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Abstract

The glomerular endothelial glycocalyx (GEnGlx) forms the first part of the glomerular filtration
barrier (GFB). We have previously shown that excess mineralocorticoid receptor (MR) activation
causes GEnGIx damage and albuminuria. Damage to the GEnGiIx occurs early in the
pathogenesis of diabetic nephropathy (DN). Here we sought to determine whether MR
antagonism with spironolactone could prevent the development of albuminuria in diabetes, by
preserving the GEnGiIx to maintain the GFB. Streptozotocin-induced diabetic Wistar rats
developed increased glomerular aloumin permeability (Ps’;) and albuminuria, with associated
GENGix loss and increases in plasma and urine active matrix metalloproteinase 2 (MMP2). MR
antagonism reduced urine active MMP2, preserved the GEnGlx, restored Ps’,;, to control values
and prevented diabetes-induced albuminuria progression. Enzymatic degradation of the GEnGlx,
with hyaluronidase, reversed the effect of MR antagonism in diabetic rats, confirming the
importance of GEnGix preservation in this model. Using this model we validated a novel
fluorescent profile peak-to-peak confocal imaging technique and applied it to assess GEnGix
damage on renal biopsies from patients with DN and compared them to healthy controls. We
confirmed that GEnGlx loss occurs in human DN and may contribute to the disease phenotype.
Taken together our work suggests GEnGlx preservation as an important novel mechanism for

reno-protection by MR inhibitors in diabetes.

Keywords

Albuminuria; Cardiovascular disease; Endothelium; Glycocalyx; Mineralocorticoid receptor.

Translational Statement

Mineralocorticoid receptor (MR) antagonists reduce albuminuria in diabetic nephropathy (DN), but
side effects limit their clinical utility, and the mechanism is unknown. This paper demonstrates
that MR antagonism prevented the development of glomerular endothelial glycocalyx (GEnGilx)
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dysfunction and albuminuria. Highly specific, enzyme mediated, removal of the GEnGix abolished
this effect, confirming the importance of EnGlx preservation in this model. Our data also confirm
that GEnGlIx damage occurs in human DN and may contribute to the clinical phenotype. This
work suggests directly targeting glycocalyx preservation in DN could reproduce the protective

effects seen with MR inhibition, whilst avoiding side effects.

Introduction

Glomerular diseases, including diabetic nephropathy (DN), are the commonest cause of end-
stage renal failure." DN is a serious complication of diabetes, with approximately 1 in 5 people
with diabetes needing treatment for DN during their lifetime.? In the UK, DN alone accounts for
~11,000 people requiring renal replacement therapy (RRT) and 18% of all people requiring RRT

do so because of diabetes."

Renin-Angiotensin-Aldosterone System (RAAS) blockade with both angiotensin-converting
enzyme inhibitors (ACEi) or angiotensin-receptor blockers (ARB) reduce albuminuria and the risk
of end-stage kidney disease.® However, because of aldosterone escape, blockade of RAAS with
ACEi or ARB may not be effective at suppressing aldosterone-induced mineralocorticoid receptor
(MR) stimulation.*® In DN patients taking ACEi or ARB, the addition of MR antagonists further
reduces albuminuria, indicating that MR activation contributes to albuminuria.>"" Most recently,
the large Phase Il FIDELIO-DKD trial suggests that in patients with chronic kidney disease (CKD)
and type 2 diabetes, MR inhibition reduced the risk of CKD progression and cardiovascular
events.'? However, side effects, such as hyperkalaemia, limit the clinical use of MR
antagonists.>'"*"'® Thus, better definition of mechanisms of glomerular damage are needed to
identify novel tissue-specific therapeutic targets.

Changes in the glomerular endothelium are increasingly recognised in DN and other glomerular
diseases.'® The glomerulus is the filtering unit of the kidney and its function is dependent on the
multi-layer structure of the glomerular filtration barrier (GFB). This consists of glomerular
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endothelial cells (GENnC), the glomerular basement membrane (GBM) and podocytes.'” The
glomerular endothelial glycocalyx (GEnGix) covers the luminal surface of the GEnGC, filling the

fenestrations, contributing to glomerular barrier function.’®'® Our group and others have shown

20-22

that GEnGix specifically limits albumin permeability in vitro and in vivo® . The EnGlx is a

hydrated poly-anionic gel composed principally of proteoglycan core proteins, glycosaminoglycan

chains and sialoglycoproteins.?’ In healthy vascular physiology the EnGlx has multiple roles,

