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Abstract

The incidence of diabetic kidney disease (DKD) is sharply increasing worldwide.
Microalbuminuria is the primary clinical marker used to identify DKD, and its initiating
step in diabetes is glomerular endothelial cell dysfunction, particularly glycocalyx
impairment. The glycocalyx found on the surface of glomerular endothelial cells, is a
dynamic hydrated layer structure composed of proteoglycans, glycoproteins, and some
adsorbed soluble components. It reinforces the negative charge barrier, transduces the
shear stress, and mediates the interaction of blood corpuscles and podocytes with
endothelial cells. In the high-glucose environment of diabetes, excessive reactive oxygen
species and proinflammatory cytokines can damage the endothelial glycocalyx (EG)
both directly and indirectly, which induces the production of microalbuminuria.
Further research is required to elucidate the role of the podocyte glycocalyx, which
may, together with endothelial cells, form a line of defense against albumin filtration.
Interestingly, recent research has confirmed that the negative charge barrier function of
the glycocalyx found in the glomerular basement membrane and its repulsion effect on
albumin is limited. Therefore, to improve the early diagnosis and treatment of DKD, the
potential mechanisms of EG degradation must be analyzed and more responsive and
controllable targets must be explored. The content of this review will provide insights

for future research.
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Core Tip: In the diabetic microenvironment, various harmful factors, such as oxidative
stress and inflammation, contribute to endothelial glycocalyx (EG) disruption through

direct damage to the glycocalyx or indirect degradation due to the upregulation of
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related sheddases. Shedding one or more components after damage to the EG is an
early sign of numerous pathological states, including diabetes. The loss of filtration
barrier integrity can lead to microalbuminuria, which is predictive of diabetic kidney
disease (DKD). Identifying and targeting the key molecules involved in glycocalyx

damage thus represent current hot topics in DKD research.

INTRODUCTION

Over the past 30 years, the number of people with diabetes mellitus has quadrupled
globally, and approximately 1 in 11 adults currently have diabetes (mainly type 2)1.
Moreover, most patients with diabetes also have complications, which seriously affect
their quality of life and life expectancy. Diabetic complications are categorized as
macrovascular (e.g., cardiovascular disorders) and microvascular (e.g., renal, retinal, and
neurologic disease). In recent decades, cohort studies from high-income countries have
shown that the relative risk of microvascular complications is at least 10 times higher in
patients with diabetes than in patients without diabetes, while the relative risk of
macrovascular complications is 2-4 times higherPl. In developing countries, patients
with diabetes have a higher risk of renal complications but a lower risk of coronary
heart diseasel®l, which further reveals the increasing incidence of diabetic microvascular
disease complications, especially diabetic kidney disease (DKD). However, the
pathogenesis of DKD is incredibly complicated and remains poorly understood, and
current treatments have limited efficacy. In the last ten years, DKD has replaced
glomerulonephritis as the primary reason for chronic kidney disease in Chinal¥ and it
has also become the leading global cause of end-stage renal diseasel5l. Understanding
the pathogenesis of early DKD is, thus, of profound significance because it could aid in
delaying, preventing, or reversing the progression of this disease and improving the
prognosis of patients.

The glomerular filtration barrier (GFB) comprises three distinct layers: Endothelial
cells, glomerular basement membrane (GBM), and podocytes. The pathological changes

that occur with DKD include glomerular capillary hypertrophy, GBM thickening,

3/28




podocyte foot process disappearance, and mesangial expansion. Microalbuminuria
occurs prior to these changes and is denoted by a slight increase in the urinary excretion
of albumin (20-200 pg/min in humans) prior to overt DKD, and is the first predictor
that a patient has a high risk of developing DKD, with both type 1 diabetes mellitus
(T1IDM) and type 2 diabetes_mellitus (T2DM)lL. It is noted that renal tubules have
powerful reabsorption, and a 50% increase in the filtration rate increases urinary
albumin in the sub-microalbumin rangel”l. Thus, to facilitate albumin flux increases that
are sufficient to produce microalbuminuria, normal renal tubule reuptake requires
structural alterations to the GFBISl. Furthermore, endothelial dysfunction has been
found to precede the onset of microalbuminurial®l. The trigger for endothelial
dysfunction is based on the permselectivity of GFB to molecules of different sizes and
charges. The albumin filtration increase can be estimated, and it depends on the size or
charge selectivity of the defect'Vl. Studies have found that the occurrence of
microalbuminuria is tied to charge selectivity in diabetic animal models and patients
with TIDM and T2DMI'0-12l, The lack of charge selectivity is observed earlier than the
depletion of size selectivity, and the size selectivity defect only appears after the
transition to the macroalbuminuria stagel'2l. Consequently, the pre-emptive advantage
of the charge selective defect suggests that the damage to the endothelial glycocalyx
(EG) with a negative charge most likely represents the first step in the progression of
microalbumin in patients with DKD. Thus, the structure and function of the EG, the
mechanism of EG damage, and potential therapeutic strategies must be further

explored to curb the rapid spread of DKD.

GLYCOCALYX STRUCTURAL AND FUNCTIONAL ALTERATIONS IN DKD
EG

Glomerular endothelial cells are highly differentiated with cytoplasmic decay zones
dotted with many fenestrae, which are round transcellular pores at 60-80 nm in
diameter['3l. The fenestrae were previously considered empty, which means that they

are a weak barrier against albumin filtration4]. Although fenestrated capillaries are
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much more permeable to water and small solutes than non-fenestrated capillaries, there
is little albumin in the GBM and adjacent podocytes under physiological
conditions[1516]. Albumin is a polar protein with a total net charge ranging from -12 to -
18 at physiological pHI'7l. Studies using dextran with different charges found that
polycationic DEAE dextran was cleared more at a certain molecular radius than neutral
dextran, which was filtered more freely than negatively charged sulfate dextranl'sl.
These phenomena can only be explained by the negatively charged glycocalyx. In
addition, the Starling hypothesis indicates the primary method of fluid exchange
between plasma and tissue in most capillaries. On this basis, the revised Starling
hypothesis states that at a steady state, colloidal osmotic pressure differences, which are
resistant to hydrostatic pressure, exist across the EG rather than the entire vessel wall,
effectively preventing albumin from leaving the vessell’l. Observing the glycocalyx on
the surface of the endothelial cells requires specific fixation and staining techniques. The
immunofluorescence confocal technique is now widely used with lectin to fluorescently
label glycocalyx components, which can be directly observed in the 200-400 nm thick
glycocalyx covering the luminal surface of the glomerular endothelial cells in the
fenestral and inter-fenestral domains. The EG is a complex layer on the glomerular
endothelial cells composed of proteoglycans (PGs), glycoproteins, and glycolipids. It
integrates components, such as plasma proteins, a-acid glycoproteins, antithrombin III,
extracellular superoxide dismutase (SOD), lipase, growth factors, and chemokines, to
form a looser layer known as the endothelial surface layer (ESL)2l. The PGs of the EG
consist of core proteins and glycosaminoglycan (GAG) side chains. To the best of our
knowledge, the main core proteins are syndecans and glypicans. The GAGs include
heparin sulfate (HS), hydroponic acid (HA), chondroitin sulfate (CS), and keratan
sulfate, which are all negatively charged due to their carboxyl and/ or sulfate groups/21l.
Short exposure to glucose levels > 15 mmol/L resulted in a 50% loss of the glycocalyx in
healthy individuals?2. In C57BL/6 mice, acute hyperglycemia increased EG
permeabilityl?3]. EG shedding increases the concentration of several types of EG in the

