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Kidney function correlates with endothelial glycocalyx stability

Abstract

End-stage renal disease (ESRD) is accompanied by endothelial dysfunction. Since the 
endothelial glycocalyx (endothelial surface layer, ESL) governs interactions between 
flowing blood and the vessel wall, perturbation could influence disease progression. In 
this study we used a novel non-invasive sidestream-darkfield (SDF) imaging method, 
which measures the accessibility of red blood cells to the ESL in the microcirculation 
(perfused boundary region, PBR), to investigate whether renal function is associated 
with ESL dimensions.  PBR was measured in control participants (n=10), in patients 
with ESRD (n=23), in participants that have normal kidney function after successful 
living donor kidney transplantation (n=12) and in patients who developed interstitial 
fibrosis / tubular atrophy after kidney transplantation (n=10). In addition, the endothelial 
activation marker Angiopoietin-2 (Ang2) and shed ESL components syndecan-1 and 
soluble thrombomodulin (sTM) were measured using ELISA. Compared to healthy 
controls (1.82±0.16 µm), ESRD patients had a larger PBR (+0.23, [95%CI, 0.459 to 0.003], 
P<0.05), which signifies loss of ESL dimensions. This large PBR was accompanied by 
higher circulating levels of syndecan-1 (+57.71 [CI95%, 17.38 to 98.04] p<0.01) and sTM 
(+12.88 [95%CI, 0.29 to 25.46], p<0.001). After successful transplantation, the PBR was 
indistinguishable from healthy controls, without elevated levels of sTM or syndecan-1. 
In contrast however, patients who developed IFTA showed a large PBR (+0.36 [95%CI, 
0.09 to 0.63]; p<0.01) and higher levels of endothelial activation markers. In addition, 
a significant correlation between PBR, Ang2 and eGFR was observed (PBR vs. GFR: 
spearman’s rho 0.31 p<0.05 and PBR vs. Ang2: spearman’s rho -0.33 p<0.05).  
In this study we have shown that reduced renal function is strongly associated with low 
ESL dimensions. After successful kidney transplantation the ESL is indistinguishable from 
control.. Our new SDF-based method allows rapid and unbiased assessment of these ESL 
dimensions in clinical medicine.
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Introduction

Patients with end stage renal disease (ESRD) have a dysfunctional endothelium and 
increased morbidity and mortality, mainly due to their increased risk for cardiovascular 
disease [1,2]. The mechanisms responsible for activation of the endothelium in chronic 
renal failure are multifactorial and include the presence of uremic toxins (in particular 
asymmetric dimethyl arginine), low grade inflammation, and hypertension [3].  One of the 
earliest changes upon this endothelial activation has been postulated to be compositional- 
and dimensional alterations of the endothelial surface layer (ESL) [4].

The ESL is a carbohydrate gel-like layer composed of proteoglycans, glycoproteins and 
loosely bound plasma molecules [5-7]. It has been postulated to govern the interaction 
between blood and the vessel wall. Heparan sulfates, the main constituent of the ESL, have 
been shown to activate antithrombin III and to prevent leucocyte interaction with the 
endothelium [8-11]. In addition, the ESL regulates endothelial permeability and acts as 
shear stress sensor in the control of vasomotor function [12,13]. It is therefore very likely 
that alterations in, or loss of, ESL function can predispose for the development of vascular 
disease [14,15]. Under inflammatory conditions the ESL induces changes in surface 
heparan sulfate composition that facilitate the recruitment of inflammatory cells [14]. 
With sustained inflammation, the production of heparanase is induced in the glomerulus, 
which may partially degrade the ESL. Prevention of this ESL loss in diabetic heparanase 
knock-out mice also prevented the development of proteinuria and kidney injury [16]. 
Thus, ESL function and dimensions are also an important determinant of progression of 
kidney disease. 

