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Proteoglycans contribute 
to the functional integrity 
of the glomerular endothelial cell 
surface layer and are regulated 
in diabetic kidney disease
Alina Khramova1, Roberto Boi1, Vincent Fridén1, Anna Björnson Granqvist1,2, Ulf Nilsson1, 
Olav Tenstad3, Eystein Oveland3, Börje Haraldsson1, Kerstin Ebefors1 & Jenny Nyström1*

All capillary endothelia, including those of the glomeruli, have a luminal cell surface layer (ESL) 
consisting of glycoproteins, glycolipids, proteoglycans (PGs) and glycosaminoglycans. Previous 
results have demonstrated that an intact ESL is necessary for a normal filtration barrier and damage 
to the ESL coupled to proteinuria is seen for example in diabetic kidney disease (DKD). We used the 
principles of ion exchange chromatography in vivo to elute the highly negatively charged components 
of the ESL with a 1 M NaCl solution in rats. Ultrastructural morphology and renal function were 
analyzed and 17 PGs and hyaluronan were identified in the ESL. The high salt solution reduced the 
glomerular ESL thickness, led to albuminuria and reduced GFR. To assess the relevance of ESL in 
renal disease the expression of PGs in glomeruli from DKD patients in a next generation sequencing 
cohort was investigated. We found that seven of the homologues of the PGs identified in the ESL from 
rats were differently regulated in patients with DKD compared to healthy subjects. The results show 
that proteoglycans and glycosaminoglycans are essential components of the ESL, maintaining the 
permselective properties of the glomerular barrier and thus preventing proteinuria.

Albuminuria is the result of a dysfunctional glomerular filtration barrier, which in turn is a symptom common 
to most glomerulopathies. Damage to any part of the barrier may cause albuminuria and several studies have 
specifically provided experimental evidence for the requirement of an intact glomerular endothelial surface 
layer (ESL) to prevent albumin  leakage1–5. The appearance of the glomerular ESL is that of a highly negatively 
charged gel with two components: the glycocalyx, which refers to membrane-bound proteoglycans (PG), and 
the endothelial cell coat that contains secreted PGs, negatively charged glycosaminoglycans (GAG), glycopro-
teins and soluble proteins (either plasma- or endothelium-derived). PGs are a family of proteins that have one 
or more GAG chains covalently attached to their core protein. The GAG chains are strongly negatively charged 
due to their sulphatation. PGs are not only important for being negatively charged building blocks for the ESL 
but also for their interaction with different extracellular ligands, influencing for example growth factor activity 
and cytokine  release6. The glomerular ESL should therefore not be regarded as a static structure, but rather as a 
dynamic compartment with significant molecular turnover and  flexibility7. Earlier work by us and other groups 
have identified some of the PGs produced by the glomerular endothelial cells and demonstrated their importance 
for glomerular  function1,8. We have specifically shown that the content of GAGs and their charged moieties are 
important for normal glomerular  function9.

Increasing evidence suggests that glomerular endothelial cell dysfunction is an early event in the develop-
ment of diabetic kidney disease (DKD). An altered glycocalyx has been suggested to lead to proteinuria and loss 
of renal  function10–12. Patients with diabetes mellitus have a reduced endothelial glycocalyx  layer13 and loss of 
glomerular charge selectivity has been observed in diabetic patients with  albuminuria14. Although the impor-
tance of the ESL has been highlighted in recent years, especially in DKD, the knowledge of its composition and 
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function is still partially unknown and hence we aim to determine the role of the ESL in these conditions. Firstly, 
we eluted the ESL from rat glomeruli in vivo to examine its composition. Earlier studies by us demonstrated 
that perfusion with solutions containing different amounts of salt reduced the ESL and modulated the fractional 
clearance of albumin  reversibly15. A short bolus of 1 M NaCl perfusate revealed that charge interactions between 
proteins in the ESL could be  broken2. In the present study we used the same high salt concentration but with an 
extended perfusion time to facilitate release of large PGs. The eluate was analyzed using mass spectrometry and 
PGs were identified. Secondly, to confirm translatability and relevance in renal disease we explored the gene 
expression of PGs and PG related genes in glomeruli from renal biopsies comparing the profile in patients with 
DKD with healthy donors. Next, we confirmed the localization of the discovered PGs to the human glomerular 
endothelium. Finally, we studied the expression of the PGs in vitro in a diabetic milieu.

Results
Renal morphology. We eluted the ESL from the renal endothelium using a high salt solution (HS) which 
breaks the anionic non-covalent bonds and elutes highly negatively charged molecules. High osmolality solution 
(HO) was used to distinguish between the charge component and osmotic forces, and perfusion with physi-
ological salt solution (NS) was used as control. As our focus was to understand the role of the ESL specifically in 
the glomerulus we used transmission electron microscopy (TEM) to study the glomerular morphology and ESL 
thickness (Fig. 1A–C). Glomerular ESL thickness was determined by a method where Intralipid droplets were 
used as indirect markers to estimate the ESL thickness from electron  micrographs2,5,16. ESL was significantly 
reduced (p < 0.001, Fig. 1D) in HS perfused rats compared to rat kidneys perfused with NS or HO solution, prov-
ing that the HS is the most efficient in eluting the components of the ESL. The same micrographs demonstrated 
that the glomerular basement membrane thickness was slightly, but significantly, increased in HS perfused rat 
kidneys compared with NS (P < 0.01) and decreased in HO compared to NS (P < 0.05) (Table 1). There was no 
difference in the width of podocyte foot processes or slit diaphragms between the groups (Table 1).

