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Abstract
Introduction Diabetes is a chronic and progressive disease that usually causes disrupts the function of the body’s organs 
and can eventually lead to cardiomyopathy, nephropathy, retinopathy, and neuropathy. Diabetic nephropathy (DN) is the 
most common cause of chronic kidney disease and causes chronic structural changes in different parts of the affected kidney. 
Glycocalyx layer is one of the most important components of the vascular base found in the endothelium throughout the 
body’s arteries and it has been shown that glycocalyx is also damaged during diabetic nephropathy. Our goal is to conduct 
this systematic review study is to find the cause-and-effect relationship between glycocalyx and diabetic nephropathy and also 
to clarify the role of the endothelial renal glycocalyx in understanding of mechanism of the course of diabetic nephropathy, 
and to provide an accurate background for further important studies.
Methods All databases included MEDLINE (PubMed), Science Direct, Scopus, Ovid and Google Scholar were systemati-
cally searched for related published articles. In all databases, the following search strategy was implemented and these key 
words (in the title/abstract) were used: “diabetes” AND “glycocalyx” OR “diabetic nephropathy” AND “glycocalyx”.
Results and discussion A total of 19 articles were retrieved from all databases using search strategy. After screening based 
on the title and abstract, number of 17 of them selected for full text assessment. Finally, after extracting the key points and 
making connections between the articles, we came up with new points to consider. It can be said that diabetes with the action 
of reactive oxygen species through oxidative stress, increases ICAM-1 and TNF-α and decreases heparanase enzyme, it 
affects the glomerular endothelium and eventually leads to albuminuria and destruction of the Glx layer.
Conclusion Diabetes causes super-structural changes in the kidney nephrons at the glomerular level. The glomerular filter 
barrier, which includes the epithelial cell called the podocyte, endothelial pore cells, and basal membrane of the glomerulus, 
plays a major role in stabilizing the selective glomerular function in healthy individuals. Diabetic nephropathy also causes 
changes in endothelial glycocalyx.
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Introduction

Diabetes is a chronic and progressive disease that, by dam-
aging the vascular endothelium of various organs in the 
body, increases the risk of premature death, organ failure, 
and disability [1]. Chronic diabetes usually causes micro 
and macroangiopathy, which in turn disrupts the function 
of the body’s organs, especially the heart, kidneys, retina, 
peripheral and central nervous systems, and can eventually 
lead to cardiomyopathy, nephropathy, retinopathy, and neu-
ropathy [2–5].

Diabetic nephropathy (DN) is the most common cause 
of chronic kidney disease (CKD). This complication has a 
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progressive course and gradually leads to end-stage renal 
disease (ESRD) [6]. Patients with ESRD may eventually 
need a kidney transplant or dialysis, and in addition to physi-
cal disabilities, they will be subject to heavy economic pres-
sures [7]. As a result, recent research in diabetic nephropathy 
has focused on new diagnostic and therapeutic goals to pre-
vent the progression of the disease by early diagnosis and 
effective treatment [8].

Diabetic nephropathy causes chronic structural changes 
in different parts of the affected kidney. Although tubular-
interstitial damage is an important component of diabetic 
kidney damage, the first changes in diabetes occur in treated 
glomeruli in the form of increased extracellular fluid and 
fibrosis and thickening of the capillary membrane [9]. Sev-
eral studies have shown that oxidative stress plays an impor-
tant role in the occurrence of such problems and nephrotox-
icity [10].

One of the most important components of the vascular 
base found in the endothelium throughout the body’s arteries 
is the vascular glycocalyx layer. This layer is a network of 
proteoglycans and glycosaminoglycans involved in various 
physiological processes. Heparin sulfate (the most glycosa-
minoglycan), chondroitin sulfate, dermatan sulfate, and hya-
luronan are among the most important vascular glycocalyx 
layer proteoglycans. Glycosaminoglycans have a negative 
charge on the glycocalyx (Glx) layer, so they can act as an 
electrical barrier against material passing through the cap-
illary wall. Vascular Glx is a binding site for enzymes and 
other important endothelial elements and is involved in the 
transmission of mechanical force, the guidance of intercel-
lular messages, and in inflammatory processes [11].