28,29 30,31

including regulating vascular permeability, mediating shear stress mechanotransduction,

and attenuating immune cell-endothelium interactions,®**® with further roles under

investigation.””**% Disruption of the EnGlx has been linked to the development of various clinical

conditions including; diabetes, sepsis, preeclampsia, and atherosclerosis.'?734%

In humans, DN is characterised by albuminuria.”®®” In early DN no macroscopic GBM or

podocyte changes are detectable, but systemic endothelial and glycocalyx dysfunction in both

type 1% and type 2 diabetes®® has been shown to occur. Others have previously shown

40,41

glycosaminoglycans are lost from the GFB in diabetes, and we have confirmed GEnGix loss

42,43

in diabetic mice and rats.? Together these findings strongly implicate GEnGlIx damage as a

key initiator of albuminuria in DN."®'%%"

EnGlx components are cleaved from the cell surface by “sheddases”, including matrix
metalloproteinases (MMPs).**** We have identified MMP2 and MMP9 as key glycocalyx
sheddases.”****¢ We have recently defined a pathway whereby excess MR activation results in
increased MMP2 and MMP9 activity and consequent GEnGlx dysfunction and albuminuria.*®
Here we seek to determine whether this pathological pathway is responsible for GEnGIx damage

in diabetes.

We hypothesize that MR antagonism reduces MMP activity in diabetes, preserving the GEnGix

and limiting the development of albuminuria.
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Methods

Animals

All animal protocols were approved by the UK Government Home Office and conformed to the
National Institutes of Health Guide for the Care and Use of Laboratory Animals. Male Wistar rats
(150—200g) were purchased from Charles River UK Limited (Kent, UK) and maintained by the
Animal Services Unit, University of Bristol. Animals were housed in a conventional facility with a
controlled environment (21-24 °C and 12:12 hour light—dark cycle). A period of 1 to 2 weeks was
allowed for animals to acclimatize before any experiments. All rats had free access to food and
water throughout the study. Timelines of the experimental protocols used are included (Figure 1A

and 4A).
Human Renal Samples

All studies on human kidney tissue were approved by national and local research ethics
committees (REC) and conducted in accordance with the tenets of the Declaration of Helsinki.
Renal biopsy samples from 34 patients were obtained from Bristol, UK (Histopathology
Department, Southmead Hospital) and Bari, Italy (Division of Nephrology, Dialysis and
Transplantation, Department of Emergency and Organ Transplantation, Aldo Moro University of
Bari). Samples provided in Bristol were archived anonymised samples (REC H0102/45). For Bari
samples, patients gave written informed consent for the use of this material for research (Study
no. 5156/2017). Tissue was immersion fixed in 10% neutral buffered formalin and embedded in
paraffin. Samples had been clinicopathologically diagnosed, including 19 patients with diabetic
nephropathy (DN), 8 patients with thin basement membrane nephropathy (TBMN) and 7
histologically normal control patients (Table 1).

TBMN is the most common cause of persistent hematuria and patients usually display minimal or

no proteinuria, normal renal function, and a uniformly thinned GBM.*” TBMN occurs in more than

1% of the population and is a lifelong non-progressive disorder.*® With limited numbers of
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histologically normal renal biopsy samples, collected in a comparable way to disease samples,

renal biopsy samples from TBMN patients represent a good alternative for comparison.
Fluorescent profile confocal peak-to-peak analysis

Initially, the fluorescent profile peak-to-peak assessment was carried out, blinded with our manual
methodology, as previously described.*®*® A perpendicular profile line (ROl in Figure 2Ai) was
drawn from the inside to the outside of the capillary loop crossing the lectin-labelled glycocalyx
first followed by the R18 labelled endothelial membrane. Fluorescence intensity profiles were
then generated for the lectin-labelled components of the endothelial glycocalyx and endothelial
cell label. The distance between the peak signals from the lectin-488 and the R18 labels (peak-to-
peak) is an index of glycocalyx thickness (Figure 2B). Mean data was determined from an

average of 3 lines per capillary loop, 3 loops per glomerulus, 3 glomeruli per rat.