Because the ESL is being produced and shed continuously and its dimensions are, among 
others, based on blood pressure and plasma proteins, it is very challenging to analyze 
[5-7]. Most methods that aim to detect changes in ESL are based on the measurement of 
shed ESL components like proteoglycans, hyaluronan or heparan sulfates in the plasma. 
The only direct measurements for ESL properties are currently done in animals only, using 
perfusion-staining or intra-vital techniques [13,17,18]. Until recently, ESL changes were 
measured using an invasive and time consuming method, by using the distribution of 
labeled red blood cells (RBC) and low molecular weight dextrans [19]. Recently, a non-
invasive tool for analyzing the ESL was developed using sidestream-darkfield (SDF) 
imaging. ESL dimensions were calculated as the difference in RBC column width before 
(functionally perfused capillary diameter) and after (anatomical capillary diameter) 
leukocyte passage. This technology correlates well with the invasive techniques based on 
tracer dilution to assess the volume of the ESL, which is very labor intensive and subject 
to investigator bias [20]. We use a new approach in which spatiotemporal changes in the 
ability of RBCs to penetrate the ESL can be detected [21]. This method is fully automated 
and blinded to the investigator. In contrast to previous methods, in which the ESL quantity 
was measured in volume or thickness, this method analyses ESL quality: a larger PBR, or 
increased accessibility to RBCs, reflects a disturbance of the ESL structure. 
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In the present study we utilized this method to investigate the hypothesis that renal failure 
is associated with perturbation of the endothelial ESL, i.e. larger PBR, and its relation to 
the presence of shed ESL components syndecan-1 and thrombomodulin (sTM) and the 
endothelial activation marker angiopoietin-2 (Ang2). In addition we measured the ESL in 
patients who received kidney transplantation.
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Material and methods

Study population
In a previous study, endothelial function has been shown to be estrogen-dependent and 
thus varies during the menstrual cycle [22]. Furthermore, in a currently on-going study 
we could demonstrate a small but significant difference in baseline PBR between man 
and woman (unpublished data). As the exact reason of these differences is still unclear, 
we only studied male participants in the current study to exclude gender as a possible 
confounding factor. A total of 53 male patients and 10 age-matched male controls were 
enrolled in a cross-sectional study in which PBR was measured (table 1). 31 Patients were 
included after being diagnosed with ESRD (eGFR<15 mL/min/1.73 m2), 12 with stable 
renal function after kidney transplantation (eGFR=30mL/min/1.73 m2 or higher or more, 
stable group) and  10 with interstitial fibrosis and tubular atrophy (IFTA) developed after 
kidney transplantation, (eGFR<30mL/min/1.73 m2or less and histopathologic proof, 
IFTA group). This latter group was included to investigate whether loss of function of 
the transplanted kidney would result in perturbation of the ESL. All procedures were 
approved by the Leiden University Medical Center (LUMC) institution’s Medical Ethical 
Committee and complied with the declaration of Helsinki’s guidelines. Informed consent 
was obtained from all patients.

Transplantation
All patients received kidney transplantation at the LUMC between 1984 and 2012. 
Transplantations were performed as described previously [23]. Patients were treated with 
prednisone (tapered to a dose of 10 mg by 6 weeks and a dose of 5-7.5 mg by 3 months), 
cyclosporine (area under the curve (AUC) 5400 ng.h/mL first 6 weeks then 3250 ng.h/mL) 
or tacrolimus (AUC 210 ng.h/mL first 6 weeks, then 125 ng.h/mL) and mycophenolate 
mofetil (MMF) (AUC 30-60 ng.h/mL). From the year 2000 on, these patients received 
induction treatment with basiliximab (40 mg at day 0 and 4) or daclizumab (100 mg/day 
on the day of transplantation and 10 days after transplantation). Patients were treated 
routinely with oral val-ganciclovir profylaxis for 3 months, except for a CMV negative 
donor recipient status. The clinical and research activities being reported are consistent 
with the Principles of the Declaration of Istanbul as outlined in the ‘Declaration of Istanbul 
on Organ Trafficking and Transplant Tourism.

Imaging of the sublingual microvasculature
Imaging of microcirculation: To detect the dynamic lateral RBC movement into the 
glycocalyx of the microcirculation (expressed as PBR), sidestream dark field (SDF) 
intravital microscopy (MicroVision Medical Inc., Wallingford, PA) [24] was performed 
to visualize the sublingual microvasculature. The method of calculation is based on the 
method published before and is fully automated to ensure unbiased analysis of the ESL 
[21]. The SDF camera uses green light emitting diodes (540nm) to detect the haemoglobin 
of passing RBC. The images were captured using a 5x objective with a 0.2 NA (numerical 
aperture), providing a 325- fold magnification in 720 x 576 pixels at 23 frames per second. 



