 30% acetonitrile over
120 min. The column terminated with a stainless-steel emitter within a Nanospray Flex ion
source (ThermoFisher Scientific, Waltham, MA) coupled to a Fusion mass spectrometer
programmed for a Top Speed analysis using quadrupole isolation, HCD fragmentation, and
fragment ion analysis in the ion trap sector. The instrument settings are provided in an excel
spreadsheet as a supplement.

MaxQuant software (v .6.10.43) (Max Planck Institute of Biochemistry, Munich, Germany)
was used for the identification and quantification of the mass spectrometry data set (Cox

& Mann, 2008). Data were searched against a database of 29,953 rat protein sequences
downloaded from Uniprot on April 1, 2020; searches also included reversed decoy
sequences and common laboratory protein contaminants. Searches utilized the MaxQuant
defaults, supplemented with the “match between runs” feature. LFQ protein intensities
(relative protein abundance) from the MaxQuant search were used to analyze protein
expression of glycocalyx components. Relative expression between samples was normalized
based on the sum of the peptide intensities in each sample, via the LFQ algorithm in
MaxQuant as described previously (Cox et al., 2014; Cox & Mann, 2008). Relative protein
intensities (LFQ intensities) in high glucose are normalized against the normal glucose
group and data is presented as ratio (fold change) of protein expression normal glucose/
high glucose. The description of MS results is provided in Table 1. Sample reproducibility
was attested by graphing log 2 LFQ protein intensities from various bio-samples among
each other, which ensures that the majority of protein in each MS samples was equivalent
between the set of samples.

2.10 Statistics

All statistical analysis was performed using GraphPad Prism 9 software (version 9.1.1). The
normality of data sets was tested using a Kolmogorov-Smirnov test or a Shapiro-Wilk test.

If the data passed the normality test, they were then analyzed using an unpaired, two-tailed
Student’s #test (for two groups) or one-way ANOVA (for three or more groups) followed

by Dunnett’s multiple comparison test. A Mann Whitney Utest or a Kruskal Wallis test
followed by Dunn’s multiple comparison test were used to analyze data failing the normality
test. Body weight and glucose data sets were analyzed using two-way ANOVA followed

by Tukey’s multiple comparison test. Except for body weight and glucose measurements
(presented as medians), all data are presented as mean + SEM. pvalues less than 0.05 (95%
confidence interval) were considered statistically significant.
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3. Results

3.1 Body weight, blood glucose, and insulin levels of animals

In STZ-injected rats, hyperglycemia was observed along with a significantly lower weight
gain. At the beginning of the experiments, the body weight of the rats was similar in

both groups; however, 8 weeks post-STZ treatment, the diabetic rats exhibited a significant
lower body weight (p<0.0001) compared to the non-diabetic rats (Fig. 1A). As expected,
STZ-injected rats demonstrated significantly higher (p<0.0001) blood glucose as compared
to controls (Fig. 1B). The glucose meter (AlphaTRAK) used for the analysis displays a
maximum reading of 750 mg/dL; therefore, diabetic rats exhibiting ‘high’ readings on the
meter are given values of 750 mg/dL. Despite the large variation, a significant decrease
(p<0.05) in plasma insulin levels (measured in a subset of animals) was observed in diabetic
rats (0.23 £0.09 ng/mL) compared to non-diabetic rats (0.88 + 0.22 ng/mL) (Fig. 1C).

3.2 Effect of high glucose on syndecan-1

A substantial but non-significant (60%, p=0.11; Fig. 2A) increase in the mRNA levels

of syndecan-1 was observed in the retinas of diabetic rats compared to their non-diabetic
counterparts. In addition, we observed a significant increase in the protein expression of
syndecan-1 in the retinas of diabetic rats compared to controls (80% increase in Western blot
intensity, p<0.01; Fig. 2B). Plasma levels of syndecan-1 exhibited a significant increase in
mean band density in STZ-injected rats compared with controls (54%, p<0.001; Fig. 2C),
indicating increased shedding of syndecan-1 in diabetes.