Analysis of GFR in response to loss of ESL. To understand if the reduction of the ESL affected the 
GFR and fractional clearance of albumin functional measurements were performed. The pre-perfusion GFR was 
approximately 1.2 ml/min/g wet kidney weight in all animals (NS 1.21 ± 0.04, HO 1.14 ± 0.06, HS 1.18 ± 0.04, 
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Figure 1.  Glomerular morphology and endothelial surface layer thickness 10 min after perfusion. 
Representative pictures of glomerular capillaries from a rat perfused with physiological salt (NS) (A), high 
osmolarity (HO) (B) and high salt (HS) solution (C). The thickness of the ESL was estimated by measuring the 
distance between infused intralipid droplets and the endothelial cells. ESL thickness was reduced in the rats 
perfused with HS (D). Scale bar represents 2 µm. ***P < 0.001, error bars represent SEM.
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n = 6). The post-perfusion GFR fell to 0.6 ml/min/g wet weight in HO perfused rats and remained at this level 
during the observation period. In HS rats, the GFR was decreased to 0.1 ml/min/g wet weight 10 min post perfu-
sion (P < 0.01 compared to HO, P < 0.001 compared to NS), and 40 min post perfusion these animals were anuric 
(Fig.  2A,B). GFR was unchanged in NS perfused rat kidneys throughout the observation period. Fractional 
clearance of albumin increased significantly in the HS rats 10 min post perfusion (P < 0.001 compared to both 
HS and HO, Fig. 2C,D) but remained normal for the NS rats and was only slightly elevated in the HO rats. These 
data show that loss of ESL increases the fractional clearance of albumin pinpointing its importance for a normal 
glomerular permselectivity.

Identification of proteoglycan content of the endothelial cell surface layer in rats. To identify 
the eluted proteins from the ESL we performed mass spectrometry analysis and compared the findings from the 
different eluates. In total, 575 different proteins were identified in the eluates by label-free proteomics. Since the 
rat proteomics database contains a limited number of proteins (around 8000), a database for mouse (around 

Table 1.  Renal morphology measurements in rats after elution with normal salt (NS), high osmolarity (HO) 
or high salt (HS). Measurements from glomerular capillaries from 5 rats/elution (capillaries; NS n = 103, HS 
n = 143, and HO n = 133). * P<0.05, **P<0.01 compared to NS

NS HO HS

Glomerular basement membrane thickness (nm) 187.71 ± 1.66 183.09 ± 1.97* 195.94 ± 1.54**

Podocyte foot process width (nm) 342.54 ± 9.05 355.76 ± 10.61 351.88 ± 9.70

Podocyte filtration slit width (nm) 45.82 ± 0.96 44.78 ± 1.22 44.86 ± 1.23

Figure 2.  Glomerular filtration rate (GFR) and fractional clearance of albumin. Differences in GFR over 
time for three different groups of rats that were perfused for 3 min with physiological salt solution (NS), high 
osmolarity control (HO) and high salt (HS), respectively (A). 10 min after the perfusion the GFR had decreased 
to around half of the GFR at the start of the experiment in the rats perfused with HO, and even further in the 
rats perfused with HS (B). Fractional clearance for the three different groups over time. 40 min after perfusion 
with HS the rats became anuric (C). 10 min after the perfusion the fractional clearance of albumin was increase 
in the rats perfused with HS, but not in the rats perfused with HO or NS (D). **P < 0.01, ***P < 0.001, error bars 
represent SEM.
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17,000 proteins) was added to the analysis, taking the homology between the two species into account. Using 
this database, 658 proteins were identified. In total, we identified 17 proteoglycans in our samples: tsukushin, 
lumican, decorin, biglycan, syndecan-4, glypican-1, protein AMBP, serglycin, agrin, chondroitin sulfate proteo-
glycan 4, amyloid-beta A4 protein, CD44 antigen, perlecan, podocan, glypican-4, collagen alpha-1 (XV) chain 
and collagen alpha-1 (XVIII) chain. Using the extended database search (mouse) we identified all the PGs found 
using the rat database, except for serglycin. Quantitative information about the identified PGs are presented in 
Table 2. Amyloid beta  A417 and  CD4418 are not always linked to GAG chains so further investigation is needed 
to confirm their GAG content. As expected, PGs were more abundant in the HS eluate compared to HO and NS 
eluates since HS elutes highly negatively charged molecules.

In order to understand which of the eluted proteins are important for matrix organization we used the Reac-
tome web page for pathway analysis. We found that 25 of our identified proteins belong to the pathway extracel-
lular matrix organization (Table S1), including PGs but also other important proteins for matrix formation like 
fibronectin and collagens. All identified proteins from the respective databases are found in appendix S1, S2.

Identification of the glycosaminoglycan hyaluronan in renal eluates from rats. Hyaluronan has 
been thought to play a role in the permselectivity of the glomerular filtration barrier. It is a glycosaminoglycan 
that lacks a core protein (and is not anchored to the cell surface) and could not be identified using our mass 
spectrometry set up. We therefore determined the hyaluronan content using ELISA. The amount of hyaluronan 
in eluates from HS and HO rats was significantly higher than the amount of hyaluronan in eluates from NS 
perfused rats (p < 0.001, n = 7, Fig. 3).