100    101

Kidney function correlates with endothelial glycocalyx stability

The image acquisition is automatically mediated through the Glycocheck software 
(Glycocheck BV, Maastricht, the Netherlands). With this method it is possible to detect 
increased penetration of RBCs into the glycocalyx (increased PBR) when the glycocalyx 
is perturbed or degraded.
Calculating the PBR: The software automatically identifies all available measurable micro-
vessels, in focus and without movement of the imaging unit and defines vascular segments 
every 10μm along the length of these vessels (figure 1A,B). Subsequently, a sequence of 
40 frames is recorded in time, containing on average 300 vascular segments. Then the 
observer moves the SDF imaging unit to a different location for another recording session 
of 40 frames, until a total of minimal 3,000 vascular segments are recorded. After these 
measurements, 21 line markers are placed at an interval of 0.5µm around all vascular 
segments (figure 1C,D).

From these line markers in the recorded movies, the PBR is calculated. First, the width 
of the red blood cell column is measured by determining both inflection points of the 
intensity plot profiles of all line markers (figure 1E). This results in 840 red blood cell 
column widths per vascular segment (21 line markers * 40 frames). Second, for every 
vascular segment, the measurements of all these RBC column widths are combined into a 
graph as shown in figure 1F. The number of observed RBC positions (as a percentage of the 
total) is plotted against the measured column width. From this graph the median column 
width is derived, being the 50th percentile of the curve. By linear regression analysis, the 
slope of the line between the 25th and the 75th percentile is measured. The point where 
this line intersects with the x-axis is a reliable marker (based on all 840 measurements) of 
the most outward location of the RBC, the perfused diameter (PD). 

The PBR is defined as the distance between RBC column width and PD. Because the PBR 
is present on both sides of the RBC column, it is calculated using the equation: [PD – 
median RBC column width] / 2. The calculated PBR values, classified according to their 
corresponding RBC column width between 5 – 25 µm, are averaged to provide a single 
PBR value for each participant. Finally, the PBR is schematically shown in figure 1G.

Quality checks: To ensure a reliable and reproducible measurement quality checks are 
performed during the whole analysis procedure. First, the software only selects the 
vascular segments of which at least 11 of the 21 line markers have a positive signal for 
the presence of an RBC (>50% of the vascular segment is filled with RBCs) to use for the 
subsequent analyses from the first frame of the different recordings. By selecting only the 
vascular segments that are filled for more than 50%, the influence of hematocrit on the 
PBR measurements is minimized. 
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Figure 1: Image acquisition and logarithm to calculate PBR in sublingual microvasculature.                                  
A: Example of one frame made using the SDF camera. The camera detects the haemoglobin of passing 
RBCs by green light emitting diodes (540nm) and the software automatically identifies all available 
measurable micro-vessels in focus. B: Example of the same frame of the acquired image after vascular 
segments have been defined every 10μm along the length of these vessels, until at least 3000 vascular 
segments are recorded. C: Zoomed in example of one vascular segment of the RBC column. D. Sche-
matic example with the vascular segment marker and the 21 line markers on and around the vascular 
segment marker. E. Example of a plot profile of the RBC column width measured at one line marker. 
F: Graph of all RBC column widths measured at one vascular segment. From this plot the median 
RBC column width can be calculated. The perfused diameter can be determined by using linear re-
gression on the area of the curve from the 25th to the 75th percentile. Next the PBR can be calculated 
from these two parameters. G: Schematic image of cross section of a blood vessel with the RBC column 
width, perfused diameter and PBR explained.
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The second quality check is performed during the measurement of all RBC column widths 
(figure S1E). In the second quality check all measured segments are tested on minimal 
RBC width-, position of the column (centred or not) and the signal to noise ratio. In the 
third quality check the curve fit for calculating the median RBC column width and PD is 
tested (R2 of 25th to 75th percentile > 0.75)  (figure S1F). Measurement points that do not 
fulfil the criteria of these quality checks are not used for the calculation of the PBR.