blood or plasma, such as HA, HS, and syndecans. Thus, the plasma levels of these
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molecules can be regarded as a responsive indicator for EG degradation. Glycocalyx
hydrolysis is closely related to sheddases, such as heparinase (HPSE), matrix
metalloproteinase (MMP), hyaluronidase (HYAL), and neuraminidase (NEU). In
patients with T1DM, the loss of approximately half of the body’s glycocalyx was
accompanied by elevated plasma HA and HYAL levels. More importantly, the
glycocalyx volume was decreased in T1IDM patients with microalbuminuria when
compared with those without(?3l, and similar results were reported in patients with
T2DMI?l. These findings suggest that the decrease in EG correlates strongly with
microalbuminuria. Swird and Rippel?”] proposed a more precise exposure time for
hyperglycemia. Short-term (lasting minutes to hours) exposure to hyperglycemia
produced microproteinuria via protein kinase Ca and downstream Rho-associated
coiled-coil protein kinase pathways mediating F-actin cytoskeleton rearrangements,
while long-term (lasting two weeks) exposure induced the permeability of glomerular
endothelial cells to albumin associated with EG disruption. It should be noted that
besides serving as a filter barrier, EG ensures vessel patency (through its antithrombotic
and antiadhesive properties), transduces shear stress, regulates the vascular tone (by
sensing fluid shear forces), and protects endothelial cells from oxidative stress (via

combining free radical scavengers)2®,

Core proteins and MMPs: Syndecans and glypicans are the main core proteins in EG.
Other core proteins, such as mimecans and perlecans, are soluble and secreted in both
the EG and blood[?’. Syndecans are transmembrane proteins that mainly bind HS or CS
chains!?830, There are six significant subtypes of syndecansi®!l, and syndecan-1 and 4 are
particularly prominent in nephronsi®2. The former is connected to three HS chains/*],
while the latter can carry 3-5 HS chainsl32l and is most abundant in the syndecans family
in human glomerular endothelial cellsl®. Glypicans are anchored to
glycosylphosphatidylinositol and have four main isomersB931l, of which glypican-1
binds almost exclusively to the HS chainP®?l, but close to the cell membrane, glypican-1

binds to 3-4 HS chainsl®3l. Heparan sulfate PGs (HSPGs), composed of syndecan and
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HS, are most abundant on the cell surfacel®], followed by phosphatidyl inositol PGs,
composed of glypicans linked to HSB7l. An essential function of the syndecan core
proteins is to put the highly bioactive GAGs in the right place at the right timel®l.
MMPs are a kind of zinc-reliant endopeptidase that are mainly synthesized by
inflammatory cells, although MMPs can also be synthesized by endothelial cells and
vascular smooth muscle cells when stimulated by macrophages/®). MMP-2 and MMP-9
can be activated by MMP14 (also known as membrane type 1)(32l. MMP-2, MMP-9, and
MMP-14 can cleave syndecans at different sites to produce various sizes of proteolytic
fragmentsl®l. Typically, MMP-9 degrades syndecan-1 and MMP-2 cracks syndecan-4,
allowing syndecans and HS to be released into the blood*]. Diabetic conditions
promote the overexpression of endothelial MMP-913, MMP-22¢, and urinary MMP-
14111, and the activity of these MMPs is elevated in the kidneys of diabetic humansl4142]

and micel#3l,

HS and HPSE: is the most common GAG in the glycocalyx and accounts for
approximately 50%-90% of its amount/*l. It is comprised of 300 alternate N-acetyl-
glucosamine al to 4 glucuronic acid bl to 4 residues/*>l. HS biosynthesis exists in the
Golgi apparatus, and its characteristics include chain initiation, polymerization, and
modificationlel. HS can be extensively modified, including N-deacetylation/N-sulfation
of N-acetylglucosamine, isomerization of C5 glucuronic acid to iduronic acid, and 2-O-,
3-O-, and 6-O-sulfation*®l. Different combinations of these modifications produce
structurally diverse HS chains, which dictate the binding and modulation of specific
proteins and regulate the activity of various biological molecules, such as cytokines and
growth factors on the cell surfacel®>¥l. In vitro studies have found that high levels of
glucose reduced HS synthesis and increased the monolayer albumin flux in glomerular
endothelial cells, implying that the presence of HS in EG limits proteinurial®sl. The

ructure of the HS chain may be edited by HS modification enzymes, including HPSE,

(1-4)-endoglucuronidase, which clears HS at specific sites, and HS 6-O-endosulfatase,

which explicitly removes 6-O-sulfonatel*’l. HPSE is the most well characterized of these
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enzymes, and it is the sole mammalian endoglycosidase that cuts HSI®l. The nascent
HPSE is inactive and requires activation by cathepsin LI%l. Active HPSE cleaves
glycosidic bonds within the HS chain to yield HS fragments that are 5-7 kDa in size, and
this cleavage requires the N-and 6-0-sulfated moieties to have specific sequences, such
as the trisaccharide sequence GIcNS60S-a(1-4)-GlcA-p(1-4)-GlcNS60SP1. Intracellular
HPSE has a variety of biological functions, including the regulation of cellular
autophagy, communication, and survival. Conversely, extracellular HPSE is related to
inflammation, vascular instability, and fibrosis and is a crucial contributor to renal
damage in patients with DKD and glomerulonephritisl47]. The first study to reveal a role
for HPSE in the development of proteinuria was performed on rats with puromycin
aminoglycoside nephropathy, and it showed that HPSE overexpression was an essential
contributing factor to HS loss in proteinurial®2l. In Zucker fatty rats proteinuria was
associated with a significant glycocalyx reduction, and this was at least in part related to
elevated HPSE levelsl53l. However, specific HPSE inhibitors PI-88I54 or polyclonal anti-
HPSE antibodies 2261 reduced proteinuria levels and alleviated renal damage. At the
same time, the over-expression of HPSE in transgenic over-expressing mice (HPSE-TG)
resulted in early proteinuria and renal failurel®l. According to a previous study, the
transcription factor early growth response 1 is responsible for activating the HPSE
promoter under hyperglycemic conditions®’l. Compared with healthy volunteers,
patients with DKD show increased urinary and renal HPSE activityl57l. Furthermore,
HPSE was upregulated in response to a high-glucose environment and DKD mediators,
such as advanced glycation end products (AGEs), in mouse DKD models!5! and renal-
derived cell lines (endothelial cells, renal epithelial cells, and proximal tubular cells)>*-
61l In addition, Schmidt et all®?l proposed that there was a relationship between urinary
HS and renal function. It was believed that urinary HS could predict the progression of
renal dysfunction. However, the increase in permeability caused by glycocalyx injury
was not enough to reduce the glomerular filtration rate (GFR), and the obstruction of
the secondary capillary lumen, caused by leukocyte or platelet interactions with the

endothelial cells, was the cause of GFR reduction.
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HA and HYAL: HA is a non-protein-bound, non-sulfate, negatively charged GAG, a
linear polysaccharide held together by the repeat units of D-glucuronic acid and N-
acetyl-D-glucosamine by glycosidic bonds repeated thousands of times[3%&]. HA is
synthesized from three isoforms of hyaluronic acid synthase (HAS). HAS-2 is the major
synthetase of HA and is expressed in most cells and essential for lifel®3l. Van den Berg et
all®l found that the HAS-2 deletion in the endothelial cells of adult mice (selective
inactivation of the HAS-2 gene in endothelial cells of adult mice carrying the floxe