Our peak-to-peak measurement technique was subsequently updated to use a blinded
automated methodology. This increased the number of measurements taken from each capillary
loop and reduced the time taken to analyse each glomerulus. Briefly, we developed an ImageJ
macro to take multiple measurements in a pre-selected capillary loop and generate fluorescence
intensity profiles for the lectin components of the GEnGlIx and endothelial cell label. Gaussian
curves were applied to the raw intensity data of each plot for peak-to-peak measurements
(dashed lines in Figure 2B). Mean data was determined from 200 lines per capillary loop, 3 loops
per glomerulus, 4-6 glomeruli per rat. Data was excluded with a standard deviation >7.5 and/or a

signal-to-noise ratio <15
Statistical analysis

All statistics were calculated using Prism 8 (GraphPad, CA, USA). Normality was assessed
visually and using the Shapiro-Wilk test. Where data was normally distributed an ANOVA or
Student’s t-test were conducted. If data was not normally distributed the non-parametric
equivalents of these tests were used (Kruskal-Wallis One Way Analysis of Variance on Ranks or

Mann-Whitney Rank Sum Test) to establish if data were significant. The Tukey method (ANOVA)
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or Dunn’s method (Ranks) was used for multiple comparisons between groups. All data are
expressed as mean +/- SEM (standard error of the mean) unless stated otherwise. Results with
values of p < 0.05 were considered statistically significant. Individual rats were considered

experimental units within this study.

Please see the Supplementary Methods for details on the type 1 diabetic model and dosing
regimen, tissue collection, glomerular albumin permeability (Ps’alb) assay, transmission electron

microscopy, lectin staining and MMP activity.

Results

Development of albuminuria and increased glomerular permeability in early
DN is ameliorated by MR antagonism

Male Wistar rats were hyperglycaemic 3 weeks after receiving STZ (Figure S1A). There was no
significant change in body weight in the STZ-treated rats when compared at week 0, prior to STZ
injection (Figure S1B). However, from week 4 the diabetic rats gained significantly less weight
than control rats, resulting in a 1.3-fold lower body weight after week 8 post-STZ (Figure S1B).
Treatment with spironolactone had no significant impact on hyperglycaemia, or on body weight
(Figure S1B).

STZ-induced diabetic rats progressively developed albuminuria (Figure 1B) and this became
significant with a 10.9-fold increase in albuminuria at week 8 post-STZ (Figure 1B).
Spironolactone limited progression of albuminuria in diabetic rats. At week 8 post-STZ diabetic
rats treated with spironolactone had a significantly reduced uACR compared to vehicle-treated
diabetic rats, with no significant difference when compared to controls (Figure 1B). The fold
change in uACR from initiation of the treatment phase (week 4), with vehicle or spironolactone, to

when the rats were culled (week 8) was determined (Figure 1C). Diabetic rats had a significant
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increase in fold change of UACR, compared to both controls and spironolactone-treated diabetic
rats. There was no significant difference when comparing spironolactone-treated diabetic rats and
controls. The fold change in uPCR was also determined to investigate whether changes in
albumin excretion reflected overall protein excretion (Figure S1C). Similarly, diabetic rats had a
significant increase in fold change of uPCR, compared to both controls and spironolactone-

treated diabetic rats.

Our glomerular permeability assay was used to directly measure the albumin permeability (Ps’p)
of individually trapped glomeruli.?® In contrast to urine-based measurements this assay directly
measures the GFB permeability to albumin and is independent of haemodynamic factor and
tubular albumin handling (Figure 1D). Compromised glomerular capillary wall integrity was
confirmed by a 1.6-fold increase in Ps’y, (Figure 1E). Spironolactone restored Ps’y, to control
values with no significant difference when compared to controls, and permeability was

significantly reduced compared to diabetic rats (Figure 1E).
Diabetes-induced GEnGlx damage in early DN is prevented by MR
antagonism

Following removal of the left kidney rats were perfusion-fixed with glutaraldehyde and Alcian blue
for TEM,?** and electron micrographs of the glomerular capillary wall were used to measure a
range of glomerular parameters (Figure 2A and S2A). STZ-induced diabetic rats had a 1.8-fold
decrease in GEnGlx coverage (Figure 2B). Similarly, there was a 1.9-fold decrease in GEnGlx
thickness in diabetic rats, however this was not significant (Figure 2C). Spironolactone treatment
in diabetic rats restored both the GEnGix coverage and thickness (Figure 2B and 2C). Diabetic
rats treated with spironolactone had significantly increased GEnGlIx coverage and GEnGix
thickness compared to vehicle-treated diabetic rats, with no significant differences when
compared to controls (Figure 2B and 2C). Glomerular permeability changes were weakly
associated with GEnGIx thickness measured by EM (Figure 2D), suggesting EM based

measurements provide a poor measure of glycocalyx integrity. Finally, there were no significant
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changes in other ultrastructural features, including podocyte glycocalyx (pGlx) thickness, pGix
coverage, GBM width, fenestration density, podocyte foot process density, podocyte foot process
width, and podocyte slit diaphragm width (Figure S2B-H).