To analyze the effects of high glucose on the glycocalyx, specifically in the endothelial

cells of the retina, RRMEC were incubated with normal glucose (5 mM) or high-glucose
(25 mM) media for 6 days. The insulin levels in the culture medium were similar in the
normal glucose and high-glucose media (data not provided). Using qRT-PCR, we observed a
significant increase (380%, p<0.0001) in the mRNA levels of syndecan-1 in RRMEC treated
with high glucose compared to control conditions (Fig. 2D). Consistent with our in vivo
findings, we observed a significant increase in the immunoblot intensity of syndecan-1 in
RRMEC grown in high-glucose media (87% increase, p<0.01; Fig. 2E). Lastly, we found

an increase in the syndecan-1 media levels (54.3% increase in mean band density, p<0.05;
Fig. 2F) under hyperglycemic conditions, providing further evidence for increased shedding
of syndecan-1 in diabetes. Shed syndecan-1 contains intact HS chains (Szatmari, Otvos,
Hjerpe, & Dobra, 2015), which can explain the higher molecular weight of syndecan-1 in
plasma and media (131 kD) as compared to retina and cell lysate (31 kD).

3.3 Effect of high glucose on syndecan-3

The retinas of diabetic rats exhibited a significant decrease in both mRNA (24%, p<0.05;
Fig. 3A) and protein levels of syndecan-3 (26% decrease in mean band density, p<0.05;
Fig. 3B) compared to non-diabetic rats. However, no difference was observed in the plasma
levels of syndecan-3 between diabetic and non-diabetic rats (Fig. 3C).

The incubation of RRMEC with high glucose (25 mM) led to a significant reduction in the
expression of syndecan-3. Both mRNA transcripts (83%, p<0.01; Fig. 3D) and the protein
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immunoblot intensity of syndecan-3 (38%, p<0.01; Fig. 3E) decreased significantly under
hyperglycemic conditions compared to control conditions. We further observed a significant
decrease (32% decrease in mean band density, p<0.01; Fig. 3F) in the media level of
syndecan-3 following high-glucose treatment.

3.4 Effect of high glucose on glypican-1

Eight weeks of diabetes caused an ~30% increase in glypican-1 mRNA levels in the retinas
of diabetic rats compared to controls (p<0.05; Fig. 4A). In addition, the retinal Western

blot intensity of glypican-1 also increased significantly in diabetic animals (113%, p<0.001;
Fig. 4B). However, the plasma levels of glypican-1 were not different between diabetic and
non-diabetic rats (Fig. 4C).

A significant increase was observed in the mRNA transcripts of glypican-1 in RRMEC
stimulated with high glucose (200%, p<0.0001; Fig. 4D). However, contrary to our findings
in vivo, the mean band density of glypican-1 decreased significantly with hyperglycemia in
RRMEC (37.3%, p<0.0001; Fig. 4E). We observed a trend (non-significant) for an increase
(32%, p=0.09; Fig. 4F) in the Western blot intensity of glypican-1 levels in culture medium
following high-glucose treatment.

3.5 Effect of high glucose on CD44

gRT-PCR analysis of the retinas of diabetic rats revealed a significant increase in mMRNA
levels of CD44 compared to controls (~27%, p<0.01; Fig. 5A). However, the retinal

mean band density of CD44 protein decreased significantly in diabetic animals (25%,
p<0.001; Fig. 5B). Furthermore, compared to non-diabetic animals, diabetic rats exhibited
a significantly higher Western blot intensity of soluble CD44 in the plasma (52% increase,
p<0.05; Fig. 5C), demonstrating increased shedding of CD44 into the circulation.

RRMEC monolayers grown in high glucose had a significant increase in both mRNA
(75%, p<0.05; Fig. 5D) and protein immunaoblot intensity of CD44 (19%, p <0.05; Fig.
5E) as compared to the monolayers grown in normal glucose. In addition, hyperglycemic
conditions led to an increase in mean band density of the CD44 levels in culture medium
(~118%, p<0.05; Fig. 5F), providing further evidence of increased shedding of CD44 in
diabetes.

3.6 Effect of osmolarity of core proteins in RRMEC

High-glucose medium has a higher osmolarity than normal glucose medium. Therefore,

to determine whether osmolarity plays a role in hyperglycemia-induced changes in
glycocalyx expression, the monolayers were grown using several different osmotic controls
(mannitol, NaCl, L-glucose, and o-methyl-d-glucopyranose). RRMEC exposed to o-methyl-
d-glucopyranose (a non-metabolizable glucose analogue) for 6 days caused a significant
decrease in the mean band density of syndecan-3 (28%, p<0.05; Fig. 6B) and a significant
increase in the Western blot intensity of CD44 (72%, p <0.01; Fig. 6D). However, exposure
to o-methyl-d-glucopyranose did not lead to significant changes in the expression of
syndecan-1 (Fig. 6A) or glypican-1 (Fig. 6C). Furthermore, no substantial changes were
observed in the expression of syndecan-1, syndecan-3, glypican-1, or CD44 when RRMEC
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were treated with mannitol, NaCl, or L-glucose (Fig. 6A-D). The results indicate that
independent of its higher osmolarity, hyperglycemia can cause changes in the expression of
syndecan-1 and glypican-1. However, osmolarity may have a possible, but not definitive,
role in the loss of syndecan-3 and increase in CD44 expression in RRMEC in response to
high glucose.