HAS-2 allele) substantially reduced the glycocalyx structure. Importantly, HA is a
specific binding site for angiopoietin-1 (Ang-1) and a key regulator of endothelial cell
quiescence and maintenance of endothelial barrier function. HA deficiency triggers
Ang-1-Tie2 receptor signaling disorder, which is characterized by vascular instability,
mesangial dissolution, telangiectasia, and proteinuria, and gradually progresses to
glomerular capillary rarefication and glomerulosclerosis, which produces the human
DKD phenotype. They observed endothelial HA in renal biopsies from patients with
different severities of diabetes and found that endothelial HA in glomerular capillaries
gradually disappeared with the formation of DKD lesions. In patients with acute
hyperglycemia or T1IDM, the EG volume decreased by 50%-80% and the serum HA
concentrations increased by 30%-80%[2)l. Degradation of the EG and increased serum
HA concentrations were also observed in T2DM patients2¢l and rodent models of
TIDMI®I. This shedding of HA resulted in increased vascular permeability with
albumin escape. Despite the prominent role of HA in EG, its method of binding to the
cell membrane and integrating with EG is unknown. Although HA may bind to the cell
surface receptor CD44, covalent bonding is not observed, and it may also attach to the
extracellular part of HAS, interact with CS on syndecan-1, connect with EG through
HA-binding proteins, or even independently assemble into a fibrous networkl20l
Increased glycosylation of CD44 was reported to weaken its ability to bind HA in a
high-glucose environment, thereby decreasing HA binding to EGI®5l. The human body
contains six kinds of HYAL to degrade HA. HYAL-1 and HYAL-2 are common in
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mammalian tissues and cooperate to complete HA degradationl®. HYAL-2 is a
glycosylphosphatidylinositol anchoring enzyme that attaches to the outside of the cell
membranel®’] and is accountable for the extracellular degradation of high molecular
weight HA into an intermediate fragment that is approximately 20 kDal®L The
intermediate HA fragment is then endocytosed into the cell via endocytic vesicles and
degraded into a small fragment by HYAL-11l, Interestingly, there are large differences
between high and low molecular weight HA. The former can enhance endothelial
barrier function, but the latter can damage endothelial cells in various ways. For
instance, low molecular weight I—I‘Elduces endothelial cell inflammation through Toll-
like receptors 2 and 4, stimulates the expression of vascular cell adhesion molecule-1
(VCAM-1), and intercellular adhesion molecule-1 (ICAM-1), leading to macrophage
infiltration, cell inflammation, and injury, and it activates phagocytes to generate
reactive oxygen species (ROS) in a size-dependent manner®l. A study by Dane et all®]
found that 4 wk after injecting HYAL into C57BL/6 mice, the glomerular albumin
permeability increased by 90% and the EG returned to integrity 4 wk after performing
the injection. However, no significant proteinuria was observed during the experience,
and this was possibly due to the protective effects of the normal apolipoprotein-E (apo-
E) levels in these animals. Similar to the findings in apo-E absence mice, HYAL infusion
results in EG disorder and proteinurial™l. Several studies have also shown that the
increase in HA concentration and HYAL activity, resulted in a thinning of the
glycocalyx due to HA degradation, and this increased the transcapillary escape rate of
albumin in mice with diabetes”172] and humans with TIDMPE5 and T2DMI6L.
Furthermore, Dogné et al”®l demonstrated that increasing the EG depth and
maintaining the HA content during early DKD in HYAL-1-deficient mice contributed to
preserving endothelial function and the functional barrier. Similarly, supplementation
of HA analogs could compensate for glycocalyx loss. Thus, HA shedding could be
utilized as a valuable observation for the pathogenesis of diabetic renal complications,

and the presence of HA may prevent the emergence of early DKD.
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Sialic acid and NEU: Sialic acid (SA), otherwise known as N-acetylneuraminic acid, is a
constituent of cell membrane glycoproteins and glycolipids74. SA occurs at the
glycocalyx surface and participates in signal recognition and the binding of sugars to
proteinsl®l. NEUs, tagged as sialidases, are a family of enzymes that regulate cell
surface SA expression by removing SA from the glycocalyxI”5l. Puerta-Guardo et all7¢]
found that nonstructural protein 1 induced NEUs expression, causing SA shedding and
EG degradation. It could also activate cathepsin L in endothelial cells and affect HPSE
activity[”7l. What counts is that NEU could remove most of the glycocalyx and
influenced the water, small solutes (as measured by transendothelial electrical
resistance), and albumin fluxes, whereas HPSE (using HPSE III or recombinant HPSE-
1), which removed HS GAGs alone, only had a remarkable impact on albumin filtration
without changing water and small solute passages!”l. The results indicate that NEU is
the most efficient enzyme with which to remove glycocalyx &sidues. Other studies
have found that SA may directly regulate ESL permeability by steric hindrance and/or
inducing secondary changes in ESL, such as the disruption of the albumin binding to
EGI[7]. Whether they really participate in the filtration barrier is currently unknown and

this will require further research.

Cell adhesion molecules: Cell adhesion molecules include selectin, integrin, and the
immunoglobulin superfamily[®l. Two major _kinds of selectins are observed: P-selectin
and E-selectin. P-selectin is produced and stored in the Weibel-Palade bodies found in
endothelial cells and secreted in ﬁsponse to thrombin and histamine stimulation(®!l. E-
selectin is de novo synthesized in response to the stimulation of cytokines, such as
interleukin-1 (IL-1), tumor necrosis factor-a (TNF-a), and lipopolysaccharidel?l,
Integrins are heterodimeric membrane proteins made up of noncovalently bound a and
B subunits. The luminal membrane of endothelial cells expresses integrin avfs, which
influences the interaction between platelets and endothelial cells/®]. The
immunoglobulin superfamily glycoproteins include ICAM-1 and ICAM-2, VCAM-1,

and platelet endothelial adhesion molecule-1, which promotes the adhesion of
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leukocytes and platelets to endothelial cells(®l. The Ib-IX-V complex, another well-
defined glycoprotein consisting of four different proteins (Iba, Ibp, IX, and V), binds to
the von Willebrand factor and P-selectin to accelerate hemostasis®5l. GAG chains cover
adhesion molecules in the physiological state, which sterically prevents leukocytes or
platelets from binding to the cell adhesion molecule receptors. However, EG
degradation activates and exposes adhesion molecules, and this contributes to increased

leukocyte adhesion and thrombosislsél.