Proteoglycan and proteoglycan‑related proteins in glomeruli from patients with diabetic kid‑
ney disease. A reduction of ESL has previously been shown in patients with DKD and our in vivo results 
show that loss of ESL and PGs leads to reduced GFR and proteinuria. Next we investigated whether the PGs 
identified in the ESL in vivo were expressed and altered in glomeruli from patients with DKD compared to 
healthy controls. We analyzed our previously published next generation sequencing (NGS) data set on micro-
dissected glomeruli from patient  biopsies19. Expression of LUM, GPC4, COL15A1, COL18A1 and CD44 were 
significantly upregulated while AGRN and DCN were downregulated (Table 3). In addition, we found six addi-
tional PGs to be significantly regulated in the patient glomeruli compared to control (Table S2). Several of these 
PGs had a similar, statistically significant regulation in a second transcriptomic data set of glomeruli from DKD 
 patients20, Table S3. The enzymes involved in GAG chain synthesis and addition of the negatively charged sulfate 
groups were significantly downregulated (Table S4). In addition, we discovered enzymes and proteins involved 
in PG degradation to be significantly up-regulated (Table S4). Overall, this indicates alterations in PG and GAG 
chain turnover and decreased synthesis of GAG chains in glomeruli from DKD patients resulting in a decreased 
negative charge of the ESL, hence contributing to glomerular dysfunction and proteinuria.

Table 2.  Proteoglycans identified in renal eluates from rats using the Swiss-prot rat and mouse database, 
respectively. The reported abundances were calculated based on the peptides quantified, normalized to total 
amount of peptides. a Identified searching the proteomics data against the Swiss-Prot rat database. b Identified 
searching the proteomics data against the Swiss-Prot mouse database.

Accession Description MW [kDa] Coverage [%] # PSMs # peptides quantified Abundance NS Abundance HO Abundance HS Ratio HS/HO

Q6QMY6 Tsukushina,b 38.1 4 4 1 20,418 23,885 35,097 1.5

P51886 Lumicana,b 38.3 33 177 10 86,372,660 105,850,162 441,680,290 4.2

Q01129 Decorina,b 39.8 14 17 5 503,440 4,310,444 8.6

P47853 Biglycana,b 41.7 17 9 5 87,655 97,718 823,404 8.4

P34901 Syndecan-4a,b 21.9 27 43 4 6,663,690 16,561,848 27,852,454 1.7

P35053 Glypican-1a,b 61.7 20 9 8 78,216 1,242,848 15.9

Q64240 Protein  AMBPa,b 38.8 41 231 12 242,822,968 170,135,637 206,468,772 1.2

P04917 Serglycina 18.6 16 9 2 86,974 184,847 858,694 4.6

P25304 Agrina,b 208.5 8 16 8 411,375 352,127 797,641 2.3

Q00657 Chondroitin sulfate 
proteoglycan  4a,b 251.8 7 16 12 6614 895,270 135.4

P08592 Amyloid-beta A4 
 proteina,b 86.6 10 19 5 182,002 1,339,443 1,719,534 1.3

P26051 CD44  antigena,b 55.9 4 9 2 935,255 846,521 2,513,633 3.0

Q05793 Perlecanb 398 11 76 26 19,946,442 337,796,644 20,731,486 0.06

Q7TQ62 Podocanb 68.7 16 10 7 25,595 3,427,046 N/A

P51655 Glypican-4b 62.5 3 1 1 10,530 N/A

O35206 Collagen alpha-1 (XV) 
 chainb 140.4 2 3 2 8,336,392 12,083,764 236,860 0.02

P39061 Collagen alpha-1 
(XVIII)  chainb 182.1 3 14 5 433,880 335,745 1,183,567 3.53
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Localization of proteoglycans in the human glomerular capillary endothelium. We performed 
co-localization experiments with immunofluorescence to determine if the PGs found in the eluted ESL in vivo 
and expressed and regulated in glomeruli from DKD patients are localized to the surface of the human glomeru-
lar endothelium. PGs were visualized in combination with the endothelial cell marker Ulex europaeus agglutinin 
I on tissue sections from healthy human kidneys. There was a clear co-localization with the endothelial marker 
for expression of lumican, glypican-4, agrin, collagen alpha-1 (XVIII) chain and CD44 while there was a lower 
degree of co-localization for decorin and collagen alpha-1 (XV) chain (Fig. 4).

Expression of proteoglycans in primary human glomerular endothelial cells in diabetic 
milieu. Since the DKD cohort revealed significant alterations in PG expression in glomeruli we wanted to 
investigate how a diabetic milieu could affect PG expression in human glomerular endothelial cells (hGEC). All 
investigated genes (LUM, DEC, AGRN, GPC4, COL15A1, COL18A1 and CD44) were expressed by the cells, but 
there was lower expression of GPC4 and COL15A1. The cells were treated with high glucose (HG) or palmitate 
(PA) bound to human serum albumin (HSA) or a combination of the two (HG + PA) for 24 h to investigate alter-
ations in the PG gene expression of LUM, DEC, AGRN, GPC4, COL15A1, COL18A1 and CD44. The expression 
of the two small leucine-rich PGs (SLRPs) LUM and DCN was only slightly affected by the treatment compared 
to control. AGRN had a significantly increased expression when treated with HG (P < 0.05), but not with PA 
or PA + HG. COL18A1 had significantly increased expression when treated with HG (P < 0.01) and HG + PA 
(P < 0.05) compared to untreated controls. This pattern was also seen for CD44, with a significant increase in the 
expression when treated with HG (P < 0.05) and HG + PA (P < 0.01). There was no significant differences found 
for COL15A1 and GPC4 (Fig. 5). Protein expression of lumican revealed significant upregulation of lumican in 
cells treated with HG + PA (P < 0.05) (Fig. 6). Overall, this indicate that PG expression in glomerular endothelial 
cells is affected in diabetic conditions.