Marasmium oreades agglutinin (MOA) and wheat germ agglutinin (WGA) lectin both bound to the
EnGlx on the luminal surface of the labelled GEnC membrane (Figure 3A). We analysed the
fluorescent images generated using a fluorescent profile peak-to-peak measurement

technique*®*¢*°

to provide an index of GEnGix thickness (Figure 3B). Manual peak-to-peak
measurement of MOA labelling demonstrated a 1.5-fold reduction in GEnGlx thickness in diabetic
rats (Figure 3C). Spironolactone treatment in diabetic rats restored the GEnGix thickness, with no
significant differences compared to controls (Figure 3C). Glomerular albumin permeability

corelated inversely with the GEnGiIx thickness measured by peak-to-peak analysis of MOA/R18

labelling (Figure 3D).

To confirm the validity of our findings with MOA labelling we applied a second lectin, WGA, for
peak-to-peak measurements, and developed an automated methodology. As with MOA, we found
significant glycocalyx damage in diabetic rats, with a 1.7-fold decrease in GEnGlx thickness
(Figure 3E). Spironolactone in diabetic rats significantly restored the GEnGlx thickness, with no
significant differences compared to controls (Figure 3E). Again, glomerular permeability changes
corelated inversely, and strongly, with GEnGix thickness measured by peak-to-peak of WGA/R18
labelling (Figure 3F), suggesting peak-to-peak provides a superior measure of glycocalyx integrity

compared to EM assessment.
The effect of MR antagonism in preventing the diabetes-induced increase
in glomerular permeability is dependent on the GEnGlx

Hyaluronidase, a glycocalyx-degrading enzyme, was infused in a sub-group of spironolactone-
treated diabetic rats to remove the EnGlx to confirm the importance of GEnGilx preservation in
this model (Figure 4A). Automated peak-to-peak measurement of MOA labelling demonstrated a

significant reduction in GEnGix thickness with enzyme treatment (Figure 4B). Similarly, WGA
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labelling and analysis showed a significant reduction in thickness with enzyme treatment (Figure
4C). Enzymatic degradation of the GEnGix significantly increased the uACR by 3.6-fold and
returned albuminuria to diabetes-induced levels (Figure 4D). Electron micrographs of perfusion
fixed glomeruli confirmed that enzyme treatment resulted in significant GEnGilx loss, evidenced
by a 1.5-fold decrease in GEnGix coverage (Figure 4E and 4F) and a 2.9-fold decrease in
GENGix thickness (Figure 4G). Enzyme treatment had no significant effect on either pGix
coverage or thickness or GBM width, suggesting that hyaluronidase activity remained focused on

the luminal EnGlx (Figure S3).
Increased MMP activity in early DN is ameliorated by MR antagonism

We have previously identified MMP2 and MMP9 as key glycocalyx sheddases.***>* Plasma and
urine active MMP2 were significantly increased in diabetic rats, with a 1.2-fold increase in plasma
(Figure 5A) and a 25-fold increase in urine (Figure 5B). Plasma active MMP9 was not significantly
increased (Figure 5C), however urine active MMP9 was significantly increased, with a 14-fold
increase compared to controls (Figure 5D). Therapeutic treatment with spironolactone
significantly attenuated the diabetes-induced increase in urine MMP2 and MMP9 activities (Figure

5C and 5D), confirming that this MR inhibitor reduces the activity of both MMPs in vivo.

The GEnGlx is damaged in human DN

Human renal biopsies were obtained from two different centres (Bristol, UK and Bari, Italy) (Table
1). Ulex europaeus agglutinin | (UEA 1) lectin has been established as an excellent marker for

human endothelial cells®®?’

and binds specifically to the EnGlx, on the luminal surface of the
GENC (Figure 6A). Representative images show a reduction in UEA [ labelling in renal biopsies
from DN patients when compared either to TBMN controls or to histologically normal controls.
Following extensive validation in our animal model our peak-to-peak measurement technique has
allowed us to confirm GEnGlx damage in human diabetes. This may contribute to the disease

phenotype seen in human DN. Peak-to-peak measurement of UEA | labelling, with our blinded

automated methodology, demonstrated a significant reduction in GEnGlx thickness with DN
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(Figure 6B). In the Bristol cohort there was a 4.7-fold decrease in GEnGlx thickness in DN
patients compared to TBMN controls. This was replicated in the Bari cohort, with a 7.9-fold

decrease in GEnGilx thickness in DN patients compared to controls.