Shear stress changes and proteinuria: The source of proteinuria in DKD may arise
from damage to the glycocalyx caused by alterations in shear stress. Shear stress is the
mechanical force exerted by blood flow on the vessel wall. It significantly influences the
structure and function of endothelial cells. The specific location and composition of the
EG determine its unique function as a mechanosensor. The GAGs that extend into the
extracellular region, which may deform, transmit the shear stress of the perceived blood
flow to the core protein components, triggering core protein displacement. The
cytoplasmic domain of the core proteins is linked to signaling elements, such as G-
protein receptors, including those associated with endothelial nitric oxide synthase
(eNOS) formation and cytoskeletal elements, such as actin®’l, and this regulates
transcription in the nucleus2l. Florian et all8’] identified HS-GAG as a mechanosensor
for the NO response, which is involved in mechanosensing and mediates NO
production under shear stress. The depletion of syndecan-1 or 4 altered the
mechanosensing and cell alignment(8$%]. In addition, reports suggested that
degradation of EG by NEU and HYAL reduced flow-induced NO productionl],
indirectly confirming the indispensable role of HA and SA in mechanical transduction.
Furthermore, the glycocalyx participates in the scattering of concentrations of the
agonists, and flow changes affect agonists’ distribution, thus transferring flow
conditions to the cells. This results in variations in magnitude and the temporal and

spatial distributions of the shear stress will modulate vascular tone and induce
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alterations in endothelial permeability and hydraulic conductivity, cytoskeletal
structure, surface adhesion molecule expression, and gene expressionl/$71.

The glycocalyx is undoubtedly present in podocytes and GBM, but there are
differences in its composition and structure. The GBM glycocalyx was once considered
the charge-selective barrier of the glomerular filtration layer. In recent years, an
increasing number of studies have broken this traditional concept and suggested that
the glycocalyx does not function as a major negative charge barrier in the GBM. The loss
of its anion site does not lead to proteinuria. By comparison, the podocyte glycocalyx

may, together with EG, constitute a “defensive line” that restricts albumin filtration.

Glycocalyx iﬁte GBM

The primary components of the GBM include type IV collagens with a3, 4, and 5 chains,
laminin P2, negatively charged GAGs, and core proteins, such as agrin, perlecan,
nidogen, and collagen XVIIEZ491, Laminin and collagen networks are the main
determinants of the penetrative and selective barrier functions of the GBMI[24; however,
their roles are beyond the scope of this article. Agrin is mostly produced by podocytes,
has a molecular mass of 212 kDa, and carries at least two HS chains, and it constitutes
the staple PGs of the GBM in all adult species studied2. Perlecan, with a molecular
weight of 467 kDa, is mainly produced by glomerular endothelial cells and is attached
to three HS side chains by the N-terminal domain I attachment sites. It occurs_in the
GBM during development but after this stage it is predominantly found in the
mesangi% matrix and Bowman's capsule, as is collagen XVIII**]. The HS in the GBM
consists of alternating glucosamine and D-glucuronic acid/L-aduronic acid residues,
which are negatively charged due to the presence of multiple carboxyl and N-, 2-O-, 6-
O-, and 3-O- sulfate groupsl?l. Additionally, the carbohydrate side chain SA is involved
in the formation of the negative charge for GBMP¢. Previous studies believed that
GAGs in the GBM, including HS, could repel negative charges, including albumin, and
prevent their filtration. For example, ferritin and bovine serum albumin filtration

occurred by inculcating bacterial GAGs degrading enzymes to remove GAGs at the
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original site of the GBMI?/8]. Injection of the anti-HS antibody JM403 causes hematuria
and albuminuria in rats[®l. In many renal diseases, such as DKD, lupus nephritis,
microlesions, and membranous nephropathy, the content of HS in the GBM was
reduced and inversely correlated with urinary protein excretion levels!5.10],

However, the primary negative charge-dependent barrier function of the HS in the
GBM does not stand up to scrutiny. One key component of HS assembly is the Ext1
gene product-the HS co-polymerase subunit. Using podocyte-specific Extl knockout
(PEXTKO) mice to stop the polymerization of HS secreted by podocytes, Chen et all'01]
found that the glomerulus foot process disappeared and mild and non-significant
proteinuria occurred. To verify the presence or absence of anion sites in the GBM, they
used GBM-specific HS-GAGs monoclonal antibody and polyethyleneimine staining to
show a significant and sustained reduction in glomerular capillary wall HS-GAGs.
Nevertheless, it is important to note that the staining of the HS-GAGs in the glomeruli
was not wholly eliminated as mesangial and endothelial cells could still assemble HS-
GAGs. Hence, HSPG secreted by podocytes is not necessary to limit proteinuria, and
other mechanisms may exist. In this study, it cannot be ignored that the HSPG secreted
by podocytes appears to have the ability to control podocyte behavior. However,
Harvey et all'®l reported that GBM-specific agrin knockqut mice did not develop
podocyte foot process effacement. This suggests that neither HS-GAGs on agrin nor the
agrin core proteins are critical in mediating foot process morphology. In immortalized
podocytes, the loss of EXT1 results in the absence of not only ECM-related HS-GAGs
but also cell membrane-associated HS-GAGs. From a cell-matrix interaction
perspective, the pgdocyte phenotype of PEXTKO may be due to the podocyte surface
HSPG’s inability to interact with HS-GAG-binding proteins such as laminin in the
GBM01l, Research investigating perlecan-HS and perlecan/agrin-HS dual mutated
mice showed that anionic sites were significantly decreased within the GBM. However,
the glomerular structures and renal functions were not altered overall and measurable
proteinuria was not observed[!®l. This indicates that the major role of HS in the GBM as

a charge-selective barrier of capillaries can be ruled out. However, further research into
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the function of the HPSE and HS of the GBM in proteinuria production under
pathological conditions, such as the Streptozotocin (STZ)-induced albuminuria in

HPSE-TG mice or PEXTKO mice, is still required!®!].

