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Abstract: Peritubular capillary rarefaction is a recurrent aspect of progressive nephropathies. We
previously found that peritubular capillary density was reduced in BTBR ob/ob mice with type 2
diabetic nephropathy. In this model, we searched for abnormalities in the ultrastructure of peritubular
capillaries, with a specific focus on the endothelial glycocalyx, and evaluated the impact of treatment
with an angiotensin-converting enzyme inhibitor (ACEi). Mice were intracardially perfused with
lanthanum to visualise the glycocalyx. Transmission electron microscopy analysis revealed endothe-
lial cell abnormalities and basement membrane thickening in the peritubular capillaries of BTBR
ob/ob mice compared to wild-type mice. Remodelling and focal loss of glycocalyx was observed in
lanthanum-stained diabetic kidneys, associated with a reduction in glycocalyx components, including
sialic acids, as detected through specific lectins. ACEi treatment preserved the endothelial glycocalyx
and attenuated the ultrastructural abnormalities of peritubular capillaries. In diabetic mice, per-
itubular capillary damage was associated with an enhanced tubular expression of heparanase, which
degrades heparan sulfate residues of the glycocalyx. Heparanase was also detected in renal interstitial
macrophages that expressed tumor necrosis factor-c.. All these abnormalities were mitigated by
ACEi. Our findings suggest that, in experimental diabetic nephropathy, preserving the endothelial
glycocalyx is important in order to protect peritubular capillaries from damage and loss.

Keywords: diabetic nephropathy; peritubular capillary; endothelial glycocalyx; angiotensin-converting
enzyme inhibitor

1. Introduction

Peritubular capillary rarefaction is a common event in the progression of chronic kid-
ney disease (CKD) with different aetiologies and is associated with impaired renal function
and tubular interstitial injury [1-4]. In CKD patients, peritubular capillary rarefaction
better reflects the glomerular filtration rate (GFR) decline than other features of progressive
nephropathy, such as tubular atrophy, interstitial fibrosis, and inflammation [5]. Consistent
with this, the loss of peritubular capillaries in response to an acute kidney injury strongly
influences the disease outcome toward the CKD progression, because it is closely correlated
with a reduced renal function [6]. Furthermore, the evidence that peritubular capillary
rarefaction precedes the development of tubulointerstitial fibrosis, as demonstrated by
longitudinal studies in experimental animals [7], suggests that it plays a crucial role in
regulating and driving the CKD progression.
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Experimental studies in different models of progressive CKD with fibrosis, including
unilateral ureteral obstruction and ischaemia-reperfusion injury, have shown a close link
between the loss of the structural and functional integrity of peritubular capillaries and their
rarefaction [8]. Abnormalities were independent of the primary insult and ultrastructural
changes in the peritubular capillary endothelium manifested early during the disease.
The in vivo assessment of microvascular permeability revealed hypoperfusion and an
increased leakiness in peritubular capillaries of the fibrotic kidneys, compared to capillaries
of healthy kidneys [8]. Moreover, a recent investigation in the same models of renal fibrosis
demonstrated that peritubular capillaries in diseased kidneys exhibited a reduction in the
thickness and density of the endothelial glycocalyx [9]. The latter is a negatively charged
network of proteoglycans, glycosaminoglycans, glycoproteins, and glycolipids that covers
the luminal surface of vascular endothelial cells, and has pleiotropic functions, including
the regulation of vascular permeability, inflammation, and mechanotransduction [10-13].

A reduction in peritubular capillary density has also been detected in kidneys from both
animals and patients with diabetic nephropathy (DN) [14-16]. Experimental studies in rats
with type 1 diabetes have demonstrated that peritubular capillaries are leaky, causing albumin
to extravasate in the renal interstitium, which has been suggested to be responsible for the
increase in renal interstitial volume and pressure, thus ultimately affecting the renal func-
tion [17]. Whether alterations in the endothelial glycocalyx could be associated with the loss of
structural integrity of peritubular capillaries, possibly contributing to microvascular dysfunc-
tion and damage, has not been investigated in experimental diabetes. In BTBR 0b/ob mice,
a model of type 2 DN, we demonstrated that the treatment with an angiotensin-converting
enzyme inhibitor (ACEi) antagonized peritubular capillary rarefaction [15]. However, no
studies have addressed whether a drug treatment to mitigate peritubular capillary rarefaction
could afford favourable effects on the peritubular capillary endothelial glycocalyx.

In the present study, we aimed (1) to characterise the ultrastructure of peritubular capil-
laries, including the endothelial glycocalyx, in diabetic BTBR 0b/ob mice through transmission
electron microscopy (TEM) analysis; (2) to investigate whether ACEi treatment could maintain
the structural integrity of peritubular capillaries in this model; and (3) to elucidate whether
the ACEi treatment preserved the peritubular capillary endothelial glycocalyx.