Discussion

Using a rat model of diabetes we have demonstrated up-regulation of MMPs, GEnGlIx damage
and glomerular dysfunction occur early, before other visible markers of DN. MR antagonism in
this model preserved the GEnGix and restored glomerular function. To achieve this, we used a
highly sensitive glomerular Ps’;;, assay to directly measure glomerular permeability and applied a
peak-to-peak measurement technique as an index of glycocalyx thickness. In addition, we have
confirmed that GEnGlIx damage occurs in human DN and may contribute to the disease
phenotype. Together these data suggest that alternative approaches to protect against MR
activation-associated GEnGiIx damage represent a novel potential therapeutic strategy in patients

unable to tolerate direct MR inhibition.

STZ-induced diabetic rats provide a good model of early changes in DN,?¢253

and experiments
with pancreatic islet transplantation have shown that albuminuria in this model is due to diabetes
rather than STZ toxicity.54 As expected, our diabetic rats progressively developed albuminuria.
However, urinary albumin excretion is not a sensitive measure of glomerular permeability due to
tubular reabsorption of filtered albumin and changes in local haemodynamic factors. Our
glomerular Ps’y, assay directly measures glomerular permeability using single capillaries in
isolated glomeruli and therefore is not confounded by tubular reuptake of albumin or by
haemodynamic factors, including changes in systemic blood pressure.”® We observed an

increase in glomerular Ps’, in early DN, and both glomerular permeability and albuminuria were

limited by MR antagonism confirming a direct action on the GFB.

The GENGIx plays an important role in glomerular barrier function, limiting albumin

permeability.'®'*?** Conventional TEM is often used to directly visualise and measure the
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EnGlx,>>" however one of the main limitations of TEM is the potential for damage to the EnGlx
during tissue preparation.’>*® Sample fixation is another factor that can affect quantification of
EnGlx, with glycocalyx structure better maintained in perfusion-fixed rather than immersion-fixed
tissue.”® However, variable tissue perfusion in disease could potentially confound the technique,
with a subjective increase in renal perfusion variability noted in diabetic animals. Furthermore,
perfusion-fixation techniques are not applicable in humans. Quantification from electron
micrographs showed reduced GEnGIx coverage in diabetic rats, restored by inhibiting MR.
However, GEnGlx measured by TEM showed only a weak correlation with glomerular
permeability. In mice, MOA lectin is known to bind to specific carbohydrate sequences present in

43,59,60

the glycocalyx of glomerular endothelium, and here we confirmed it bound to the EnGix on

the luminal surface of the R18-labelled GEnC membrane in rats. WGA lectin is known to bind to

24,49,61

the EnGilx in rats, and with MOA lectin was used to study the GEnGlx. Our peak-to-peak

measurement technique has previously been used, in vivo*®*

and on fixed kidney tissue*®, as an
index of glycocalyx thickness. With peak-to-peak measurement using both MOA and WGA lectin
labelling, we have demonstrated that the diabetes-induced reduction in GEnGilx thickness is
restored by MR antagonism. In addition, GEnGilx thickness measured by peak-to-peak correlated
with glomerular permeability (Ps’) more strongly than did TEM measurements. This is likely due
to perfusion variability and dehydration artifact during tissue processing for TEM. The peak-to-
peak measurements using MOA and WGA lectin labelling were also greater than GEnGIx
thickness based on TEM. This is likely due to EnGix collapse during the dehydration procedure

that follows fixation in TEM tissue preparation.®>*®%

These findings further validate our peak-to-
peak measurement technique as a reliable and robust alternative when investigating EnGix

thickness.

The role of the pGilx in diabetes requires further investigation. In our previous work in STZ-
induced diabetic mice we found significantly reduced pGIx.43 In this study there was a trend
toward reduced pGix but changes were not significant. This may be because the hyperglycaemia-

induced morphological changes in the kidneys of STZ-induced diabetic rats are less significant
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than those observed in STZ-induced diabetic mice.*® The hypothesis that endothelial activation
can lead to secondary podocyte injury has been supported in some studies.®*® Other glomerular
ultrastructural features were not affected. Significantly, STZ-induced diabetic rats did not develop
GBM thickening and podocyte effacement by 8 weeks. These data confirm our previous
observations that isolated disruption of GEnGilx in early DN is associated with albuminuria and
glomerular permeability increases, even in the absence of changes in other glomerular capillary

wall components.®

The glycocalyx is a complex heterogenous structure. Hyaluronan is a glycocalyx component that
has been shown to be shed in diabetes.®” In this study we have shown that MR antagonism
preserves the GEnGilx, reduces the increased Ps’;, and retards the development of albuminuria
in DN. Using enzymatic degradation of the GEnGlx with hyaluronidase in spironolactone-treated
diabetic rats we demonstrated that stripping the restored glycocalyx increased albuminuria back
to diabetes-induced levels, confirming the importance of GEnGlx preservation in this model of
DN. Previously in mice, using a combination of hyaluronidase and chondroitinase we have shown
that enzymatic GEnGilx depletion resulted in a significant increase in endothelial permeability.?®%
Here, we used hyaluronidase in isolation because it has a short half-life in circulation, 3.2 minutes
in rats,®® and a molecular weight of 61 kDa thereby limiting its effects to the EnGlx. Consistent