Validation of the SDF method
To validate the measurements, a direct test to determine whether loss of glycocalyx dimension 
is reflected by outward radial displacement of circulating RBCs has been performed using 
intravital microscopy. For this experiment, B6.Cg-Tg(TIE2GFP)287Sato/1J mice were 
used (Jackson Laboratories, Bar Harbor, ME). In these mice endothelial cells (EC) can 
be imaged by the specific expression of GFP in ECs. These GFP-EC mice were prepared 
for intravital microscopic observation of the cremasteric microcirculation as described 
before.[25] The preparation was transferred to the stage of an intravital microscope 
(Leitz, Wetzlar, Germany), coupled to a cooled CCD video camera (C9100; Hamamatsu, 
Hamamatsu City, Japan). Microvessels were alternately observed using bright-field 
microscopy with a 435 nm band pass interference filter (blue light) in the light path for 
depiction of the RBC column and epi-illumination for examination of the GFP signal 
using the appropriate filters for fluorescein. A salt water immersion objective lens (x50, 
n.a. 1.0) was used. From these two images from the same microvessel segment (figure 
S2), the anatomic vessel width was determined using the endothelial position  by the GFP 
intensity peak while the perfused diameter was determined by the width of the RBC profile 
at half height intensity. The RBC-EC gap, or the space between endothelial cell and RBC 
column, is calculated from the difference between vessel diameter and corresponding 
perfused diameter, divided by two (as the gap is present on both sides of the RBC column). 
To determine the effect of glycocalyx degradation on the outward displacement of the 
RBC column, paired measurements in a total 16 vessels in 7 mice have been performed 
before and 30 minutes after hyaluronidase treatment (35 U, jugular vein infusion).

Laboratory and urinary assessments 
All persons enrolled in this study underwent blood sampling before the morning intake 
of immunosuppression. Creatinine, hematocrit and hemoglobin were measured. For all 
patients the eGFR was calculated from the plasma creatinine concentration using the 
Modification of Diet in Renal Disease (MDRD) formula. Simultaneously, blood was 
collected for analysis of Ang2 and sTM in serum and syndecan-1 in plasma. Ang2 (ELISA; 
R&D Systems, Minneapolis, MN, USA), sTM and syndecan-1 (ELISA; Diaclone Research, 
Besancon, France) concentrations were measured by their respective enzyme-linked 
immunosorbent assay according to the protocol supplied by the manufacturer. 

Statistical analyses 
Continuous normally distributed data are presented as mean ± SD, unless stated otherwise. 
Differences between the groups were tested by analysis of variance (ANOVA) and shown 
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as (difference compared to control [95% confidence interval], p-value). When criteria 
for parametric testing were not met, median and interquartile range (IQR) are presented 
and tested with the Mann-Whitney test. Correlations between interval variables were 
calculated using the Spearman rank correlation coefficient. Differences were considered 
statistically significant if p<0.05. Data analysis was performed using SPSS version 20.0 
(SPSS Inc, Chicago, IL) and GraphPad Prism, version 5.0 (GraphPad Prism Software Inc, 
San Diego, CA).
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Results

Method validation in mice
To validate the PBR measurements, the gap between endothelial cells and RBC column 
(RBC-EC gap) was measured in mice before and 30 minutes after i.v. administration of 
the glycocalyx degrading enzyme hyaluronidase (supplemental methods).  RBC-EC gaps 
ranged from 0.3 – 2.6 microns (vessel diameters 5 – 35 microns). Hyaluronidase treatment 
reduced the RBC-EC gap from 1.30 to 0.52 microns (average vessel diameter 16.0 microns) 
(figure 2).  To exclude that changes in the RBC-EC gap originate from changes in the vessel 
diameter, the vessel diameter was measured before and after hyaluronidase treatment 
(figure 2). Because no changes could be observed in these paired measurements (p=0.91) 
the influence of vessel diameter can be excluded, thereby confirming that the observed 
changes originate from the changes in RBC column size as a result of the degradation of 
the ESL.

***

A

B C

Figure 2: Validating the method in hyaluronidase treated mice. A: Example of the epifluores-
cence- (GFP, green) and trans-illumination (RBC, black) images made for measurement of both 
the vessel width using the endothelial cell GFP signal and the perfused diameter using the RBC 
column width. B: Paired measurements of changes in EC-RBC gap before and after hyaluronidase 
treatment. (*** P<0,001) C: Paired measurements of changes in vessel diameter before and after 
hyaluronidase treatment show no differences.
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Patient Characteristics
Clinical characteristics of all patients included in this study are described in table 1. No 
differences were observed in age, blood pressure or BMI. The eGFR, was significantly lower 
in all patient groups compared to controls (p<0.05). Hemoglobin and mean corpuscular 
volume (MCV) levels were significantly lower in patients with ESRD and IFTA compared 
to controls (table 1) (P<0.05). 
	