Podocyte glycocalyx

Several studies have been performed on the glycocalyx of podocytes. According to the
different structures, podocytes can be separated into four areas: Apical membrane area
of foot processes, cytoskeleton area, hiatus membrane between foot processes, and GBM
junction area (bottom of foot processes of podocytes). The apical membrane region of
the foot process is rich in SA and sulfate PGs, which provide the surface layer of the
foot process with an anion charge barrier. The podocyte skeleton region, comprised of
microtubules and filaments, maintains the typical morphology of podocytes and foot
processes. The 25-60 nm hiatus between adjacent foot processes is connected by the slit
diaphragm (SD), a specialized tight junction of proteins, including nephrin and
podocin. This has been considered the central area for size selectivity in the filter
barrier. However, Lawrence et all'™l recently stated that size-selective penetration into
the lamina densa of the GBM and the podocyte glycocalyx, coupled with saturable
tubular trapping, determines the macromolecules that enter the urine without direct
size selection through the SD. Unlike the glycocalyx on the apical membrane region of
the podocyte, the GBM junction area is covered by a unique glycocalyx['%5l. It is
presumed that the glycocalyx between the podocytes and GBM could be responsible for
a portion of the charge selectivity of the GFB?4. Dystroglycan, a highly glycosylated
protein, is mainly localized in the basolateral and apical membranes of the cell. It can
act as a receptor for laminin and agrin in the GBM and maintain SD structures by
charge repulsionl?ll. Significantly, the major salivary protein of the podocyte glycocalyx
is podocalyxin, and this is mainly expressed in the apical membrane area and is highly
glycosylated by 20% hexose, 4.5% SA, and N-acetylglucosaminel?l. In the human
minimal change disease model simulated by puromycin aminoglycosides, the

podocalyxin SA content in podocytes decreased, and foot processes fused, suggesting
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that the foot process fusion in puromycin aminoglycoside nephropathy was related to
the reduction in SALY]. Likewise, perfusion of the isolated rat kidney with polycations
(e.g., protamine sulfate) to neutralize the polyanionic surface led to podocyte foot
process retraction, SD displacement, and tight junction and gap junction formation
between foot processes('®l. These phenomena considered that protamine sulfate
neutralizes the negative charges of sulfate and SA residues on the PG membranes,
which in turn altered podocyte morphology and intercellular connections through the
attachment of ezrin protein and Na*/H*-exchanger regulatory factor 2 to the actin
cytoskeleton, increasing albumin filtration through the podocytell09. In addition, it was
also reported earlier that decreased podocyte-associated sulfate carbohydrates in DKD
contribute to abnormally elevated urinary albumin excretion rates(''%l. Thus, the loss of
the podocyte glycocalyx charge and the secondary changes in podocyte morphology
may have caused abnormal albuminuria.

However, the role of the podocyte glycocalyx in DKD is still in dispute. Garsen et
alll used podocyte-specific endothelin receptor type A (ETRA or Ednra)/ETRB or
Ednrb deficient (podETRKO) mice to induce diabetes. They found that diabetic wild-
type (WT) mice displayed increased cortical HPSE mRNA, glomerular HPSE protein
expression, and glomerular HPSE activity, whereas glomerular HS expression was
decreased. The glycocalyx thickness of endothelial cells and podocytes was reduced by
approximately 50%-60%, with significant proteinuria. In contrast, in diabetic
podETRKO mice, HPSE and HS expression was normal, only the podocyte glycocalyx
decreased by approximately 25%, and the proteinuria decreased significantly. The
reduced podocyte glycocalyx thickness in the podETRKO mice appeared to be
insufficient to produce albuminuria. Nevertheless, they did not rule out the possibility
that proteinuria in diabetic WT mice required a combined reduction in the endothelial
and podocyte glycocalyx. Furthermore, the critical role of growth factors in podocyte-
endothelial crosstalk involves maintaining glycocalyx integrity, and this will be

discussed in the following section.
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MECHANISMS OF GLYCOCALYX DAMAGE

The specific mechanisms of glycocalyx damage in the early stages of DKD that were
associated with oxidative stress, proinflammatory cytokines, growth factors,
transcription factors, and other factors were reviewed. It is of note that all these

mechanisms will require further refinement beyond existing reports in future studies.

Oxidative stress

ROS overproduction is vital for the pathogenesis of DKD. Specifically, the generation of
ROS with DKD results from mitochondrial production, NAD(P)H oxidase, and
xanthine oxidase (XO), among othersl!2l, The damage to the glycocalyx caused by ROS
can be summarized as follows: (1) ROS can degrade HA, HS, and CS, which will
directly destroy the glycocalyx. ROS cleave HS chains primarily from the glomerular
EG, disrupting the EG via a direct mode of action without affecting the GAGs
biosynthesis pathwayl®ll; (2) ROS can upregulate the expression of related sheddases to
degrade the glycocalyx. For example, ROS activates MMPs and dissolves syndecan
domains to induce glycocalyx proteolysis, which causes the glycocalyx to fall offl113];
and (3) ROS are capable of inactivating endogenous inhibitors of neutrophil elastase,
and the neutrophil elastase then binds the HS chains of the syndecans, leading to their
degradation(114].

In DKD research, ET and ET-related receptors have always been a research focus.
Recently, the specific involvement of mitochondrial ROS in endothelial injury in early
diabetic mice was well documented. Mitochondrial DNA damage in the glomerular
endothelial cells of DKD-susceptible mice and DKD patients was associated with
increased glomerular Ednra expressionl'’5l. Higher plasma ET-1 levels were also
observed in diabetic patients and DKD animal models/!6117l. Ebefors ef all'8] reported
that podocyte-derived ET-1 increased the expression of HPSE and HYAL in glomerular
endothelial cells through Ednra, thereby mediating ESL loss. In mice, endothelial
damage (including glycocalyx damage), proteinuria, podocyte loss, and

glomerulosclerosis induced by diabetes were mitigated by mitochondrial ROS
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scavenging or a specific Ednra blockade. Therefore, Qi et all'’ proposed that the
upregulation of endothelial Ednra and the activation of circulating ET-1 characterize
DKD susceptibility in mice and humans. Combined with previous control studies by
Garsen et alllll that involved diabetic podETRKO mice and WT mice, ETRA/ETRB
deficiency was found to protect the endothelial and podocyte glycocalyx from HPSE
degradation and reduce the production of proteinuria. It can thus be concluded that the
overactivation of the ET-1 signaling path in the endotheliocyte and/or podocytes is a
detrimental factor associated with glycocalyx damage and proteinuria in DKD. AGEs
are also involved in mitochondrial ROS production under high-glucose conditions.
AGEs can act on the receptor of AGEs (RAGE) on podocytes and activate the nuclear
factor kappa-B (NF-«B) pathway, leading to increased HPSE synthesis!'°].