Discussion
PGs are a family of proteins characterized by a core protein covalently binding one or more GAG chains contrib-
uting to the charge selectivity of the glomerular filtration  barrier21. PGs are important for structure and anchoring 
of the ESL and storage of growth factors and other signaling  molecules22. It is known that patients with diabetes 
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Figure 3.  Concentration of hyaluronan in eluates. The concentration of hyaluronan in the eluates from the rats 
was measured after perfusion with physiological salt (NS), high osmolarity (HO) and high salt (HS) solution. 
Perfusing with HS or HO eluted similar amounts of hyaluronan, while NS eluted lower amounts. . ***P < 0.001, 
error bars represent SEM.

Table 3.  Significantly regulated proteoglycans in glomeruli from patients with diabetic kidney disease 
compared to control.

Gene symbol Official name Fold change (log2) Fold change (unlogged) p-value
p-value
(adjusted)

LUM Lumican 2.07 4.19 1.09E−08 5.48E−07

AGRN Agrin − 0.66 0.63 0.000119 0.0016753

DCN Decorin − 1.57 0.34 7.52E−20 9.41E−17

GPC4 Glypican 4 0.80 1.74 0.000843 0.0079477

COL15A1 Collagen type XV alpha 1 chain 1.62 3.08 3.58E−07 1.19E−05

COL18A1 Collagen type XVIII alpha 1 chain 0.58 1.50 0.000386 0.004271

CD44 CD44 molecule (Indian blood group) 1.11 2.16 1.58E−07 5.84E−06
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Figure 4.  Expression of proteoglycans in the human glomerular endothelium. Immunofluorescence of 
proteoglycans and Ulex europaeus agglutinin I, a marker for endothelial cells (red), confirmed expression of (in 
green) lumican, decorin, glypican-4, agrin, collagen 15 alpha 1 chain, collagen 18 alpha 1 chain and CD44 in the 
glomerulus of human kidney sections. Co-localization is seen as yellow. Scale bars for pictures of full glomeruli 
represent 20 µm, zoomed in images 10 µm.
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Figure 5.  Gene expression of proteoglycans in human glomerular endothelial cells in vitro. Relative gene 
expression of the proteoglycans; LUM, AGRN, DCN, GPC4, COL15A1, COL18A1 and CD44 after treatment 
of human glomerular endothelial cells with high glucose (HG), palmitate (100 µM) bound to HSA (PA) or a 
combination of  both (HG+PA) for 24 h. *P < 0.05, **P < 0.01, error bars represent SEM.



8

Vol:.(1234567890)

Scientific Reports |         (2021) 11:8487  | https://doi.org/10.1038/s41598-021-87753-3

www.nature.com/scientificreports/

mellitus have a reduction in endothelial glycocalyx thickness and charge selectivity of the  glomerulus13,14 that 
can contribute to proteinuria and loss of GFR. In this study, we investigated specific PG content in rats in vivo 
by eluting charged components of the ESL from the glomerular capillaries. After identifying the PG content of 
the ESL we went on to explore the gene expression in the humans by analyzing the data retrieved from glomeruli 
from patients with DKD using a NGS DKD cohort previously published by our  group19. Finally, we investigated 
how a diabetic milieu affect the glomerular endothelial cell PG production in vitro.

To determine the composition of the ESL, we perfused rats in vivo with high salt (HS) to elute the negatively 
charged molecules in the ESL. As high salt alters the osmolality of the solution, we added a high osmolality (HO) 
group and a physiological salt solution (NS) as controls. The eluates were analyzed using mass spectrometry 
and the renal function and morphology after perfusion was investigated. HS perfusion resulted in a significant 
decrease of the glomerular ESL thickness and the rats developed albuminuria with a decrease of GFR with over 
85%.

Exposure to HO did not reduce the thickness of the ESL and did not increase the fractional clearance of albu-
min but reduced the GFR to around 50%. The reason for the profound effect on GFR in HS and HO rats could 
not be explained by morphological alterations of the glomerular structures, since they were intact as analyzed 
by TEM. In an earlier paper, we used a shorter (10–15 s) flush with HS to elute the ESL, leading to a reduction 
in GFR and increased fractional clearance of albumin with recovery after 20 min. The only PG detected at that 
time was  lumican2, indicating that a longer elution time is needed to elute larger molecules from the ESL. In 
the present study, applying a longer elution time 17 PGs were identified in the ESL in combination with an even 
more pronounced increase in albuminuria and reduction of GFR. This allows us to draw the conclusion that the 
integrity and function of the ESL is highly dependent on its PG and GAG content.