3.7 Effect of hyperglycemia on the expression of syndecan-2, syndecan-4, glypican-3,
and glypican-4 in RRMEC

Treatment with high glucose for 6 days led to a significant increase in mMRNA levels

of both syndecan-2 (47%, p <0.01; Fig.7A) and syndecan-4 (26%, p <0.05; Fig. 7B) in
RRMEC. Further, mass spectrometry analysis suggested a significant increase in the protein
intensity of syndecan-4 in RRMEC exposed to high glucose compared to normal glucose
conditions (37%, p<0.01; Fig. 7C). Interestingly, the mass spectrometry data also showed a
significant decrease in protein levels of glypican-3 (47%, p<0.01; Fig. 8A), but no changes
in glypican-4 levels (Fig. 8B). A description of MS results is provided in Table 1. We were
not able to detect quantifiable amounts of syndecan-1, -2, -3 or glypican-1 using MS. We
also found a significant increase in the mRNA level of glypican-3 in RRMEC exposed to
high glucose (48%, p<0.01; Fig. 8C). Due to our current lack of optimum antibodies against
rat syndecan-2 and syndecan-4, the confirmation of these findings using Western blot and/or
immunostaining will be done in future studies, as is the case for glypican-3 and glypican-4.

4. Discussion

Diabetic retinopathy (DR) is characterized by hyperpermeability, leukocyte plugging and
loss of capillaries, and neovascularization. It has been demonstrated that the systemic

loss of glycocalyx occurs in diabetes, and the loss of retinal glycocalyx may contribute

to the microvascular complications of DR. Previously, both diabetic animals and diabetic
patients have shown a significant reduction of glycocalyx thickness in the retina. However,
virtually nothing is known about how the components of the retinal glycocalyx are affected
by diabetes, except for one study that showed a significant reduction in the synthesis of
heparan sulfate in diabetic rats. To our knowledge, this is the first report of hyperglycemia-
induced changes in the synthesis, expression, and shedding of syndecan-1, syndecan-3,
glypican-1, and CD44. In this study, we describe a number of novel observation of changes
in glycocalyx molecules in the retina after 8 weeks of hyperglycemia, including (1) a
decrease in mRNA levels of syndecan-3, (2) an increase in mRNA levels of syndecan-1,
glypican-1, and CD44, (3) a significant reduction in the protein expression of syndecan-3,
(4) an increase in protein levels of syndecan-1, (5) a decrease in glypican-1 protein levels in
endothelial cells /n vitro, but an increase in the retinas of diabetic rats /n vivo, (6) an increase
in protein levels of CD44 in endothelial cells /n vitro, but a decrease in the retinas of diabetic
rats /n vivo, and (7) an increase in systemic shedding of syndecan-1 and CD44. It is possible
that future studies can be designed based on our observational results to identify whether
changes in the glycocalyx are associated with the progression of DR.

The loss of cellular syndecan-1 levels and an increase in soluble syndecan-1 correlate with
reduced junctional protein expression and transendothelial/epithelial cell resistance under
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hyperglycemic conditions, suggesting that syndecan-1 plays a role in regulating permeability
(Qing et al., 2015). Hyperpermeability is a major hallmark of DR. Previously, it was

shown that RRMECs grown under high glucose conditions exhibit a significant increase

in permeability (Eshag & Harris, 2020). Further, retinal vasculature permeability increases
significantly in STZ-induced rats as early as 1 week and remains elevated through 1, 4,