2. Results
2.1. Laboratory, Systemic, and Renal Function Parameters

Table 1 displays the laboratory, systemic, and renal function parameters that were
assessed in mice, both nondiabetic and diabetic, when they reached 18 weeks of age. BTBR
ob/ob mice administered a vehicle were obese and exhibited high blood glucose levels
compared with BTBR wild-type (WT) mice. There were no differences in body weight
between the groups of diabetic mice, and hyperglycaemia was not affected by the treatment
with the ACE;, lisinopril. Consistent with previous studies [15,18,19], BTBR ob/ob mice
administered a vehicle did not develop hypertension. Lisinopril significantly reduced the
systolic blood pressure in diabetic mice. To evaluate the renal function, the glomerular
filtration rate (GFR) was measured through iohexol plasma clearance. Eighteen-week-old
diabetic mice administered a vehicle exhibited a significant increase in the GFR compared
to WT mice, which was slightly, though not significantly, reduced by lisinopril. Diabetic
mice exhibited albuminuria, which was evaluated using the urinary albumin-to-creatinine
ratio (UACR) and was significantly reduced by lisinopril.
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Table 1. Laboratory, systemic and renal function parameters measured in nondiabetic and diabetic
mice at 18 weeks of age.

Groups Body Weight  Blood Glucose SBP GFR uACR
(g (mg/dL) (mmHg) (uL/min) (ug/mg)
BTBRWT 39+2 130 £ 7 101 £ 2 202 +39 32+3
(n=26) (n=26) (n=16) n=25) (n=26)
BTBR ob/ob
vehicle 49 £2* 554 £ 20 ** 9 + 4 612 £73* 861 £ 210 **
n=7) (n=7) (n=7) n=26) n=7)
ACEi 49 +2 576 + 16 83 +4° 505 £95 307 £ 65°

n=7) (n=7) (n=7) (n=26) n=7)

Data are mean + SEM. * p < 0.01, ** p < 0.0001 vs. BTBR WT; ° p < 0.05 vs. BTBR 0b/ob + vehicle (one-way ANOVA
with Tukey’s post hoc test). ACEi, angiotensin-converting enzyme inhibitor; SBP, systolic blood pressure; GFR,
glomerular filtration rate; uACR, urinary albumin-to-creatinine ratio.

2.2. Kidneys of Diabetic Mice Exhibit Peritubular Capillary Rarefaction, Which Is Limited by
ACE: Treatment
BTBR ob/ob diabetic mice exhibited a reduced peritubular capillary density in the
cortex compared to WT mice, as demonstrated by a reduced CD31 staining. Consistent
with previous findings [15], treatment with ACEi significantly attenuated the peritubular
capillary loss (Figure 1).
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Figure 1. Peritubular capillary rarefaction in BTBR ob/ob mice is limited by lisinopril treatment.
Representative images of CD31 expression in the interstitium of the cortex of BTBR WT and BTBR
ob/ob mice received vehicle or treated with the ACEi lisinopril. Quantification of peritubular capillary
density expressed as % of CD31-positive area/total area. Data are mean + SEM. *** p < 0.001,
% p < 0.0001. Bar = 20 um.