When analyzing the glomerular data from the DKD patient cohort we discovered that 7 of the 17 PGs deter-
mined to be a part of the ESL in vivo, were significantly regulated compared to healthy controls at the gene level. 
LUM, GPC4, CD44, COL15A1 and COL18A1 were upregulated while AGRN and DCN was downregulated. 
To confirm the localization of these proteins to the glomerular endothelium, immunohistochemical analysis of 
human kidney sections were performed. This revealed that lumican, glypican-4, agrin, collagen alpha-1 (XVIII) 
chain and CD44 co-localized with the glomerular endothelial marker while there was a lower abundance of co-
localization for decorin and collagen alpha-1 (XV) chain. In vitro experiments confirmed that the gene expression 
of the seven PGs was detectable in hGECs.

Culturing hGECs in a diabetic milieu consisting of high glucose and palmitate confirmed that PG expres-
sion is affected in this setting, mainly through up-regulation, analogously to what was seen in the human DKD 
setting. As DKD is known to be associated with a reduced ESL and proteinuria, we expected the levels of PGs 
to be reduced both in the DKD cohort and in the in vitro setting. However, it is not only the PG core protein 
expression that determine the integrity and function of the ESL. It is likely that the GAG chain content also is 
important for their function and structure. Analysis of the DKD cohort revealed a decrease in all the detected 
enzymes involved in GAG chain synthesis in combination with an increase in most of the proteins involved in 
PG degradation. This implies that the reduction in ESL in DKD may not only be a result of loss of core proteins 
but also of negatively charged GAG chain content and an increased turnover of PGs.

It has been suggested that hyaluronan, an anionic, non-sulfated GAG with a massive chain length and one of 
the main components of extracellular  matrix23 is vital for ESL integrity. Loss of hyaluronan has been observed in 
patients with DKD and endothelium-specific knock out of the enzyme Has2 (one of the three enzymes involved 

c o n tro
l

P A
H G

H G
+P A

0

2�1 0 6

4�1 0 6

6�1 0 6

8�1 0 6

1�1 0 7

A
re

a
 (

p
ix

e
ls

)

*

50

control HGPA PA+HG

Figure 6.  Protein expression of lumican in human glomerular endothelial cells in vitro. Western blot of 
lumican expression in cells after treatment of human glomerular endothelial cells with high glucose (HG), 
palmitate (100 µM) bound to HSA (PA) or a combination of  both (HG+PA)for 24 h. The band corresponding 
to lumican was analyzed for protein abundance. The blot presented is a cropped version without ladder and the 
full blots are presented in Supplementary Figure 1. *P < 0.05, error bars represent SEM.
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in the production of hyaluronan) in mice led to substantial loss of their glycocalyx  structure24. In addition, knock 
out of the enzyme hyaluronidase, an enzyme that cleaves hyaluronan, prevented albuminuria in a mouse model 
of type I  diabetes25. However, we found equal amounts of hyaluronan in the eluates from HS and HO rats indicat-
ing that the increased fractional clearance of albumin in the HS rats is not likely to be due to loss of hyaluronan 
in contrary to the other studies above. Neither did we find significant changes in the gene expression of any of 
the enzymes that are needed to synthesize hyaluronan (HAS1, 2 or 3) in our NGS DKD cohort. However, the 
enzymatic activity could still be affected and this was not investigated.

When further investigating the role of the individual PGs lumican, a small leucine-rich PG (SLRP), was 
the most up-regulated PG in both the DKD cohorts investigated. Lumican has previously been identified in 
the human glomerular  endothelium2,26 while decorin (another SLRP) has been found mainly in sclerotic areas 
of the  glomerulus27,28. In line with the biopsy data, lumican protein expression was increased when treating 
hGECs with PA and HG. Lumican has been suggested as a plasma biomarker for DKD when exploring the 
plasma glycoproteome in diabetic controls and DKD  patients29. It is also involved in inflammation and can 
affect the innate immune system as well as the TGFβ signaling pathway, which is common to other members of 
the  SLRPs6. Furthermore lumican is involved in collagen fibril assembly, and thus important for the function of 
extracellular  matrixes30. Our results confirm that lumican has an important role in the ESL and in DKD, likely 
along with some of the other glomerular ESL proteoglycans that were identified in this study. To be able to fully 
understand the role of PGs in the glomerular ESL further analysis of protein expression and function in DKD 
patient populations are needed.

In conclusion, this study supports the role of the ESL as an important contributor to the charge selective 
properties of the glomerular barrier. It highlights the role of the ESL in preventing albumin from passing over the 
filtration barrier, already in the lumen of the glomerular capillaries. Alteration of the composition and amount 
of PGs in the ESL leads to a reduced thickness of the ESL but may also lead to disturbances in local signaling 
events. This is due to the important role of PGs in regulating and harboring signaling molecules and growth 
factors. We speculate that prevention of loss of PGs or enhancement of their reconstitution in the glomerular 
ESL in DKD could prevent albuminuria and improve renal function.

Methods
Animals and experimental design. Experiments were performed on Female Sprague–Dawley rats (Har-
lan, Horst, Netherlands) weighing 230 to 270 g, n = 17. Animals had free access to food and water. All surgical 
procedures took place under isoflurane (Isoba vet, Schering-Plough Animal Health) anesthesia. The animals 
were randomly divided into 3 groups, high salt (HS, n = 7), high osmolarity (HO, n = 5) and physiological salt 
(NS, n = 5). The Gothenburg animal ethics committee approved all experimental procedures; all experiments 
were performed in compliance with the ARRIVE guidelines and relevant regulations.