8, 9, and 12 months (Lawson et al., 2005; Li, Hui, Yan, & Du, 2007; Naderi, Zahed,
Aghajanpour, Amoli, & Lashay, 2019; Y. L. Wang et al., 2015). Syndecan-1 is linked to the
cytoskeleton, where it mediates flow-induced elongation and alignment of endothelial cells
(Ebong et al., 2014). In the ocular vasculature, syndecan-1 inhibits leukocyte-endothelial
interactions and angiogenesis (Gotte et al., 2002). Given these roles of syndecan-1, a
substantial increase in its expression in both RRMEC and rat retinas under hyperglycemic
conditions may initiate compensatory protective mechanisms. However, syndecan-1 has
also been shown to be expressed on rod photoreceptor cells, glial cells, bipolar cells, and
horizontal cells (Atlas). Therefore, our retinal findings cannot be attributed to endothelial
cells only, but to our knowledge, the effect of high glucose on syndecan-1 expression

on other types of retinal cells has not yet been determined. Future studies using either
immunofluorescence or endothelial cell isolation may help determine whether our findings
are specific to endothelial cells. Contrary to our findings, other studies have shown that
high-glucose stimulation caused a significant loss of syndecan-1 in intestinal epithelial
cells, intestinal tissue, human umbilical vein endothelial cells, and human renal glomerular
endothelial cells (Gharagozlian et al., 2006; Qing et al., 2015; Qiu et al., 2010). However,
no changes were observed in syndecan-1 following high-glucose treatment in bovine aortic
endothelial cells (Lopez-Quintero et al., 2013). Oxidative stress, a major pathological event
in diabetes, has been shown to increase mMRNA levels of syndecan-1 in human adipose
microvascular endothelial cells (Ali, Mahmoud, Le Master, Levitan, & Phillips, 2019). This
disparity between syndecan-1 changes in response to hyperglycemia indicates tissue-specific
responses.

We further observed an increase in shedding of syndecan-1 in cell culture supernatants

and the plasma of diabetic rats. As mentioned above, a significant loss of syndecan-1

is observed in intestinal and renal glomerular endothelial cells in hyperglycemia, and
therefore, multiple tissues may be contributing sources of soluble syndecan-1 in the plasma.
Previously, an increase in serum levels of syndecan-1 was detected in both diabetic patients
and STZ-induced diabetic animals (Qing et al., 2015; J. B. Wang et al., 2009; J. B. Wang

et al., 2013). In addition, vitreous levels of syndecan-1 escalated in proliferative diabetic
retinopathy (PDR) patients, suggesting increased shedding of syndecan-1 (Abu El-Asrar

et al., 2015). However, circulating levels of syndecan-1 decreased in db/db mice (Hirota,
Levy, & Iba, 2020). Several sheddases, including MMP-2, MMP-7, MMP-9, and ADAM17,
can cleave syndecan-1 (Ali et al., 2019; Hayashida, Stahl, & Park, 2008; Pruessmeyer
etal., 2010; Szatmari & Dobra, 2013; Zeng, Adamson, Curry, & Tarbell, 2014) and

some have been shown to increase in diabetes (Eshaq & Harris, 2019; Kadoglou, Sailer,
Fotiadis, Kapelouzou, & Liapis, 2014). Heparanase can also stimulate syndecan-1 shedding
(Abu El-Asrar et al., 2015) and has been shown to be elevated in the plasma of Type 2
diabetic patients (Shafat, Ilan, Zoabi, Vlodavsky, & Nakhoul, 2011). Shed ectodomains of
syndecan-1 contain intact HS chains (Szatmari et al., 2015), therefore retaining its ability
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to bind to growth factors and extracellular matrix components (Szatméri et al., 2015).
VEGF can form a complex with soluble syndecan-1 and potentiate the integrin and VEGF
receptors, thereby causing an increase in endothelial cell invasion and angiogenesis (Abu
El-Asrar et al., 2015; Purushothaman et al., 2010). Although the role of soluble syndecan-1
in diabetic retinopathy has not yet been elucidated, we speculate that it could potentially
contribute to neovascularization, the hallmark of PDR. We can further speculate that a
change in localization of syndecan-1 from membrane-bound protein to soluble protein can
have other pathological effects. Therefore, the increased production of syndecan-1 by retinal
endothelial cells, coupled with increased shedding of syndecan-1, could possibly have a
deleterious, rather than protective, effect.