Comparison of ESL among patient groups
Changes in ESL related to endothelial activation are hypothesized to be one of the first 
changes in the development of cardiovascular disease [4,14]. Therefore; we measured 
the distance in which the RBCs can penetrate the ESL of which the calculated PBR 
reflects the ESL barrier properties. In this study, the PBR in controls was comparable to 
the PBR measured in controls in an earlier published study with lacunar stroke patients 
[21]. Compared to healthy controls (1.82±0.16 µm), the PBR in patients with ESRD was 
significantly different (+0.23, [95%CI, 0.459 to 0.003], P<0.05). Patients who developed 
IFTA also showed a different PBR (+0.36 [95%CI, 0.09 to 0.63]; p<0.01). Interestingly, the 
PBR in stable transplanted participants was larger, but statistically indistinguishable from 
healthy controls (1.85±0.20 µm, p=1) (Figure 3). To determine the influence of dialysis on 
the PBR, we compared patients who received dialysis (n=9) with patients without dialysis 
(n=14) within the ESRD group. No difference was observed between these patient groups 
(2.02±0.21 vs. 2.07±0.29 µm respectively, p=0.62), which suggest that dialysis does not 
contribute to the observed differences in PBR (Figure 4). 
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Characteristic control
(n=10)

ESRD
(n=23)

Stable
(n=12)

IFTA
(n=10)

Age (yrs)
44.8 (±10.3) 50.6 (±12.4) 54.1 (±13.9)

56.0 
(±9.4)

Smoking, N (%)
0 1

2 
(17%)

2 
(20%)

Time since Tx
(median years)  (IQR)

- -
5.0 

(1.0-7.5)
8.0 

(3.0-14.5)
BMI (kg/m2)

25.6 (±3.7) 25.92 (±4.1)
26.2

 (±3.4)
23.8 

(±3.0)
eGFR (ml/min/1,73 m2) 86.8 

(± 17.2)
8.2 

(± 2.7)*
61.2 (±16.8)* 22.3 (±9.03)*

Systolic BP (mmHg) 132.8 
(±11.6)

139.5 
(±12.9)

132.4 (±9.1) 141.9 (±20.5)

Diastolic BP (mmHg)
80.6 (±7.1)

83.0 
(±12.54)

78.1 
(±6.2)

81.5
 (±6.9)

Hemoglobin (mmol/L) 9.25 (±0.45) 7.71 (±1.00)* 8.96 (±1.24) 7.17 (±1.18)*
Hematocrit (L/L)

0.43 (±0.03)
0.38 

(± 0.05)
0.44 (±0.05) 0.37 (±0.05)*

MCV (fL)
88.8 (±2.6) 92.9 (±4.1)

89.7 
(±3.4)

95.4 
(± 5.5)*

Median proteinuria
(g/24hr) (I.Q.R)

- 2.04 (±1.81) 0.23 (±0.10) 2.27 (±2.38)

Anti-coagulation, N (%)
-

5
(22%)

0 
(0%)

6 
(60%)

Anti-hypertensives, N (%)
-

23 
(100%)

8 (
67%)

10 
(100%)

Statins, N (%)
-

12
 (52%)

2 
(17%)

6 
(60%)

Immunosuppressives, N (%) -
4 

(17%)
12 

(100%)
10

(100%)
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Comparing endothelial dysfunction and shed proteoglycans 

The endothelial activation state was determined by measuring serum Ang2 levels. In 
agreement with increasing PBR, the Ang2 level was higher, although not significant, 
compared to control levels (4.21±3.23 and 2.09±1.16 ng/mL, p=0.19) in ESRD serum 
samples (figure 5a). There was no difference in Ang2 levels in the successfully transplanted 
or the IFTA group (1.68±0.85 and 3.59±2.34 ng/mL, both p=1). Next, markers of shed ESL 
compounds were measured. Serum sTM levels between control participants (7.06±1.17 
ng/mL) and ESRD patients were significantly different (+12.88 [95%CI, 0.29 to 25.46], 
p<0.001). Patients diagnosed with IFTA had even higher serum sTM levels (+34.86 
[95%CI 19.87 to 49.86], p<0.001). In participants with a stable KTx, sTM levels were 
indistinguishable from control (12.98±3.01 ng/mL, p=1) (figure 5b). In accordance, shed 
syndecan-1 levels were high compared to control (49.8 ±17.4 ng/mL) in ESRD patients 
(+57.71 [CI95%, 17.38 to 98.04] p<0.01). However, shed syndecan-1 levels were not 
significantly different from controls in both IFTA and stable KTx samples (54.8±32.7 and 
64.0±15.2 ng/mL, respectively) (figure 5c). 