2.3. The Ultrastructure of Peritubular Capillaries Is Altered in Diabetic Mice and Ameliorated by
ACEi Treatment

TEM analysis was performed to assess whether ultrastructural abnormalities could be
detected in peritubular capillaries of BTBR 0b/ob mice. In BTBR WT mice, the peritubular
capillary appeared as mainly flattened, fenestrated endothelium with diaphragms, and
a basement membrane layer beneath the endothelial cell (Figure 2a—c). In diabetic mice,
peritubular capillaries exhibited focal and irregularly distributed ultrastructural abnormali-
ties that were absent in WT mice. Specifically, the endothelial cell layer had the features
of delamination (Figure 2d,e, asterisks; insert in e) and denudation of the underlying
basement membrane (Figure 2d,h arrowheads). Notably, multiple pathological changes
were present in the same capillary, with a partial loss of normal diaphragmed fenestra-
tion (Figure 2d—f). Another feature was the presence of a thickened basement membrane
compared to the control group (Figure 2i vs. Figure 2c). We estimated the percentage
of peritubular capillaries that were affected by these ultrastructural changes in diabetic
mice and investigated whether this percentage was changed by ACEi treatment. In BIBR
ob/ob mice administered a vehicle, the percentage of peritubular capillaries that exhibited
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an endothelial cell delamination and a denuded basement membrane averaged 18 £ 9%
and 27 + 9%, respectively. Lisinopril-treated diabetic mice exhibited a lower extent of
peritubular capillary damage (Figure 2i-1), with an endothelial cell delamination detected
in 2 + 2% of examined peritubular capillaries, while a denuded basement membrane was
detected in 9 £ 5%. The thickening of the basement membrane was found in 72 £+ 11%
of peritubular capillaries in diabetic mice that received a vehicle, which was decreased to
42 + 9% by ACEi treatment.
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Figure 2. The peritubular capillary ultrastructure is altered in BTBR ob/0ob mice and ameliorated
by ACEi treatment. Representative TEM microscopy images of peritubular capillary ultrastructure
in BTBR WT mice and in diabetic BTBR 0b/ob mice received vehicle or treated with the ACEi
lisinopril. (a—c) Overview and details of a peritubular capillary in BTBR WT: normally fenestrated
endothelium with diaphragms (arrows, b) and basement membrane (c). (d—i) Peritubular capillaries
from vehicle treated BTBR 0b/ob mice showing focal separation and delamination of endothelial
cell from the basement membrane (asterisks, (d,e); insert in (e)), with lucent areas and amorphous
material, denuded basement membrane (arrowheads, (d-h)) or foci of basement membrane thickening
(bm, (i)). (j-1) Peritubular capillary from ACEi-treated mouse with normal-appearing structure (j).
Images at high magnification from other capillaries showing endothelial cells covering their basement
membrane ((k,1), inset). Bar = 5000 nm (a,j); 2000 nm (d,g) and 500 nm (b,c,e,f,h,ik1).

2.4. The Endothelial Glycocalyx of Peritubular Capillaries Is Altered in Diabetic Mice and
Preserved by ACEi Treatment

The endothelial glycocalyx of peritubular capillaries was visualised through TEM
analysis of mouse kidneys after the intracardiac perfusion of lanthanum solution. BTBR
WT control mice revealed a marked lanthanum endothelial staining, which was mostly con-
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tinuous (Figure 3a), although in some capillaries, it was less regular (Figure 3b), indicating
a variability among healthy peritubular capillaries, as recently reported in mice [9]. A moss-
like pattern covering the luminal surface was observed (Figure 3c,d). Unlike in controls,
lanthanum staining of peritubular capillaries of BTBR 0b/0ob mice administered a vehicle
exhibited a granular electron dense layer lining the luminal surface of the endothelium (Fig-
ure 3e,f), with a linear, discontinuous pattern in the majority of examined capillaries. There
was a focal loss of membrane-attached glycocalyx or a reduced luminal coverage where
the staining appeared to be sparser (Figure 3g,h, arrowheads). The occasional presence of
areas with a loose network was also observed (Figure 3f,g, asterisks). In all ACEi-treated
diabetic mice but one, the endothelial glycocalyx of peritubular capillaries appeared as a
dense, moss-like layer that was continuous or interspersed with linear staining, resembling
the pattern found in control mice.

BTBR WT

BTBR ob/ob + vehicle

TBR ob/ob +ACEi

B

Figure 3. The endothelial glycocalyx of peritubular capillaries is altered in diabetic mice and preserved
by ACEi treatment. Representative TEM images of lanthanum-stained endothelial glycocalyx of
peritubular capillaries in BTBR WT mice and in diabetic BTBR o0b/ob mice received vehicle or treated
with the ACEi lisinopril. (a—d) The endothelial glycocalyx of peritubular capillaries in BTBR WT
showing a dense layer covering the luminal surface of the capillary with a moss-like pattern well
visible at high magnification (c,d). (e-h) The endothelial glycocalyx in diabetic mice appears granular
and discontinuous with areas of loss or reduced coverage ((g,h) arrowheads) and the occasional
presence of loose network ((f,g) asterisks). (i-1) The endothelial glycocalyx is maintained by lisinopril
treatment showing a pattern similar to that observed in WT mice. Bar = 2000 nm (a,b,e,f,i,j) and
500 nm (c,d,g,h k,1).

The endothelial glycocalyx was further analysed using the immunofluorescence of
lycopersicon esculentum lectin (LEL) staining, which labels 1,3 N-acetylglucosamine and
binds to both complex type and high-mannose type N-glycans glycoproteins [20,21]. Dou-
ble staining experiments for LEL-binding sites and CD31 showed a significant reduction in
the lectin-associated staining in the peritubular capillaries of BTBR 0b/o0b mice administered
a vehicle compared to WT mice (Figure 4). Treatment with lisinopril improved the LEL
staining of peritubular endothelial glycocalyx.