On endothelial cells, syndecan-3 regulates inflammation, leukocyte adhesion, and
colocalizes with tissue factor pathway inhibitors (Arokiasamy et al., 2019; Tinholt et al.,
2015). In antigen-induced arthritis, membrane bound syndecan-3 drives the progression

of disease and cartilage damage by binding to chemokines and recruiting leukocytes
(Kehoe et al., 2014). However, soluble syndecan-3 inhibited leukocyte migration and
reduced the severity of rheumatoid arthritis (Eustace et al., 2019). In addition, syndecan-3
has been shown to play anti-inflammatory roles in dermal and cremasteric vasculature
(Kehoe et al., 2014). The ectodomain of syndecan-3 has anti-angiogenic properties (De
Rossi & Whiteford, 2013); however, syndecan-3/-4 ectodomain fragments generated by
thrombin cleavage cause endothelial barrier disruption (Jannaway, Yang, Meegan, Coleman,
& Yuan, 2019), thereby causing hyperpermeability. Syndecan-3 is one of the relatively
less-studied proteoglycans in the syndecan family; however, it is apparent that, similar to
syndecan-1, syndecan-3 plays a paradoxical role depending on whether it is present in a
membrane-bound or soluble form. In addition, syndecan-3 could exert tissue-specific effects
depending on physiological/pathological state, with its role in the ocular circulation yet

to be elucidated. To our knowledge, the effect of high-glucose stimulation on syndecan-3
expression has not yet been studied, and this is the first study to show a significant loss of
syndecan-3 in the retina under hyperglycemic conditions. High glucose caused a significant
reduction in the mRNA levels of syndecan-3, indicating that hyperglycemia inhibits the
ability of the cell to produce syndecan-3. Since studies in the literature provide evidence

for tissue specific roles for syndecan-3, it would be interesting to know whether the loss

of syndecan-3 is pathological or protective for DR. Although we found syndecan-3 on
RRMEC:s, it should be noted that it is also expressed on neuronal (bipolar and photoreceptor
cells) and Miiller glial cells in the retina (Atlas).

Glypican-1, a GPIl-anchored proteoglycan, is anchored to caveolae in which endothelial
nitric oxide synthase (eNOS) resides and regulates shear stress-induced eNOS activation,
functioning as a primary mechanosensor (Bartosch et al., 2017; Zeng & Liu, 2016).
Glypican-1 senses flow and initiates PECAM-1 phosphorylation, which leads to eNOS
phosphorylation and nitric oxide production (Bartosch et al., 2017). In addition, as
glypican-1 has been shown to regulate endothelial cell growth (Monteforte et al., 2016;
Qiao, Meyer, Mundhenke, Drew, & Friedl, 2003; Qiao, Yang, Meyer, & Friedl, 2008) and
VEGF165 activity (Gengrinovitch et al., 1999), it may play a crucial role in angiogenesis.
RRMEC cultured in high glucose exhibited a significant increase in mRNA levels but a
significant decrease in protein levels of glypican-1. We did not observe any differences
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in shedding of glypican-1 between normal glucose and high-glucose conditions; therefore,
instead of increased shedding, we speculate that there is either a reduction in protein
synthesis or an elevation of ubiquitin proteolysis of glypican-1 in retinal endothelial cells
treated with high glucose. Diabetic rats also showed a significant increase in mMRNA levels
of glypican-1, but contrary to our findings /n vitro, the protein expression of glypican-1
increased significantly in the retinas of diabetic rats. In the retina, glypican-1 is expressed on
neuronal cells (bipolar, horizontal, and photoreceptor cells), Muller glia cells, and vascular
cells (Atlas). Therefore, the difference between our findings /in vitroand in vivo may be

due to differential expression of glypican-1 in different cell types in the retina. A significant
increase in expression of glypican-1 was detected in cardiac tissue of STZ-diabetic rats,
which correlated with diastolic dysfunction (Strunz et al., 2017). We speculate that the

loss of glypican-1 may be specific to endothelial cells, but future experiments are required
to confirm this. Previously, stimulation of human renal glomerular endothelial cells with
high glucose led to a significant decrease in both mRNA and protein levels of glypican-1
(Qiu et al., 2010). A substantial loss of glypican-1 has also been observed in dermal
vasculature (Monteforte et al., 2016). However, no changes were observed in glypican-1
levels in bovine aortic endothelial cells treated with high glucose (Lopez-Quintero et al.,
2013). Glypican-1 is a primary mechanosensor; its loss can reduce nitric oxide levels, which
causes further endothelial dysfunction and inflammation, thereby potentially contributing to
the progression of DR (Endemann & Schiffrin, 2004).