**
*

*

FIGURE 1
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Figure 3: Measurements of the perfused boundary region in participants with and without loss 
of renal function. PBR in healthy control participants (control, n=10), and in patients diagnosed 
with end stage renal disease (ESRD, n=23), stable kidney transplantation (stable KTx, n=12) and 
interstitial fibrosis and tubular atrophy (IFTA, n=10). Box-plot whiskers indicate 1st and 99th per-
centile. *P<0.05, **P<0.01

Figure 4: Measurements of the perfused boundary region in ESRD patients with and without 
dialysis. PBR in patient who did receive dialysis (n=9), and in patients who did not receive dialyis 
(n=14), within the ESRD group. Box-plot whiskers indicate 1st and 99th percentile.
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Association between renal function and the endothelial surface layer

To examine any relation between renal failure, health status of the microcirculation and ESL 
composition, the following correlations were achieved (table 2). Firstly, the endothelial cell 
activation marker Ang2 inversely correlated with renal function, as assessed by the eGFR 
(Spearman’s rho=-0.40, p<0.01), suggesting a relation between endothelial dysfunction 
and renal failure. Similarly, PBR was inversely correlated with the eGFR (Spearman’s rho 
= -0.33, p<0.05) and positively correlated with serum Ang2 levels (Spearman’s rho = 0.31, 
p<0.05). A comparable inverse correlation of sTM and syndecan-1 with eGFR (Spearman’s 
rho = -0.53 and -0.67, respectively; both p<0.001) supports the indication that endothelial 
activation and a perturbed ESL are associated with global renal function.

***
***

**

**

**

***
*

A

C

B

FIGURE 2

control ESRD stable KTx IFTA
0

5

10

15

A
ng

2 
(n

g/
m

l)

control ESRD stable KTx IFTA
0

20

40

60

80

100

sT
M

 (n
g/

m
l)

control ESRD stable KTx IFTA
0

100

200

300

sy
nd

ec
an

1 
(n

g/
m

l)

Figure 5:  Measurements of circulatory endothelial and ESL damage markers in participants 
with- and without loss of renal function. Markers were measured in healthy control participants 
(control, n=10), and in patients diagnosed with end stage renal disease (ESRD, n=23), stable kidney 
transplantation (stable KTx, n=12) and interstitial fibrosis and tubular atrophy (IFTA, n=10). A: 
serum Angiopoietin2 B: serum sTM and C: plasma shed syndecan-1. Box-plot whiskers indicate 1st 
and 99th percentile. *P<0.05, **P<0.01 **P<0.001
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Association between PBR and shed endothelial surface layer markers
Since both PBR and shed ESL markers associated with the observed differences in 
renal function, we tested the possible relation between the endothelial surface markers 
(table 2). Although we were able to find a positive correlation between PBR and sTM 
(Spearman’s rho=0.33, p<0.05) and between sTM and shed syndecan-1 (Spearman’s 
rho=0.45, p<0.001), no significant correlation between PBR and shed syndecan-1 was 
found (spearman’s rho=0.13 p=0.35). 
 

eGFR (ml/min/1,73 m2) PBR (µm)
PBR Spearman’s rho -0.33 -

P<0.05 -
Ang2 Spearman’s rho -0.40 0.31

P<0.01 P<0.05
sTM Spearman’s rho -0.57 0.33

P<0.001 P<0.05
Syndecan-1 Spearman’s rho -0.67 0.13

 P<0.001 P=0.35
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Discussion

We show that patients with impaired kidney function have a larger PBR, i.e. loss of 
endothelial surface layer. Interestingly, ESL dimensions in patients with a stable kidney 
transplant were indistinguishable from healthy controls, while loss of renal function in 
patients developing IFTA resulted again in perturbation of the ESL. These changes in PBR 
are reflected by the presence of circulating ESL components, sTM and syndecan-1. 

In the current study we used a new non-invasive, automated, and easy to apply approach 
to measure the ability of RBC to penetrate the ESL, quantitatively defined as the perfused 
boundary region. The automated software analysis results in an average PBR of 1.82µm in 
healthy control participants, which is lower than the previously published PBR of 3.3µm 
[26], but far more reliable because this new method uses over 3000 measurement sites and 
stringently removes artifacts and background signal. Moreover, it ensures unbiased data 
analysis.