Perfusion solutions. Three different perfusion solutions, all based on Tyrode’s solution, were used. The 
composition was as follows (in mM); normal salt (NS, 0.15 M NaCl) 148.1 Na and 133.5 Cl, high salt (HS, 1 M 
NaCl) (in mM) 1032.65 Na and 1018.05 Cl and the high osmolality (HO) 148.1 Na, 133.5 Cl, and 692.0 man-
nitol. All solutions contained 25.04  HCO3, 0.49  H2PO4, 0.83 Mg, 4.29 K, 2.50 Ca and 5.60 glucose. They were 
protected from light, bubbled with 5%  CO2 in  O2 and used at 37 °C. The pH was maintained at 7.4 throughout 
the experiment.

Renal morphology. Directly after the perfusion of the kidneys with either NS, HS or HO, 1.5 ml of intralipid 
solution was injected. The intralipid solution was prepared from Intralipid (Fresenius Kabi AB, Uppsala, Swe-
den) as described  before2. The left renal artery and vein was clamped and the kidney was fixed by subcapsular 
injection of Karnovsky’s fixative and sliced as described  earlier5.

Transmission electron microscopy. Transmission electron microscopy was used to assess the thickness 
of the ESL and the ultrastructure of the glomerular filtration barrier after perfusion as previously  published2,31. 
Micrographs of glomerular capillaries at a magnification of 8000 were acquired from five animals in each group, 
giving a total of 378 unique glomerular capillaries (102 from NS, 143 from HS and 133 from HO rats). Mor-
phological measurements were performed in a blinded fashion using BioPix iQ 2.2.1 (BioPix AB, Göteborg, 
Sweden).

Collection of renal eluates. Preparation for collection of renal eluates was performed as previously 
 described2. The kidneys were perfused with 12 ml of perfusion solution with NS, HS or HO during 3 min using 
a syringe pump (AgnTho’s AB, Lindingö, Sweden) and finally rinsed with 1 ml of 0.15 M NaCl. The amount 
of albumin and 51Cr-EDTA in blood and urine samples, as well as glomerular filtration rate, was estimated as 
 previously2.

Processing of renal eluates for mass spectrometry‑based proteomics. Individual renal eluate 
replicates were centrifuged and a pooled sample was generated representing each of the perfusion treatments HS 
(n = 7), HO (n = 5) and NS (n = 5). Each replicate sample contributed with the same amount of > 50 kDa molecu-
lar weight (Mw) proteins. Peptides and proteins were identified using proteome discoverer with Mascot (Thermo 
Scientific, Waltham, MA) matching experimental data against the Rattus norwegicus and Mus musculus Swiss-
Prot protein databases. The relative protein abundances reported are based on the sum of normalized abun-
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dances of unique peptides corrected for variance in the global intensities of all features. The sample preparation, 
mass spectrometry and proteomics methods including the data analysis are explained in detail in Appendix S3.

Reactome pathway database. A list of identified eluted proteins was analyzed with the Reactome web 
page for pathway analysis (https:// react ome. org/)32. Proteins identified as regulated in the proteomics analysis 
were searched against the Rattus norvegicus Uniprot database and filtered by statistical significance (p < 0.05).

Assessment of hyaluronan in renal eluates. The amount of hyaluronan present in eluates from rat 
kidneys perfused with NS, HS and HO was determined by using the Hyaluronan Enzyme-Linked Immunosorb-
ent Assay kit K-1200 (Echelon Biosciences Inc., Salt Lake City, UT, USA) according to manufacturer’s protocol.

Immunofluorescence. Cryosections of nephrectomized healthy human kidney tissue was used for 
immunofluoresence. The antibodies used were; anti-lumican (R&D Systems, Minneapolis, MN), anti-decorin 
(Thermo Scientific), anti-glypican-4 (Thermo Scientific), anti-CD44 (Thermo Scientific) anti-agrin (Abcam), 
anti-collagen alpha-1 (XVIII) chain and collagen alpha-1 (XV) chain (Atlas Antibodies, Stockholm, Sweden). 
For endothelial co-localization the endothelial-specific lectin rhodamine Ulex Europeaus agglutinin (Vector 
Laboratories, Burlingame, CA) was used and the sections were analyzed with a confocal microscope, Zeiss 
(Zeiss, Oberkochen, Germany).

Human diabetic kidney disease next generation sequencing cohort. RNA seq data from glo-
meruli from biopsy material previously published was used in this study to examine the expression of PGs and 
related  genes19. 19 patients with DKD were included, median (range) age: 61 (30–85), DKD stages 1–4. 20 living 
kidney donors were used as control, median (range) age: 56 (30–70) years. The local ethics committees in Swe-
den (Stockholm and Gothenburg) approved the study.

Human glomerular endothelial cells treated with high glucose and palmitate. Primary human 
glomerular endothelial cells (Cell Systems, Kirkland, WA) were cultured in Complete Medium as described by 
the manufacturer. Palmitic acid was prepared in NaCl 150 mM pH 7.4 solution, and conjugated with human 
serum albumin (HSA) in a 6:1 molar ratio palmitate/HSA for 1 h at 37 °C. Cells were starved in medium con-
taining 0.5% FBS and no culture boost for 24 h prior to stimulation with 30 mM high glucose/HSA, palmitate/
HSA (Sigma-Aldrich, Saint Louis, MO) 100 µM or a combination of the both for 24 h. Normal glucose (5 mM) 
was used as control. RNA was extracted and purified with RNeasy Mini Kit (Qiagen, Hilden, Germany). cDNA 
was generated using High Capacity RNA-to-cDNA kit (Thermo Scientific). Quantitative PCR was performed 
using Taqman probes (Thermo Scientific) with GAPDH as housekeeping gene on the QuantStudio 7 Pro System 
(Thermo Scientific). All assays were performed in biological triplicates and technical quadruplicates.