CD44 plays a major role in endothelial cell proliferation, immune cell migration and
activation, and angiogenesis (Hasib et al., 2019). In the retina, CD44 mediates photoreceptor
and interphotoreceptor matrix formation and retinal angiogenesis (Chen et al., 2020).
Advanced glycation products, a hallmark of diabetes, have been shown to increase the
interaction between moesin and CD44 in primary retinal microvascular pericytes. Moesin
links actin filaments to membrane proteins such as CD44, thereby regulating cell shape and
migration. The increased interaction of moesin and CD44 can stimulate pericyte migration
and detachment, which can potentiate neovascularization (Zhang et al., 2020). In addition,
CD44 is a marker for mesenchymal stem cells (Tang et al., 2012), and increased CD44
levels suggest endothelial-mesenchymal transition (EndMT). EndMT can result in increased
endothelial cell invasion and migration, leading ultimately to pathological angiogenesis
(Thomas et al., 2019). We observed a significant increase in both mRNA and protein

levels of CD44 in RRMEC under hyperglycemic conditions. Previously, retinal degeneration
has been shown to increase both mRNA transcripts and protein expression of CD44
(Krishnamoorthy, Agarwal, & Chaitin, 2000). The increase in CD44 expression is implicated
in the progression of insulin resistance in Type 2 diabetes (Kodama et al., 2012). While
expression of CD44 remained unchanged in an ECV-304 cell line treated with high glucose
(YYevdokimova & Komisarenko, 2004), the ECV-304 cell line is considered inappropriate for
use in studying endothelial cell biology (Brown et al., 2000).

Our findings suggest that retinal endothelial cells are producing more CD44 in response

to hyperglycemic conditions. Diabetic rats exhibited a significant increase in mRNA levels
of CD44, but a significant decrease in protein expression of CD44. There are two major
possibilities for the disparity in our findings /n vitroand in vivo: (i) the loss of CD44

in vivois not specific to endothelial cells, or (ii) other plasma or tissue factors are
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contributing to the loss of CD44 in the retina. CD44 is expressed by many cell types in

the retina, including retinal Muller glia cells, pericytes, retinal pigment epithelial cells,

and endothelial cells (Chen et al., 2020). Pericyte loss is a major pathological event that
triggers neovascularization; a decrease in total CD44 may be a consequence of pericyte

loss. However, we found a significant elevation in shed CD44 in both culture media and the
plasma of diabetic rats, suggesting increased shedding of CD44. Therefore, it is possible that
plasma factors such as MMP-9, MT1-MMP, MMP-14, ADAM10, and ADAM17 can cause
the loss of CD44 in vivo (Nakamura et al., 2004; Stamenkovic & Yu, 2009). Previously,
serum CD44 levels have been shown to be elevated in Type 2 diabetes (Kodama et al., 2012).
Soluble CD44 can potentiate the secretion of IL-1f from macrophages, which can augment
inflammation (Jang et al., 2020). Furthermore, soluble CD44 induced neuronal degeneration
in glioblastoma cells (Lim et al., 2018). Additional experiments are required to determine
where CD44 is lost from the retina, which may elucidate the effect of CD44 loss on DR
progression. Furthermore, the consequences of increased expression and shedding of CD44
are yet to be determined.

Glucose-related hyperosmolarity can promote endothelial cell angiogenesis and retinopathy
progression (Madonna et al., 2016). Therefore, to examine the effect of osmotic stress on
the endothelial glycocalyx components, monolayers were grown in different hyperosmotic
solutions. Mannitol, NaCl, and L-glucose showed no effect on glycocalyx components.
However, o-methyl-d-glucopyranose decreased syndecan-3 and increased CD44 levels,
suggesting that hyperosmolarity can be a contributing, but not a definitive, factor in the
changes observed in glycocalyx components. Previously, o-methyl-d-glucopyranose was
shown to cause upregulation of glucose-responsive genes, including TXNIP and LPK, in
hepatocytes (Svoboda et al., 2013).

Treatment with high glucose for 6 days led to a significant increase in mRNA levels

of syndecan-2, syndecan-4, and glypican-3 in RRMEC. The confirmation of these

findings using Western blot and/or immunostaining requires future experiments. Syndecan-4
expression is reported to increase in isolated glomeruli and cardiac tissues in in Type

1 diabetic animals (Ramnath et al., 2020; Strunz et al., 2017). Both syndecan-2 and
syndecan-4 have been shown to regulate angiogenesis (Corti et al., 2019; De Rossi et

al., 2021; Wu, Chen, Chen, Xie, & Xu, 2018). Therefore, increased expression of both

can promote neovascularization and drive the progression of DR. To our knowledge, the
role of glypican-3 in endothelial cells has not yet been established, nor has the effect of
hyperglycemia on protein expression of glypican-3 been tested.