NAD(P)H oxidase appears to be an essential mediator of ROS generation in
glomerular endothelial cells. Human glomerular endothelial cells treated in a high-
glucose environment showed increased ROS production, and this could be blocked
entirely by NADPH oxidase inhibitors[120l. NAD(P)H oxidase 2 (NOX2) and NOX4 have
substantial roles in glycocalyx injury related to DKD. In the early stage of diabetes in
Akita mice, NAD(P)H oxidase was activated in endothelial cells, and the ROS level was
increased. Excessive ROS activated the transcription of HPSE wvia the nuclear
translocation of the E-26 transcription factor'?ll. To further validate that NAD(P)H
oxidase activation initiated and worsened DKD progression, Nagasu et all'22] bred
endothelium-targeted Akita mice overexpressing NOX2 (NOX2-TG-Akit mice), which
exhibited reduced ESL and had further increases in their capillary permeability. When
NOX2-TG-Akit mice were treated with gp91TAT, a NOX2-specific inhibitor, at 6-8 wk
of age, glomerular tomato lectin staining was restored and similar to that in the WT
mice. Besides the NOX2 subunits, NOX4 expression was also increased in diabetic
kidneys['?l and was interconnected with inflammation. The ROS produced by NOX4
increased the damage to the macromolecules and led to the generation of advanced
oxidation protein products, advanced lipid oxidation end products, and AGEsl124. In

the glomerulus, AGEs acted through RAGE to stimulate the release of proinflammatory
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cytokines and the expression of DKD-related molecules, such as vascular endothelial

growth factor (VEGF), connective tissue growth factor, transforming growth factor-p,
insulin-like growth factor-1, platelet-derived wth factor, TNF, IL-1p, and IL-61'25126],
Overall, endothelial injury is clearly related to increased endothelial ROS production by
NAD(P)H oxidase, represents a critical step in the pathogenesis of DKD, and may be a
potential therapeutic target for its onset.

XO is mainly expressed in the liver and intestinel!27l. In STZ-induced diabetic rats, XO
expression was increased in the liver and was taken up by glomerular endothelial cells
via blood circulation, where it could then bind with sulfated GAGs on the endothelial
surfacel128130, There was no difference in xanthine oxidoreductase activity in liver
tissues between the WT and Akita mice, but the Akita mice showed higher xanthine
oxidoreductase activity in renal tissues. Renal XO produced excessive ROS in
endothelial cells, which led to a disturbance of endothelial homeostasis, a reduction of
the glycocalyx, and proteinuria. Topi, a nonpurine-selective XO inhibitor, could reduce
albuminuria by mitigating endothelial damage induced by glomerular oxidative stress
from XO activation'3!l. It was thus inferred that ROS causing glycocalyx damage in

DKD originates, at least in part, from the XO system.

Proinflammatory cytokines

Inflammation is viewed as a vital mechanism in the development and progression of
diabetes mellitus, and it persists for a long period before the onset of DKDI!32], TNF-a is
a proinflammatory cytokine that can directly destroy the glycocalyx[3 but also
increase the permeability of endothelial cells by activating MMP-9, mediating the
destruction of the EG caused by syndecan-4 and HS sheddingl®l. The clinical use of a
TNF inhibitor (enalapril) attenuated glycocalyx loss in an experimental endotoxin
modell’*]. High levels of glucose could cause the abnormal regulation of TNF-a
mediators, producing microalbuminurial®®l, In patients with type 2 DKD, the increase
in serum IL-13 preceded the increase in serum HS, suggesting that abnormal

inflammasomes predate and may contribute to the impairment of EG['32. Reine et all1%]
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showed that IL-1, via MMP-9, induced syndecan-4 shedding in conditiorﬁly
immortalized human glomerular endothelial cells in a dose-dependent manner. The
NACHT, LRR, and PYD domains-containing protein 3 (NLRP3) inflammasome is one of
the most comprehensively studied inflammasomes involved in the emergence and
development of various inflammation-related diseases, and diabetes is no exception(137l.
The NLRP3 inflammasome activates IL-1p and IL-18, which can both subsequently
activate the intracellular sjignaling molecule MyD88 by binding to the cell surface
receptor, and this activates the NF-«B signaling pathway. The activated NF-xB signaling
pathway can increase the secretion of proinflammatory mediators, such as cytokines
and chemokines, and ultimately destroy the EGI'3]. The damage to the vascular EG
exposes ICAM-1 and VCAM-1. Circulating leukocytes are, thus, more likely to adhere
to the endothelial cells, éurther contributing to inflammation and endothelial
dysfunction. Furthermore, fragments produced by glycocalyx degradation induce the
polarization of T helper 1 cells, which subsequently induces the upregulation of CD44
and Toll-like receptors 2 and 4. This results in the adhesion and rolling of macrophages
and monocytes, activation of the NF-xB pathway, and upregulation of the expression of
HPSE, MMPs, HYAL, HAS, and NEU/®I. Diabetic inflammatory conditions and
glycocalyx shedding cause a vicious cycle, and thus, the integrity of the glycocalyx must
be protected under inflammatory conditions.

Monocyte chemoattractant protein-1 (MCP-1) is involved in the recruitment of
monocytes, the migration of monocytes and macrophages, and the regulation of
macrophage differentiation. Once chemokines are induced, chemical ligand gradients
or chemokine gradients are formed for the directed migration of cells expressing
appropriate chemokine receptors. Moreover, these gradients are formed along
extracellular structures, such as the HS GAGs of the glycocalyx[!¥]. In patients with
DKD, MCP-1 was increased in renal tissues and urinel'*’l. Even in the early period of
DKD, macrophages can be identified in the glomerulil'*ll. Infiltrating macrophages
could secrete cathepsin L, activate HPSE, and disrupt EG. The C-C chemokine receptor
type 2 (CCR2) is an MCP-1 cognate receptor. The blockade of CCR2 with the small
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molecule CCX140-B was found to reduce proteinuria in patients with DKDI42. An
animal study by Boels ef all'¥3] showed that the treatment of diabetic apo-E knockout
mice with an MCP-1 inhibitor, the Spiegelmer emapticap pegol (NOX-E36), for 4 wk,
resulted in the polarization of tissue macrophages to an anti-inflammatory phenotype,
restoration of glomerular EG, and the reduction of albuminuria, despite the persistent
loss of podocyte function. Meanwhile, in a double-blinded, randomized, multicenter
pilot study, NOX-E36 was also observed to be safe and well tolerated and to have
beneficial effects on the urinary albumin/creatinine ratio and hemoglobin Alc in
patients with T2DM and albuminuria in five European countriesl!¥l. The cellular
mechanisms involved in EG degradation remain obscure. It has been reported that
proinflammatory factors such as TNF-a activate mast cells to generate HYAL, HPSE,
and MMP-9/2[¥]. Mast cells can also activate adipose tissue cells to release HPSE, which

can then degrade HS chains!'4].