26,68

with our previous observations, enzyme treatment reduced the GEnGix, with no effect on

pGilx, suggesting enzyme activity was focused within the vessel lumen.

The underlying mechanism of damage in this model appears to be MR-induced MMP induction.
We have shown increased plasma and urine MMP2 activity in diabetic rats, and increased MMP9
activity in urine. In humans, plasma MMP2 levels were increased in adults with type 1 and type 2
diabetes.”®"? Studies have also found elevated activities of urinary MMP2 and MMP9 in patients
with type 1 and type 2 diabetes.”"® Recently in mice, we have demonstrated increased MMP
activities induced by excess aldosterone®® and by diabetes.*® In diabetic mice, we showed both
MMP2 and MMP9 activities were enhanced in plasma and urine, with more marked changes

noted in urine.”® In the current study, changes in plasma MMP9 activity in diabetic rats showed a
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similar trend to urinary changes, although they did not reach significance. Consistent with our
recent findings, the diabetes-induced increase in MMP activity was associated with reduced
GEnGlIx and an increase in albuminuria. In addition to preserved GEnGix and normalised
glomerular permeability, we have shown that MR antagonism in STZ-induced rats reduced
urinary active MMP2 and MMP9, highlighting a mechanism of glycocalyx protection. Similar to
urinary changes, there was a trend towards reduced plasma MMP activity with MR antagonism,
however changes were not significant. Our findings are consistent with our previously published
work that treatment with vascular endothelial growth factor Asgsb, angiopoietin-1 and an MMP2/9

inhibitor reversed damage to the GEnGlx and restored glomerular permeability in early DN.?*%%*3

In humans, the absence of GBM or podocyte changes in early disease, along with systemic
endothelial and glycocalyx dysfunction seen in both type 1% and type 2 diabetes,® strongly
implicate GEnGlx damage as a key initiator of albuminuria in DN."®'**" Using our peak-to-peak
technique (UEA I/R18) we have demonstrated that GEnGiIx damage occurs in human DN and
may contribute to the disease phenotype. This work highlights the importance of work aimed at
identifying therapeutic targets capable of limiting EnGlIx degradation in disease. Such therapies
would protect and restore the glycocalyx and would be of benefit in glomerular diseases,

including DN, and also in systemic vascular disease. "®"®

In summary, we have shown that MR antagonism prevented damage to the GEnGix and
normalised glomerular albumin permeability in early DN. In addition, critically we have
demonstrated that GEnGlx damage may contribute to the disease phenotype in human DN.
Alternative approaches to block MR-induced GEnGIx dysfunction warrant further investigation, to

reproduce the benefit of MR antagonists in DN without the adverse effects.
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Tables

Table 1. Clinical and analytical data at the time of renal biopsy

TBMN - Control - Diabetes - Diabetes -
Bristol Bari Bristol Bari
(n=8) (n=7) (n=12) (n=7)

Median age 52 37 51 62
(range) (31-73) (8-57) (2510 78) (4310 78)
Male 2 5 6 5
Female 6 2 6 2
DM Type 2/ Type 1 - - 9/3 7/0
Medication
Taking ACEi/ARB 1/8 1/7 7/12 5/7
Taking MR inhibitors 0/8 0/7 0/12 0/7
Median number of diabetic - - 2 2
medications (range) (1-3) (1-3)
Clinical Results
eGFR Median 70 105 32 22
(range) (26-113) (82-128) (18-64) 8-82
Median serum albumin, g/L 36 - 24 30
(range) (33-47) (14-37) (26-43)
Median uPCR, mg/mmol 21 - 624 381
(range) (0-54) (12-1416) (16-681)
Median uACR, mg/mmol 0 - 460 360
(range) (0-49) (0-1279) (68-681)