A limitation of our study that will require further experiments is immunostaining of
glycocalyx molecules to identify changes in the specific cellular localization under diabetic
conditions. The changes observed in the retinal tissue cannot be attributed to specific cell
types, especially for glypican-1 and CD44. The identification of localized changes will help
design mechanistic studies to identify the molecules responsible for changes in endothelial
surface molecules.

In conclusion, we detected a significant increase in soluble syndecan-1 and CD44 under
high-glucose conditions, which can promote pathways related to inflammation, neuron
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degradation, and neovascularization, ultimately driving the progression of disease. Our
study suggests that, while syndecan-3 and CD44 were lost from the retinas of diabetic

rats, the expression of syndecan-1 was significantly increased. The expression of glypican-1
decreased significantly following high-glucose treatment in RRMEC; however, it increased
significantly in the retinas of diabetic rats, indicating an endothelial cell-specific loss of
glypican-1. The summary of our findings is listed in Table 2.
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Highlights

. High glucose causes a diversity of changes in the retinal/endothelial
glycocalyx.

. Syndecan-3 mRNA and protein are decreased from retinal cells in
hyperglycemia.

. Plasma levels of shed syndecan-1 and CD44 are increased in diabetic rats.

. Glypican-1 mRNA increases in hyperglycemic retinal endothelial cells.

. Increases of some glycocalyx components may be compensatory for the
overall loss.
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Figure 1. Body weight, blood glucose, and insulin levels.
(A) STZ-induced diabetes significantly slowed weight gain in rats. After 8 weeks of

hyperglycemia, the body weight of diabetic rats was significantly less (****p<0.0001, n=8)
compared to that of their non-diabetic counterparts. (B) Blood glucose was significantly
higher (****p<0.0001, n=8) in diabetic rats compared to controls, while plasma insulin
levels were significantly decreased (*p<0.05, n=4) in diabetic rats (C). The medians of body
weights and glucose measurements are indicated. Insulin values are represented as mean +
SEM. ns = non-significant.
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Figure 2. Effect of high glucose on syndecan-1.
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(A) mRNA levels of syndecan-1 tended to increase in the retinas of diabetic rats (p=0.11,
n=7-8). In addition, diabetic rats exhibited a significant increase in (B) the protein
expression of syndecan-1 in the retina (**p<0.01, n=6-7) and (C) plasma levels of
syndecan-1 (***p<0.001, n=6). RRMEC grown under high-glucose conditions showed

a significant increase in both (D) mRNA (****p<0.0001, n=6) and (E) protein levels
(**p<0.01, n=6) of syndecan-1. (F) Elevated levels of syndecan-1 in the media were seen
following high-glucose treatment (*p<0.05, n=6) under hyperglycemic conditions. Western
blot data normalized to either p-actin (RRMEC and retina) or total protein (plasma and
media). ND, non-diabetic; D, diabetic; NG, normal glucose; HG, high glucose. ns = non-

significant.
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Figure 3. Effect of high glucose on syndecan-3.

Page 24

O

o
f

(RRMECs)
g
[ ]

mRNA levels Syndecan-3
o
o
7

T T
Normal Glucose High Glucose

NG NG NG HG HG HG
SDC3
(55kD) Ll I S

Bractin e e w— = — — —

15 huid
[ ]

£

§

||| e
©

[ ]

3~ 05

3

(2]

T T
Normal Glucose High Glucose

NG NG NG NGHG HG HG HG
SDC3
(55kD)
Ponceau R ——
staining

g **

3
£ 5
S:; . o
52 r
§ os T
i
n

Normal Glucose ~High Glucose

(A) mRNA levels (*p<0.05, n=8) and (B) protein expression of syndecan-3 (*p<0.05, n=6—
8) decreased significantly in the retinas of diabetic rats. However, no changes were observed
in the plasma levels of syndecan-3 in diabetic vs non-diabetic animals (n=5-6). (C) The
exposure of RRMEC to high glucose for 6 days also caused a significant decrease in both
(D) mRNA (**p<0.01, n=6) and (E) protein levels (**p<0.01, n=6) of syndecan-3. (F) The
media levels of syndecan-3 decreased significantly (**p<0.01, n=6) under hyperglycemic