Growth factors

The crosstalk between glomerular endothelial cells and podocytes is a major event in
the progression of DKD, in which growth factors play a pivotal rolel'4¢l, There are five
VEGF variants in humans, VEGF-A, -B, -C, -D, and the placenta growth factorl147l.
VEGF-As1es5, a VEGF-A splice variant, is the most abundant isoform in the human body.
It mainly forms and maintains endothelial fenestration through VEGF receptor 2
(VEGFR-2)[148]. VEGF-A1s5 was upregulated during the early stages of DKD in both
humans™l and in experimental models!'™l. Moreover, VEGFR-2 was also upregulated
in early DKD and associated with enhanced glomerular endothelial VEGF-A165-VEGFR-
2 signalingl'®ll. VEGF-A1es boosted the production of MMP-9, A disintegrin, and
metalloproteinase domain 17, and increased the removal of sulfate GAGs from the
glycocalyx[1521%3], In contrast, VEGF-A1esb protected the EG, as demonstrated in an early
mouse model of TIDM. The application of human recombinant VEGF-Asesb restored
glomerular EG thickness, possibly via delayed downstream signaling by VEGF-Ajesb-
induced VEGFR-2, thus indicating VEGFR-2/VEGFR-1 heterodimer formation!('54l,
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Aside from VEGF-Aissb, VEGF-C can also antagonize VEGF-A /VEGFR-2 signaling and
reduce macromolecular protein passagel?l. The VEGF-C treatment blocked the VEGF-
A-induced increase in glomerular permeability in vitro and rescued the elevated
albumin permeability in the glomeruli of type 2 diabetic mice with proteinuria.
Glomerular albumin permeability was increased in mice when administered either
acutely (30 min) or chronically (2 wk) with shedding enzymes, but VEGF-C blocked this
effect while maintaining the EG depth and/or coveragel'>l. Most importantly, VEGF-C
could also induce HA and CS synthesis and significantly increased the expression of N-
deacetylase/N-sulfotransferase-2, which is responsible for adding a sulfate group to
GAGs to increase the negative charge of the glycocalyx[!53]. Angiopoietins are another
type of endothelial cell growth factor that interact with VEGF to regulate endothelial
cell permeabilityl3!]l. The two paramount members of the Angiopoietins family are Ang-
1 and Ang-2I"¢l, For normal endothelial function, the receptor Tie2 must interact with
VEGFR-2[157]. In normal physiological conditions, the phosphorylation of the receptor is
mainly induced by Ang-1. However, in diabetic pathological conditions, the balance
between these two isoforms is disrupted, and Ang-2 prevails, which results in increased
HPSE-dependent glycocalyx degradation(!58l. Furthermore, Ang-2 increases VEGF-A
expression, which in turn reinjures the glycocalyx by upregulating MMP-9I'2], 1t is safe
to conclude that VEGF-Aiesb, VEGF-C, and Ang-1 can inhibit increases in the
glomerular VEGF-A¢s5 signal, rebalance the related sheddase, restore the EG layer, and

reduce proteinuria in patients with diabetes.

Others

Kriippel-like factor 2 (KLF2), an essential member of the KLFs, is highly expressed in
vascular endothelial cells and participates in the regulation of vascular tone, anti-
inflammation, anti-thrombosis, angiogenesis, and other essential processes that are
required to maintain vascular homeostasis'®*161,  According to research, KLF2
expression was reduced in STZ-induced diabetic rats. Compared with diabetic WT

mice, diabetic KLF2 knockout mice showed increased glomerular expression of VEGF-
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A, VEGFR-2, and Ang-2 and decreased expression of VEGFR-1, Tie2, and Ang-1, as well
as decreased expression of the zonula occludens-1 (ZO-1), glycocalyx, and eNOS. These
data suggest that KLF2 down-regulation may contribute to glomerular endothelial cell
damage in early DKD. The potential gene regulated by KLF2, NOS-3, reportedly
encodes eNOS. In diabetic kidneys, eNOS expression may be inhibited by high levels of
glucose, and KLF2 is required as a compensatory mechanism to maintain its expression.
However, the specific mechanism by which KLF2 reduces endothelial damage in a
diabetic environment will require further investigation. KLF2 may attenuate DKD by
activating anti-oxidative sﬁess and anti-inflammatory pathways('6ll. Long non-coding
RNA H19 was obviously increased in diabetic glomeruli and high glucose-stimulated
rat glomerular endothelial cells. Deficiency or silencing of the HI19 gene could
significantly relieve endothelial structural damage in diabetic rats by upregulating the
expression of ZO-1, occludin, syndecan-1, and endothelial cell activation markers
sVCAM-1 and sICAM-1 via the Akt/eNOS signaling pathwayll¢2l. The antiaging gene
Klotho encodes a single-channel transmembrane protein expressed in the kidneyl163].
Klotho protein expression was diminished in the kidneys of patients with early DKD,
Akita mice, and diabetic models like STZ-induced or db/db micel®+1¢7l. Moreover,
Klotho gene deficiency aggravated glomerular injury in diabetic models('®l. To date, the
molecular mechanisms underlying Klotho loss and its contributions to diabetic
glomerular injury have not yet been confirmed. Oxidative stress or the extracellular
signal-regulated kinase, NF-kB, induces low-density lipoprotein oxidation and may
suppress Klotho expression in Akita micel'¥’l. Kadoya ef all167] used lectin staining to
measure glomerular ESL and discovered that Akita mice had distinctly smaller areas of
positive staining than WT mice while KLTG Akita mice (obtained by crossing Klotho
transgenic mice with Akita mice) had decidedly restored areas of positive staining and
reduced albuminuria. As klotho induces the expression of manganese SOD (MnSOD),
which is a major superoxide scavenger and is resistant to oxidative stress, it was

hypothesized that klotho protects against glycocalyx damage by inducing MnSOD.
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Therefore, the recombinant Klotho protein may be a new target for future DKD

treatments.

THERAPIES TARGETING GLYCOCALYX DAMAGE

At present, two targeted treatment strategies are available for glycocalyx damage:
Replace the lost glycocalyx components directly and weaken or enhance the specific

targets of the glycocalyx damage process to prevent further damage.

Glycocalyx replacement therapy

Attempts to supplement charge loss via GAGs have focused on sulodexide, a compound
of small molecular mass GAGs (80% HS and 20% CS), which has been used to treat
microvascular complications in patients with diabetesl!%%l. Initially, a few small studies
were conducted which demonstrated its effectiveness in DKD patients with
microalbuminurial?1%l. Subsequently, however, two more extensive randomized,
double-blinded, placebo-controlled studies were conducted, and they confirmed that
treatment with sulodexide did not decrease proteinuriall®$170l It is important to
emphasize that many researchers believed that the role of sulodexide was
underestimated in these later studiesl!7ll. Furthermore, research is also required to
determine whether sulodexide is absorbed through the gastrointestinal tractl®!l, Using a
transplantation-induced ischemia/ reperfusion model, Jacob et all'”2l discovered that
albumin supplementation reduced glycocalyx shedding and leukocyte adhesion to the
endothelial cells.

Glycocalyx degradation-blocking therapy

In addition to the HPSE antibodies or specific HPSE inhibitors that could prevent the
degradation of GAGs, heparin (analogs) was also found to have a protective effect on
DKD because it effectively inhibited HPSE activity. If heparin components with the
maximum HPSE inhibitory effect and minimum anticoagulant activity are selected,

then these heparin derivatives could function as inhibitors to protect the glycocalyx.
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Other potential targets may be the transcription, transport, and processing levels of
HPSEP!. A previous study showed that the steroid hormone vitamin D can reduce the
expression of HPSE in damaged cells, both in vivo and in vitro, and its mechanism may
be to directly bind to the HPSE promoter through its receptor, affecting the activity of
the HPSE promoter'73l. In addition, RAAS blockers like angiotensin-converting enzyme
inhibitors could inhibit HPSE activityl'74. Piperazine ferulate has been widely used in
the treatment of various kidney diseases. It was recently reported that piperazine
ferulate downregulates the expression of HPSE-1 and increases the expression of
syndecan-1 by regulating the expression of AMP-activated protein kinase (AMPK),
thereby reducing the degradation of the glomerular glycocalyx and alleviating the
damage to the glomerular endothelial cell filtration barrier that was induced by high
levels of glucosel'75l. Manipulating the glycocalyx by inhibiting MMPs provides an
attractive therapeutic target for DKD. MMP inhibitor therapy has become a reality in
clinical settings, as, for example, tetracycline, an antibiotic agent, can inhibit MMPs at
subantibiotic dosesl!7¢l. The development of more specific MMP inhibitors is expected to
reduce some of the adverse reactions associated with the broad-spectrum MMP
inhibitors currently involved in clinical trials(32l.