Traditionally, microalbuminuria has been used as the first 
biomarker of diabetic nephropathy. However, due to the pro-
gressive nature of this complication, researchers are looking 
for indicators that can detect kidney involvement before the 
onset of microalbuminuria. One of these new markers is 
glycosaminoglycans, which are essential components of the 
Glx structure [12].

Given the clinical significance and high prevalence of dia-
betic nephropathy and the difficulties in coping with it, it is 
essential to find new diagnostic and therapeutic approaches 
to early detection and correction of injuries caused by dia-
betic nephropathy. Recently, the prominent role of endothe-
lial glycocalyx (eGlx) has been shown as a valuable study 
clue in various vascular pathologies. Due to the diabetic 
pandemic and the increasing prevalence of nephropathy, it 
is necessary to identify the factors affecting its development 
and effective treatments. Our goal is to conduct this system-
atic review study is to find the cause-and-effect relationship 
between Glx and diabetic nephropathy and also to clarify the 
role of the endothelial renal Glx in understanding of mecha-
nism of the course of diabetic nephropathy, and to provide an 
accurate background for further important studies.

The role and relationship of oxidative stress as a factor in 
activating signaling pathways of processes such as apopto-
sis, inflammation and cell response to stress [13], with the 
development of diabetic nephropathy and Glx destruction 
will also be investigated.

Methods

All databases included MEDLINE (PubMed), Science 
Direct, Scopus, Ovid and Google Scholar were systemati-
cally searched for related published articles. In all databases, 
the following search strategy was implemented and these 
key words (in the title/abstract) were used: “diabetes” AND 
“glycocalyx” OR “diabetic nephropathy” AND “glycoca-
lyx”. Our search included in vitro conditions, computer 
models, animal models, and human models. The audit of 
these articles was based on the validity, journal IF and the 
specialized relationship of the article with our topic. After 
fully justifying the members of the group and dividing the 
responsibility, each member, in accordance with his / her 
assigned responsibility, carefully identified all the articles 
searched with the mentioned keywords and notified the rel-
evant results in the next meetings. After discussing the rel-
evant contents between the members, the related contents 
were separated by specific headings and replaced by head-
ings in the original article. After writing the original text, 
the article was read many times by all the authors and finally, 
after editing, it was ready to be presented to the journal.

Results and discussion

A total of 19 articles were retrieved from all databases 
using search strategy. After screening based on the title and 
abstract, number of 17 of them selected for full text assess-
ment. Finally, after extracting the key points and making 
connections between the articles, we came up with new 
points to consider.

eGlx and its structure

Endothelial glycocalyx (eGlx) is the first protein barrier in 
blood vessels. Damage to eGlx is seen in both type 1 and 
type 2 diabetes [14]. A wide range of membrane-bound 
macromolecules, including glycoproteins containing acidic 
oligosaccharides and terminal sialic acid (SA), as well as 
proteoglycans together with the associated glycosamino-
glycan (GAG) side chains, form the endothelial cells (EC) 
[15]. Components that attach to this biopoly matrix include 
plasma proteins, enzymes, enzyme inhibitors, growth fac-
tors, and cytokines, through cationic sites in their structure, 
as well as cationic amino acids, cations, and water [16, 17].
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GAGs are heteropolysaccharides characterized by single 
disaccharide repeats [18]. Hyaluronic acid (HA), heparan, 
chondroitin, creatine and dermatan sulfates are GAG types 
[19, 20]. Among these, heparan sulfate has the highest 
amount, which is 50–90%. Small changes in the concen-
tration and organization of GAGs can greatly affect eGCX 
function because GAGs contain different binding sites for 
plasma-derived proteins [21, 22].