conditions. ns = non-significant.
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Figure 4. Effect of high glucose on glypican-1.
Eight weeks of diabetes caused significant increases in both (A) mRNA levels (*p<0.05,

n=6-7) and (B) protein levels (***p<0.001, n=6-8) of glypican-1 in the retinas of diabetic
rats. In comparison to those exposed to normal glucose, RRMEC stimulated with high
glucose exhibited a significant increase in (D) mRNA levels of glypican-1 (****p<0.0001,
n=6); however, protein expression was significantly decreased (****p<0.0001, n=5) (E).
No changes were observed in (C) plasma (n=6) or (F) media levels (n=3) of glypican-1 in
normal glucose vs hyperglycemic conditions. ns = non-significant.
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Figure 5. Effect of high glucose on CD44.
(A) A significant increase in mMRNA levels of CD44 was observed in the retinas of diabetic

animals (**p<0.01, n=6-7). However, retinal protein expression of CD44 was decreased
(***p<0.001, n=5) in diabetic rats compared to non-diabetic rats (B). As compared to
normal glucose, RRMEC treated with high glucose had a significant increase in both (D)
MRNA (*p<0.05, n=6) and (E) protein levels (*p<0.05, n=6) of CD44. In addition, the (C)
plasma (n=6) and (F) media levels of CD44 (n=6) were significantly higher (p<0.05) under
hyperglycemic conditions, suggesting increased shedding of CD44 in diabetes.
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Figure 6. Effect of osmolarity on the expression of core proteins in RRMEC.
RRMEC exposure to o-methyl-d-glucopyranose for 6 days caused (B) a significant

decrease in syndecan-3 expression (*p<0.05) and (D) a significant increase in CD44 levels
(**p<0.01). However, o-methyl-d-glucopyranose exposure did not lead to any significant
changes in the expression of syndecan-1 (A) or glypican-1 (C). No substantial changes were
observed in the expression of syndecan-1, syndecan-3, glypican-1, or CD44 when RRMEC
were treated with mannitol, NaCl, or L-glucose. NG, normal glucose; HG, high glucose; M,
mannitol; N, NaCl; LG, L-glucose; OM, o-methyl glucose, n= 8-14.
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Figure 7. Effect of hyperglycemia on the expression of syndecan-2 and syndecan-4 in RRMEC.
Treatment with high glucose for 6 days led to a significant increase in mRNA levels of

both (A) syndecan-2 (**p<0.01, n=6) and (B) syndecan-4 (*p<0.05, n=6) in RRMEC. (C)
A significant increase in the protein intensity of syndecan-4 in RRMEC exposed to high
glucose (**p<0.01, n=3) was observed following analysis using mass spectrometry.
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Figure 8. Effect of hyperglycemia on the expression of glypican-3 and glypican-4 in RRMEC.
Mass spectrometry analyses suggested a significant reduction in the protein intensity of

(A) glypican-3 (**p<0.01, n=3) but no change in (B) glypican-4 (n=3) in RRMEC grown
under high-glucose conditions. (C) mRNA levels of glypican-3 were significantly higher
(**p<0.01, n=6) in RRMEC treated with high glucose compared to normal glucose.
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Table 1.
Description of Mass Spectrometry data.
Gene Name SDC4 GPC3 GPC4
Protein Name Syndecan-4 Glypican-3
Majority Protein IDs P34901 P13265; Q642B0
AOA0G2KBA2
Protein IDs P34901 P13265; Q642B0
AOA0G2KBA2
Molecular Weight (kDa) 219 67.0 62.5
Sequence Coverage (%) 51 26.1 27.6
Peptides 9 13 12
LFQ intensity_NG_1 68722000 149370000 27754000
LFQ intensity_NG_2 79177000 151150000 24208000
LFQ intensity_NG_3 85365000 188160000 37752000
LFQ intensity HG_1 108340000 79220000 22676000
LFQ intensity HG_2 107230000 80679000 23984000
LFQ intensity HG_3 102770000 101030000 19392000
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Summary of hyperglycemia-induced changes observed on the expression/levels of core proteins.

Table 2.

High Glucose treated RRMECs

Type 1 Diabetic Rats

mRNA | Protein Media mRNA Protein Plasma
Syndecan-1 1 1 1 1 trend (p=0.11) 1 1
Syndecan-3 no change
Glypican-1 no change 1 no change
CD44 1 1 1
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