For protein analysis the cells were harvested with lysis buffer (Triton X-100 1% Tris–HCl 50 mM, NaCl 
150 mM, pH 7.5) with phosphatase and protease inhibitors (Sigma Aldrich) and protein concentration was 
determined using Pierce BCA protein assay kit (Thermo Fisher Scientific). Western blot was run using Mini-
Protean TGX Stain free Gel 4–15%. Lumican was visualized using an anti-lumican antibody (R&D Systems). 
Images were acquired with a ChemiDoc Touch Imager (Bio-Rad). Relative quantification of lumican was done 
using the Bio-Rad V3 Western Workflow by normalizing the band intensities to the total lane volume.

Statistics. Graphpad Prism v.8.3.0 (Graphpad Software, San Diego, CA) was used for all analysis. One-way 
ANOVA with multiple comparisons using Sidak’s test were used for analysis of normally distributed data. Non-
normally distributed data were analyzed using Kruskal–Wallis test with multiple comparisons using Dunn’s test. 
P < 0.05 was considered statistically significant. Error bars represent SEM unless stated otherwise.

Received: 20 November 2020; Accepted: 1 April 2021

References
 1. Singh, A. et al. Glomerular endothelial glycocalyx constitutes a barrier to protein permeability. J. Am. Soc. Nephrol. 18, 2885–2893 

(2007).
 2. Friden, V. et al. The glomerular endothelial cell coat is essential for glomerular filtration. Kidney Int. 79, 1322–1330 (2011).
 3. Dane, M. J. et al. Glomerular endothelial surface layer acts as a barrier against albumin filtration. Am. J. Pathol. 182, 1532–1540 

(2013).
 4. Meuwese, M. C. et al. Endothelial surface layer degradation by chronic hyaluronidase infusion induces proteinuria in apolipopro-

tein E-deficient mice. PLoS ONE 5, e14262 (2010).
 5. Jeansson, M., Bjorck, K., Tenstad, O. & Haraldsson, B. Adriamycin alters glomerular endothelium to induce proteinuria. J. Am. 

Soc. Nephrol. 20, 114–122 (2009).
 6. Iozzo, R. V. & Schaefer, L. Proteoglycan form and function: A comprehensive nomenclature of proteoglycans. Matrix Biol. 42, 

11–55 (2015).
 7. Pries, A. R., Secomb, T. W. & Gaehtgens, P. The endothelial surface layer. Pflugers Arch. 440, 653–666 (2000).
 8. Bjornson, A., Moses, J., Ingemansson, A., Haraldsson, B. & Sorensson, J. Primary human glomerular endothelial cells produce 

proteoglycans, and puromycin affects their posttranslational modification. Am. J. Physiol. Renal Physiol. 288, F748-756 (2005).
 9. Jeansson, M. & Haraldsson, B. Glomerular size and charge selectivity in the mouse after exposure to glucosaminoglycan-degrading 

enzymes. J. Am. Soc. Nephrol. 14, 1756–1765 (2003).

https://reactome.org/


11

Vol.:(0123456789)

Scientific Reports |         (2021) 11:8487  | https://doi.org/10.1038/s41598-021-87753-3

www.nature.com/scientificreports/

 10. Jeansson, M., Granqvist, A. B., Nystrom, J. S. & Haraldsson, B. Functional and molecular alterations of the glomerular barrier in 
long-term diabetes in mice. Diabetologia 49, 2200–2209 (2006).

 11. Butler, M. J., Down, C. J., Foster, R. R. & Satchell, S. C. The pathological relevance of increased endothelial glycocalyx permeability. 
Am. J. Pathol. 190, 742–751 (2020).

 12. Fu, J., Lee, K., Chuang, P. Y., Liu, Z. & He, J. C. Glomerular endothelial cell injury and cross talk in diabetic kidney disease. Am. J. 
Physiol. Renal Physiol. 308, F287-297 (2015).

 13. Nieuwdorp, M. et al. Endothelial glycocalyx damage coincides with microalbuminuria in type 1 diabetes. Diabetes 55, 1127–1132 
(2006).

 14. Deckert, T. et al. Size- and charge selectivity of glomerular filtration in Type 1 (insulin-dependent) diabetic patients with and 
without albuminuria. Diabetologia 36, 244–251 (1993).

 15. Sorensson, J., Ohlson, M., Lindstrom, K. & Haraldsson, B. Glomerular charge selectivity for horseradish peroxidase and albumin 
at low and normal ionic strengths. Acta Physiol. Scand. 163, 83–91 (1998).

 16. Hjalmarsson, C., Johansson, B. R. & Haraldsson, B. Electron microscopic evaluation of the endothelial surface layer of glomerular 
capillaries. Microvasc. Res. 67, 9–17 (2004).

 17. Salinero, O., Garrido, J. J. & Wandosell, F. Amyloid precursor protein proteoglycan is increased after brain damage. Biochim. 
Biophys. Acta 1406, 237–250 (1998).

 18. Kugelman, L. C., Ganguly, S., Haggerty, J. G., Weissman, S. M. & Milstone, L. M. The core protein of epican, a heparan sulfate 
proteoglycan on keratinocytes, is an alternative form of CD44. J. Investig. Dermatol. 99, 886–891 (1992).