Syndecans-1, expressed in ECs, has three GAG junctions 
that are essentially replaced by HS [23]. The only glypican 
expressed in ECs is glypican-1. Close to the membrane, 
three to four of its GAG junctions are replaced exclusively 
by HS. Glypican-1 binds directly to plasma plas mem-
branes via a glycosylphosphatidylinositol (GPI) anchor 
[23, 24]. The image that integrates all of the eGlx compo-
nents described above with a range of functions including 
endothelial cell adhesion, uptake and cell signaling is shown 
in Fig. 1 (adapted from Reference [14, 22]).

eGlx disorders in diabetic nephropathy and its 
pathophysiology role

Chronic hyperglycemia damages the vessel wall and 
increases endothelial permeability by impaired NO syn-
thase function [20]. Leakage of protein, such as albumin, 
into the glomerular capillaries leads to albumin in the urine 
(albuminuria), a symptom of kidney disease. Sara Desideri 
et al. showed that glomerular eGlx damage is directly related 
to increased glomerular albumin permeability. Experimen-
tal models show glomerular endothelial cell loss. Vascular 
endothelial growth factor (VEGF) A is also regulated in pri-
mary diabetes, which is associated with albuminuria [14]. 
According to a cross-sectional study in which Glx thickness 

was assessed by 5 measurements with GlycoCheck, the data 
showed that higher perfused boundary region (PBR) indi-
cates smaller Glx width. Albuminuria and PBR are directly 
related. In diabetic patients with a long history of albumi-
nuria, PBR is significantly higher and shows impaired Glx 
[25].

Boels et al. also showed that continuous repair of glomer-
ular eGlx in diabetic nephropathy is possible by inhibition 
of Monocyte Chemotactic Protein-1 (MCP-1). On the other 
hand, heparan sulfate is a major component of Glx. The 
expression of heparanase enzyme is of particular importance 
for the analysis of the mechanism of degradation and repair 
of Glx. Diabetic mice also showed an increase in glomeru-
lar heparanase protein expression compared to non-diabetic 
Apoe KO mice, indicating that in a diabetic environment, 
Glx is degraded in a heparanase-dependent manner [26].

Endothelin receptor antagonists, such as atrasentan, can 
reduce albuminuria in patients with diabetic nephropathy 
and restore the glomerular eGlx lining. By examining the 
mechanisms of atrasentan, Allison et al. Showed that the 
effect of atrasentan depends on the regulation of heparanase 
enzyme levels. Treatment with atrastan for 4 weeks in dia-
betic rats reduced progressive albuminuria without signifi-
cant change in glomerular capillary size or podocyte count. 
In fact, diabetic nephropathy is associated with glomerular 
inflammation, where macrophages and endothelial cells 
appear to increase heparanase levels [27].

It is important to note that podocyte cells, which are epi-
thelial cells that play a key role in the health of basement 
membrane function, increase in the urine during glomerular 
irritation. Evaluation of podocytes and related proteins in 
urine is directly related to the severity of diabetic nephropa-
thy [28]. Progression of diabetic kidney disease is initially 

Fig. 1  Structure and functions of eGlx in pathophysiology
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evident as dilatation of the mesangial matrix following 
podocytes loss, glomerular volume expansion, and severe 
albuminuria [29].

Another study showed that diabetes causes oxidative 
stress by measurement of Malondialdehyde (MDA) and 
fluorescence recovery after photobleaching (FRAP) levels. 
The expression levels of Intercellular Adhesion Molecule 1 
(ICAM-1) and Tumor Necrosis Factor alpha (TNF-α) also 
increased in diabetic rats with kidney damage. In the kidney, 
TNF-α reduces blood flow and glomerular filtration rate and 
increases glomerular permeability to albumin [30].