Ang2 is released by endothelial cells upon their activation [27,28]. The paracrine release 
of Ang2 interferes with Ang1 signaling from perivascular cells towards the endothelium, 
resulting in capillary destabilization and angiogenic responses [29,30]. The correlation we 
show between Ang2, eGFR and PBR indicates that the endothelial activation during renal 
failure is associated with a loss of ESL dimensions.

TM, is an anticoagulant cell surface proteoglycan which is shed from the endothelial cell 
surface layer after inflammatory stimulation, resulting in the soluble TM we measured in 
serum [31]. Although it is also expressed in low amounts by dendritic cells and monocytes, 
it is mainly expressed by endothelial cells, thereby making it a reasonable marker for 
shedding of proteoglycans from the ESL. In this study we show a negative correlation 
between serum sTM and renal function (eGFR), which has also been shown in type 1 
diabetic patients after simultaneous pancreas–kidney transplantation [23]. Although 
shedding from the ESL most likely explains higher sTM, reduced clearance by the kidneys 
needs to be considered as well. A study in diabetic patients, however, showed that urinary 
sTM was not influenced by GFR [32]. Also the size of sTM would preclude filtration by 
the kidney. Together, these data indicate that the high levels of sTM are a direct result of 
increased TM shedding from the ESL. 

In addition to TM, syndecan-1 is also shown to be expressed at the luminal endothelial 
surface [33,34]. Its shedding from the ESL under inflammatory conditions is thought 
to contribute to plasma levels of soluble syndecan-1 [35]. In agreement, syndecan-1 
shedding has been shown previously to be associated with ischemia-reperfusion injury, 
septic shock and post cardiac arrest syndrome [33,36,37]. In addition, patients with early 
diabetic nephropathy have higher shed syndecan-1 levels compared to healthy controls 
[38]. Alternatively, reduced renal clearance of syndecan-1 could as well be involved in 
elevated plasma levels in patients with renal failure. While little is known about the exact 
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clearance mechanism of syndecan-1, its large molecular weight excludes a direct straight 
forward relationship with GFR. Although the large PBR and sTM levels coincided with 
high syndecan-1 levels in ESRD patients, transplant recipients with IFTA and reduced 
renal function still showed low levels of syndecan-1. 

Interestingly, in patients who were stable after kidney transplantation, sTM and PBR was 
not similar, but also not significantly different from the measured PBR in ESRD patients or 
the healthy controls. This position in between healthy controls and ESRD patients might 
be explained by the fact that kidney function is still not optimal compared to healthy 
controls. The higher level of sTM in IFTA patients compared to ESRD patients is absent 
for syndecan-1, which suggests that the various pathologies that underlie renal failure in 
these patients affect the shedding of ESL components differently.

All together, the plasma and serum biomarkers and PBR measurements corroborate the 
observation that loss of renal function is associated with endothelial activation and ensuing 
loss of ESL thickness.  A question is whether mucosal ESL thickness is representative for 
systemic changes. However, as with other endothelial function measurements, systemic 
factors will induce representative functional endothelial changes throughout the 
circulation. Using dextran distribution we previously validated in patients with diabetes 
that such mucosal changes in ESL thickness are indeed accompanied by changes in 
systemic ESL thickness [39]. In addition, ESL changes have also been shown to coincide in 
both the retinal and the sublingual microcirculation in patients with type 2 diabetes [40]. 

In this study we cannot completely exclude the effect of immunosuppression in the 
transplant patients on the mechanical properties of the ESL. Nonetheless, a clear change 
in PBR was observed between the kidney recipients with stable function versus the IFTA 
group, while both groups were treated with immunosuppressive medication, suggesting 
that renal function per se is a more important determinant of PBR. Another question 
is whether changes in RBC deformability may have contributed to the observed PBR 
measurements. A study by Martinez et al did not observe any alteration in erythrocyte 
deformability between control participants and patients with CKD with or without 
dialysis, which makes a contribution of RBC deformability to the observed differences in 
PBR less likely for these patients [41].

Changes in the ESL have been postulated to precede vascular (and renal) damage [4]. 
Because measuring PBR in the microcirculation is a non-invasive and fast method to assess 
changes in the ESL in patients, this is a promising new method for clinical monitoring of 
the systemic microvasculature to predict the risk for cardiovascular disease and to follow 
the vascular effect of interventions, such as kidney transplantation. 
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