TBMN, thin basement membrane nephropathy; DM, diabetes mellitus; ACEi, angiotensin-
converting enzyme inhibitors; ARB, angiotensin receptor blocker; MR, mineralocorticoid receptor;
eGFR, estimated glomerular filtration rate; uPCR, urinary protein:creatinine ratio; uACR, urinary

albumin:creatinine ratio.
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Figure 1. Development of albuminuria and increased glomerular permeability in early
diabetic nephropathy is ameliorated by MR antagonism with spironolactone. (A) Schematic
overview of streptozotocin (STZ)-induced diabetic model and spironolactone (spiro) treatment
protocol for male Wistar rats. An injection of STZ was given at week 0. Four weeks post-STZ
injection, spiro (an MR inhibitor) was given for 28 days and rats were culled at week 8 post-STZ
injection. Rats were randomised to receive STZ and spiro. (B) Albuminuria levels stabilise in
diabetic rats treated with spiro but progressively worsen in rats given vehicle. Urinary
albumin:creatinine ratio (UACR) was determined at week 0 (control, n=4; diabetes, n=3; diabetes-
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spiro, n=3), week 2 (control, n=6; diabetes, n=5; diabetes-spiro, n=6), week 4 (control, n=10;
diabetes, n=12; diabetes-spiro, n=13), and week 8 (control, n=10; diabetes, n=12; diabetes-spiro,
n=14). A base-10 log scale is used for the Y axis. (C) Treatment with spiro for 28 days reduced
the fold change in UACR from initiation of treatment, week 4 to week 8 (control, n=10; diabetes,
n=12; diabetes-spiro, n=13). A base-2 log scale is used for the Y axis. (D) Representative images
of an isolated glomerulus stained with R18 and Alexa Fluor 488-bovine serum albumin (AF488-
BSA). (E) Glomerular albumin permeability (Ps’,») was measured at week 8 (control, n=7 rats (32
glomeruli); diabetes, n=8(36); diabetes-spiro, n=5(21)). Each dot, triangle, and square on the
graph represents a rat. Data are expressed as mean = SEM. ** P<0.01; *** P<0.001.
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Figure 2. Transmission electron microscopy demonstrated that MR antagonism prevented
diabetes-induced glomerular endothelial glycocalyx damage. Rats were perfusion-fixed for
transmission electron microscopy (TEM) with cacodylate buffer containing glutaraldehyde and
Alcian blue. (A) Representative electron micrographs of the glomerular capillary wall are shown
for (i) control, (ii) diabetes, and (iii) diabetes-spironolactone (spiro) samples. Labels indicate
glomerular endothelial glycocalyx (GEnGix). Bars = 200 nm. Quantification at week 8 post-STZ of
(B) GEnGix coverage, and (C) GEnGilx thickness (control, n=3 rats (9 glomeruli); diabetes,
n=6(13); diabetes-spiro, n=4(8)). (F) The rate of glomerular aloumin leakage (Ps’p) is weakly
associated with GEnGlx thickness measured by TEM (n=16). Each dot, triangle, and square on

the graph represents a rat. Data are expressed as mean £ SEM. * P<0.05.
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Figure 3. Fluorescent profile peak-to-peak measurements confirm that glomerular
endothelial glycocalyx damage is prevented by MR antagonism and correlate strongly with
glomerular albumin permeability. (A) Representative images show glomerular capillaries
labelled red (R18) and the luminal glomerular endothelial glycocalyx (GEnGlx) labelled green with
(i) Marasmium oreades agglutinin (MOA) or (ii) wheat germ agglutinin (WGA). Bars = 20 pm and
5 uwm. ROI, region of interest for fluorescent profile peak-to-peak measurement. (B)
Representative relative intensity peaks of R18 (red) and MOA (green) profiles showing peak-to-
peak (P-P) assessment of the GEnGIx — Gaussian curves (dashed lines) were fit to the raw
intensity data of each plot for peak-to-peak measurements. Quantification at week 8 post-STZ of
(C) GEnGIx MOA labelling peak-to-peak (control, n=7; diabetes, n=6; diabetes-spironolactone
(spiro), n=7) and (D) functional association with the rate of glomerular albumin leakage (Ps’)
(n=9). Quantification at week 8 post-STZ of (E) GEnGiIx WGA labelling peak-to-peak (control,
n=>5; diabetes, n=6; diabetes-spiro, n=5) and (F) functional association with the rate of glomerular
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Ps’.p (n=16). Each dot, triangle, and square on the graph represents a rat. Data are expressed as
mean + SEM. ** P<0.01; *** P<0.001.
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Figure 4. The effect of MR antagonism in preventing the diabetes-induced increase in
glomerular permeability is dependent on the GEnGlx. (A) Schematic overview of enzymatic
degradation of the glomerular endothelial glycocalyx (GEnGlIx) with hyaluronidase on
spironolactone (spiro) treated male Wistar rats. An injection of streptozotocin (STZ) was given at
week 0. Four weeks post-STZ injection, spiro (an MR inhibitor) was given for 28 days and rats
were given hyaluronidase at week 8 post-STZ via tail vein injection 1 hour before being culled for
tissue collection. Rats were randomised to receive hyaluronidase. Quantification at week 8 post-
STZ of (B) GEnGIx WGA labelling peak-to-peak (diabetes-spiro, n=5; diabetes-spiro-enzyme,