In view of all the above, it can be said that eGlx is a 
complex network of proteoglycans, glycoproteins and other 
soluble compounds that include vascular endothelium and 
in many physiological processes including vascular per-
meability, shear stress transduction and the interaction of 
blood cells and other molecules with the vessel wall plays 
an important role. Also with the knowledge that diabetes 
through various molecular pathways and especially through 
oxidative stress, disrupts some physiological mechanisms 
[21], it can be said that diabetes with the action of reactive 
oxygen species through oxidative stress, increases ICAM-1 
and TNF-α and decreases heparanase enzyme, it affects 
the glomerular endothelium and eventually leads to albu-
minuria and destruction of the Glx layer. A summary of 

the cause-and-effect relationship between eGlx and diabetic 
nephropathy is shown in Table 1.

Conclusion

So far, no study has examined the cause-and-effect relation-
ship between the Glx layer and diabetes, but several different 
articles have examined the background role. Diabetes causes 
super-structural changes in the kidney nephrons at the glo-
merular level. The glomerular filter barrier, which includes 
the epithelial cell called the podocyte, endothelial pore cells, 
and basal membrane of the glomerulus, plays a major role 
in stabilizing the selective glomerular function in healthy 
individuals. Albuminuria, which is a direct result of a defect 
in the glomerular filter barrier and an early manifestation of 
diabetic nephropathy, may be associated with progression to 
ESRD. In a general conclusion, it can be stated that diabetic 
nephropathy, with the help of oxidative stress, albuminu-
ria, changes in the level of podocytes and finally changes in 
structural enzymes, causes changes in the thickness of eGlx 
and its disappearance.

Abbreviations DM:  Diabetes mellitus; DN:  Diabetic nephropa-
thy; ESRD:  End-stage renal disease; CKD:  Chronic kidney dis-
ease; eGlx:  Endothelial glycocalyx; EC:  Endothelial cells; GAG 

Table 1  Relationship between diabetes and destruction of glycocalyx

An overview of the relationship between the points extracted and other articles: Diabetes causes super-structural changes in the kidney nephrons 
at the glomerular level through oxidative stress and causes changes in eGlx

Sr. No Author/year Journal Database Study type Conclusion

1 Wang/ 2020 Biochimica et Biophysica Acta 
(BBA)—Molecular Basis of 
Disease

Science Direct Experimental Loss of podocytes → glomerular 
volume expansion → severe albu-
minuria

2 Desideri/ 2019 Biorheology Pubmed Review VEGF → albuminuria / albuminu-
ria → eGlx damage

3 Korakas/ 2019 Current Vascular Pharmacology Pubmed Review Diabetes → oxidative stress → albu-
minuria → destruction of the 
glycocalyx layer

4 Petrica/ 2017 Diabetology & Metabolic Syndrome Pubmed Cross-Sectional Podocytes levels → proteins in 
urine → severity of diabetic 
nephropathy

5 Boels/ 2017 The American Journal of Pathology Science Direct/ Pubmed Experimental expression of heparanase 
enzyme → degradation and repair 
of glycocalyx

6 Najafi/ 2017 Nephrology Pubmed Experimental Diabetes → oxidative 
stress → increasing ICAM-1 & 
TNF-α / TNF-α → increasing glo-
merular permeability to albumin

7 Winther/ 2017 Artery Research Science Direct Cross-Sectional Higher PBR → Smaller glycoca-
lyx width / Higher albuminu-
ria → Higher PBR → impaired 
glycocalyx

8 Allison/ 2016 American Diabetes Association Pubmed Experimental regulation of heparanase 
enzyme → reduced progressive 
albuminuria
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: Glycosaminoglycan; VEGF: Vascular endothelial growth factor; 
PBR: Perfused boundary region; MCP-1: Monocyte Chemotactic Pro-
tein-1; MDA: Malondialdehyde; FRAP: Fluorescence recovery after 
photobleaching; ICAM-1: Intercellular Adhesion Molecule 1; TNF-
α: Tumor Necrosis Factor alpha
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