Enhanced oxidative stress damages the glycocalyx in DKD, both directly and
indirectly. The selection of targeted antioxidants is thus also essential. AdipoRon is an
oral, synthetic adiponectin receptor agonist that activates the AMPK/peroxisome
proliferation-activated receptor-a pathway, reducing high glucose-induced oxidative
stress and apoptosis in endothelial cells and thus improves endothelial dysfunction(!771.
The RAAS blocker telmisartan reduced proteinurial'®l and NAD(P)H-dependent
oxidase activity['™! in T2D patients. Pyrazolopyridine compounds, GKT136901 and
GKT137831, were dual inhibitors of the NOX1 and NOX4 subtypes that reduced ROS
formation in db/db micel'8%. Recent studies have found that Cyclocarya paliurus
triterpenoids mitigate oxidative stress in endothelial cells through the ROCK pathway,
reduce VCAM-1 and ICAM-1 levels, block glycocalyx damage, and ultimately improve

renal endothelial functionl’8!l. Most importantly, the Ednra receptor antagonist could
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reduce glomerular vasodilation, promote the binding of ET-1 to Ednrb, enhance NO
synthesis, decrease the production of ROS, reduce glycocalyx damage, and change the
glomerular permeability of albuminl'8218I. The first use of Bosentan was found to have
little effect on reducing proteinuria in recent studies, while the use of Avosentan was
also discontinued early due to the high incidence of heart failurel'84. Although Endra
has been reported to cause sodium retention (Ednra blocking reduces the constriction of
efferent arterioles and hyperfiltration), most studies indicate that fluid retention results
from Ednrb blocking because Ednrb activation in the renal collecting ducts promotes
sodium and water excretion through sodium channelsl!$5l. Based on pharmacological
actions, it is believed that the selectivity of Bosentan (Ednra: Ednrb block = 20:1) and
Avosentan (Ednra: Ednrb block = 50-300:1) for Ednra is reduced at high doses, resulting
in sodium and fluid retention due to the Ednrb blockadel'$4l. If so, low-dose and highly
selective ET receptor antagonists may be the way forward to improve the effective
clinical use of this class of drugs. Atrasentan (Ednra: Ednrb block = 1200:1) is a selective
receptor blocker[1851. Boels ef all183] found that Atrasentan therapy restored EG, reduced
glomerular HPSE expression, increased the renal NO concentration, and significantly
altered the glomerular macrophage M1 and M2 balance, eventually reducing the
urinary protein creatinine ratio in diabetic apo-E deficient mice. This result was also
verified in vitro in the co-culture of endothelial cells and pericytes exposed to laminar
flow. Nevertheless, even with highly selective antagonists, increasing the dose may lead
to fluid retention and heart failure. It underscores the necessity of drug combinations so
that the benefits from Atrasentan treatments for nephropathy can be achieyed while
also reducing the incidence of adverse cardiovascular events. Ultimately, 0.75 mg/d
Atrasentan as an adjunct to RAAS inhibition was identified as the optimal dose for
renal protection, as this could minimize proteinuria but also had the lowest indicator
for salt retention in patients with T2DM and DKDI'%¢l. Another approach to avoiding
heart failure is to use a combination of Ednra inhibitors with sodium-glucose
cotransporter 2 (SGLT2) inhibitors. The ZENITH trial tested this hypothesis by

randomizing chronic kidney disease patients with and without T2DM to receive
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Zibotentan in combination with the SGLT2 inhibitor dagliazine. The trial results are
expected to be available in 2023[1%7l. The Ednra inhibitors are thus a welcome
pharmacological addition that could help to further reduce the risk of renal outcomes in
patients already treated with RAAS and SGLT2 inhibitors!!88l. Moreover, the
hypoglycemic agents SGLT2 inhibitors had beneficial effects on the endothelium,
primarily through their anti-inflammatory and antioxidant effectsl'®?l. The glucagon-like
peptide-1 receptor agonist can lower the harmful effects of oxidative stress and
inflammation in endothelial cell mitochondria by activating glucagon-like peptide-1
receptor[190].

Inflammation and oxidative stress are always inextricably intertwined. Inhibiting the
NLRP3 inflammasome and IL-1f could reduce mitochondrial ROS production*1, and
some NLRP3 inhibitory molecules, for example, MCC950, CY-09, OLT1177, and FT011,
have been developed for in vitro and animal experiments'91%l, Pentoxifylline (PTF), a
methylxanthine-derived phosphodiesterase inhibitor, had powerful antioxidant
properties when used alonell%l or in combination with angiotensin-converting enzyme
inhibitor in small studies of DKDI'%7], A meta-analysis reported that pentoxifyllines had
a significant antiproteinuric effect in all patients with DKD, which might be attributed
to a decrease in pro-inflammatory cytokines!'l. The transforming growth factor-f§
inhibitor pirfenidone™! has also been found to improve oxidative stress in chronic
hyperglycemic renal lesions in rats. However, the studies on this medicine are in their

preliminary stages and further evaluations are requiredlzml.

CONCLUSION

Approximately half of all patients with DKD may eventually develop end-stage renal
disease and face dialysis treatment, creating serious health and economic burdens for
countries, societies, and individuals. It is thus imperative that methods are developed to
delay, prevent, or reverse DKD progression at an early stage. Microalbuminuria is the
best predictor of high DKD risk. Endothelial dysfunction with glycocalyx damage has

been identified as the first step in developing microalbuminuria in early DKD. The EG,
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or ESL, is a complex dynamic hydrated structure that is integral to the formation of the
glomerular negative charge barrier. Under normal physiological conditions, the
degradation and remodeling of the EG can maintain a balance that effectively prevents
albumin filtration. However, in the diabetic microenvironment, excessive oxidative
stress, inflammation, and other harmful factors combined with the presence of related
degrading enzymes promote the increased shedding of glycocalyx components and
homeostasis imbalance, leading to endothelial dysfunction and eventual proteinuria. In
addition, the interaction between podocytes and endothelial cells and the joint shedding
of the EG and podocyte glycocalyx are also one of the important causes of proteinuria.
Therefore, targeting the key molecules in the glycocalyx damage mechanism to prevent
the continuous loss of the glycocalyx or replace the lost glycocalyx components is thus a
promising therapeutic strategy. Furthermore, this strategy also highlights the

importance precision medicine will have in the future (Figure 1).
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