=5) and (C) GEnGilx MOA labelling peak-to-peak (diabetes-spiro, n=5; diabetes-spiro-enzyme,
n=5) confirmed enzyme degradation of GEnGlx. (D) Albuminuria levels returned to those
expected in vehicle treated diabetic rats. Urinary albumin:creatinine ratio (UACR) was determined
from the same rats (n=5) at week 4 post-STZ (diabetes before spiro 4wk), week 8 post-treatment

with spiro (diabetes-spiro 8wk pre-enzyme), and week 8 post-hyaluronidase (diabetes-spiro 8wk
29
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post-enzyme). The connecting line (grey) represents the same rat for each data point and a
repeated measures one-way ANOVA was used for statistical analysis. (E) Representative
electron micrographs of the glomerular capillary wall are shown for (i) diabetes-spiro, and (ii)
diabetes-spiro-enzyme samples. Labels indicate endothelial glycocalyx (EnGlx). Bars = 200 nm.
TEM quantification at week 8 post-STZ of (F) GEnGlx coverage, and (G) GEnGix thickness
(diabetes-spiro, n=4 rats (8 glomeruli); diabetes-spiro-enzyme, n=5(14)) confirmed enzyme
degradation of GEnGlx. Each triangle, or square on the graph represents a rat. Data are
expressed as mean = SEM. * P<0.05; ** P<0.01; *** P<0.001.
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Figure 5. Increased matrix metalloproteinase activity in early diabetic nephropathy is
ameliorated by MR antagonism. Matrix metalloproteinase (MMP) activities were measured for
the sheddases MMP2 and MMP9. Systemic circulation of (A) plasma active MMP2 and (C)
plasma active MMP9 (control, n=6; diabetes, n=5; diabetes-spironolactone (spiro), n=7) were
determined. Systemic circulation of (B) urine active MMP2 and (D) urine active MMP9 (control,
n=13; diabetes, n=11; diabetes-spiro, n=15) were determined and normalised to urine creatinine
at week 8 post-streptozotocin. Each triangle, or square on the graph represents a rat. Data are
expressed as mean = SEM. * P<0.05; ** P<0.01; *** P<0.001.
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Figure 6. The glomerular endothelial glycocalyx is damaged in human diabetic
nephropathy. (A) Representative images show glomerular capillaries labelled red (R18) and the
luminal glomerular endothelial glycocalyx (GEnGiIx) labelled green with Ulex europaeus agglutinin
I (UEA-I) in renal biopsies from thin basement membrane nephropathy (TBMN) and diabetic
nephropathy (DN) patients from Bristol, UK; and from histologically normal controls and DN
patients from Bari, Italy. Bar = 40 um and 5 pm. (B) Quantification of GEnGix UEA labelling peak-
to-peak (Bristol, UK —TBMN, n=8; diabetes, n=12; Bari, ltaly - control, n=7; diabetes, n=7)
confirms GEnGlx damage may contribute to the disease phenotype seen in human DN. (C) Table
indicating the number of samples, glomeruli and capillaries used to analyse each group (n = # of
samples (# of glomeruli) [# of capillaries]. Each dot, or square on the graph represents a patient.

Data are expressed as mean + SEM. *** P<0.001.
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Supplemental Material

This article contains the following supplemental material:

Supplementary Methods

Type 1 diabetic model

Tissue collection

Glomerular albumin permeability (Ps’alb) assay
Transmission electron microscopy

Lectin staining

MMP activity

Supplementary References

Supplementary Figures

Figure S1. Streptozotocin (STZ)-induced rats were hyperglycaemic and development of
proteinuria in early diabetic nephropathy limited by MR antagonism.

Figure S2. Early diabetic nephropathy not significantly associated with other endothelial,
podocyte or glomerular parameters.

Figure S3. Enzymatic degradation of the endothelial glycocalyx with hyaluronidase is not

associated with podocyte glycocalyx damage.
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