 19. Levin, A. et al. Novel insights into the disease transcriptome of human diabetic glomeruli and tubulointerstitium. Nephrol. Dial. 
Transplant. 35(12), 2059–2072 (2020).

 20. Woroniecka, K. I. et al. Transcriptome analysis of human diabetic kidney disease. Diabetes 60, 2354–2369 (2011).
 21. Haraldsson, B., Nystrom, J. & Deen, W. M. Properties of the glomerular barrier and mechanisms of proteinuria. Physiol. Rev. 88, 

451–487 (2008).
 22. Karamanos, N. K. et al. Proteoglycan chemical diversity drives multifunctional cell regulation and therapeutics. Chem. Rev. 118, 

9152–9232 (2018).
 23. Toole, B. P. Hyaluronan: From extracellular glue to pericellular cue. Nat. Rev. Cancer 4, 528–539 (2004).
 24. van den Berg, B. M. et al. Glomerular function and structural integrity depend on hyaluronan synthesis by glomerular endothelium. 

J. Am. Soc. Nephrol. 30, 1886–1897 (2019).
 25. Dogne, S. et al. Hyaluronidase 1 deficiency preserves endothelial function and glycocalyx integrity in early streptozotocin-induced 

diabetes. Diabetes 65, 2742–2753 (2016).
 26. Schaefer, L. et al. Small proteoglycans in human diabetic nephropathy: discrepancy between glomerular expression and protein 

accumulation of decorin, biglycan, lumican, and fibromodulin. FASEB J. 15, 559–561 (2001).
 27. Ebefors, K. et al. Role of glomerular proteoglycans in IgA nephropathy. PLoS ONE 6, e18575 (2011).
 28. Stokes, M. B. et al. Expression of decorin, biglycan, and collagen type I in human renal fibrosing disease. Kidney Int. 57, 487–498 

(2000).
 29. Ahn, J. M., Kim, B. G., Yu, M. H., Lee, I. K. & Cho, J. Y. Identification of diabetic nephropathy-selective proteins in human plasma 

by multi-lectin affinity chromatography and LC-MS/MS. Proteomics Clin. Appl. 4, 644–653 (2010).
 30. Chakravarti, S. et al. Lumican regulates collagen fibril assembly: skin fragility and corneal opacity in the absence of lumican. J. 

Cell Biol. 141, 1277–1286 (1998).
 31. Andersson, M., Nilsson, U., Hjalmarsson, C., Haraldsson, B. & Nystrom, J. S. Mild renal ischemia-reperfusion reduces charge and 

size selectivity of the glomerular barrier. Am. J. Physiol. Renal Physiol. 292, F1802-1809 (2007).
 32. Fabregat, A. et al. Reactome pathway analysis: A high-performance in-memory approach. BMC Bioinform. 18, 142 (2017).

Acknowledgements
Authors have used the Proteomics Unit at the University of Bergen (PROBE), partly supported by the National 
Program for Research in Functional Genomics (FUGE) funded by the Norwegian Research Council. Carina 
Sihlbom at the Gothenburg University Core facility of proteomics has analyzed the data. This study was supported 
by the Swedish Medical Research Council 9898 and 2016-01200, the Inga-Britt and Arne Lundberg Research 
Foundation, the John and Brit Wennerström Research Foundation, VINNOVA and the Sahlgrenska University 
Hospital Grant ALF.

Author contributions
J.N., B.H., V.F., K.E., O.T. planned the study outline. A.K., V.F., K.E., A.B.G., E.O. carried out the experiments. 
O.T., E.O. and R.B. analyzed the mass spectrometry data. A.K., K.E., J.N., V.F., B.H., A.B.G. analyzed the other 
results. All authors contributed to writing and reviewing the manuscript.

Funding
Open access funding provided by University of Gothenburg.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 87753-3.

Correspondence and requests for materials should be addressed to J.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-021-87753-3
https://doi.org/10.1038/s41598-021-87753-3
www.nature.com/reprints


12

Vol:.(1234567890)

Scientific Reports |         (2021) 11:8487  | https://doi.org/10.1038/s41598-021-87753-3

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	Proteoglycans contribute to the functional integrity of the glomerular endothelial cell surface layer and are regulated in diabetic kidney disease
	Results
	Renal morphology. 
	Analysis of GFR in response to loss of ESL. 
	Identification of proteoglycan content of the endothelial cell surface layer in rats. 
	Identification of the glycosaminoglycan hyaluronan in renal eluates from rats. 
	Proteoglycan and proteoglycan-related proteins in glomeruli from patients with diabetic kidney disease. 
	Localization of proteoglycans in the human glomerular capillary endothelium. 
	Expression of proteoglycans in primary human glomerular endothelial cells in diabetic milieu. 

	Discussion
	Methods
	Animals and experimental design. 
	Perfusion solutions. 
	Renal morphology. 
	Transmission electron microscopy. 
	Collection of renal eluates. 
	Processing of renal eluates for mass spectrometry-based proteomics. 
	Reactome pathway database. 
	Assessment of hyaluronan in renal eluates. 
	Immunofluorescence. 
	Human diabetic kidney disease next generation sequencing cohort. 
	Human glomerular endothelial cells treated with high glucose and palmitate. 
	Statistics. 

	References
	Acknowledgements