Int. J. Mol. Sci. 2023, 24, 16543

6 of 15

BTBR WT O BTBR WT
& 7 \ s ® BTBR ob/ob+vehicle

A BTBR ob/ob+ACEi

Hkkk *

o

(% positive area/field)

%CD31-LEL colocalization area

Figure 4. Remodeling of endothelial glycocalyx in peritubular capillaries of diabetic mice, assessed
by staining with LEL is prevented by ACEi treatment. Representative images of immunofluorescence
staining for peritubular capillaries (CD31, in red), endothelial glycocalyx (LEL, in green) cell nuclei
(DAPI, in blue) and renal stuctures (lectin, pseudocolor) in the renal interstitium of BTBR WT mice
and BTBR ob/ob mice received vehicle or treated with the ACEi lisinopril. Colocalization of CD31 and
LEL signals appears in yellow and its quantification is expressed as % of positive area/field. Insets
show CD31-positive cells that also express LEL binding sites in BTBR WT mice and in ACFEi-treated
diabetic mice, while they are negative for LEL in diabetic mice received vehicle. Bar = 20 pum. Data
are mean + SEM. * p < 0.05, *** p < 0.0001.

2.5. Staining for Sialic Acid Is Reduced in Peritubular Capillaries of Diabetic Mice and Is Improved
by ACEi Treatment

The study and characterisation of the anionic sites at the luminal surface of peritubular
capillaries has demonstrated that neuraminic acid is the predominant anionic site in the gly-
cocalyx, while heparan sulfate (HS) mainly localises at the fenestral diaphragm [22]. Based
on this evidence, we investigated whether sialic acids, the neuraminic acid derivatives,
were altered in the peritubular capillaries of diabetic mice. Immunofluorescence analysis
using sambucus nigra lectin (SNA), which binds preferentially to sialic acid attached to
terminal galactose with «-2,6 and, to a lesser degree, x-2,3 linkage, showed a reduced
staining in the peritubular capillaries of BTBR 0b/0b mice administered a vehicle compared
to WT mice. ACEi treatment improved the SNA staining (Figure 5).
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Figure 5. Staining for sialic acid is reduced in peritubular capillaries of diabetic mice and improved
by ACEi treatment. Representative images and quantification of sialic acid (SNA, green) immunoflu-
orescence staining in the renal interstitium of BTBR WT mice and diabetic BTBR 0b/ob mice received
vehicle or treated with the ACEi lisinopril. Data are mean £ SEM. * p < 0.05, **** p < 0.0001. Cell
nuclei (DAP], in blue), renal structures (lectin, pseudocolor). Bar = 20 pm.

2.6. Interstitial Heparanase 1 Is Overexpressed in Diabetic Mice and Reduced by ACEi Treatment

Heparan sulfate is a negatively charged glycosaminoglycan that attaches to a core
protein of distinct proteoglycans, such as syndecans and glypicans, forming heparan sulfate
proteoglycans, the most abundant proteoglycans present in the vascular glycocalyx [10].
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Since the HS degradation is regulated by heparanase 1 (HPSE1) [23], which plays a crucial
role in the development of DN, we analysed the enzyme expression in the renal interstitium
of nondiabetic and diabetic mice. As shown in Figure 6a, HPSE1 was mildly expressed in the
proximal tubules of the renal cortex of BTBR WT mice, while it was markedly increased in
BTBR o0b/0b mice administered a vehicle, mostly localised in the brush border. Heparanase
was also detected in renal interstitial macrophages in diabetic mice, as demonstrated by the
presence of Mac-2 and HPSE1 double-positive inflammatory cells (Figure 6b). Lisinopril-
treated diabetic mice exhibited a significantly lower HPSE1 expression in renal proximal
tubular epithelial cells (Figure 6a).

BTBRWT BTBR ob/ob + vehicle BTBR ob/ob + ACEi

OBTBR WT
® BTBR ob/ob+vehicle
ABTBR ob/ob+ACEi

61

*kkk  kkkk

Heparanase expression
(% positive arealfield)
BTBR ob/ob + vehicle

Figure 6. Lisinopril reduces interstitial heparanase overexpression in diabetic mice. (a) Representative
images and quantification of HPSE expression (in red) in cortical tubules of BTBR WT mice and diabetic
BTBR 0b/ob mice received vehicle or treated with the ACEi lisinopril. A positive staining is observed in
the brush border of proximal tubules. Data are mean + SEM. *** p < 0.0001. Bar = 20 um. (b) HPSE (in
red) is detected in monocyte/macrophage (Mac-2, in green) interstitial infiltrates (arrows) in diabetic
mice. Boxes show merge and single stainings of HPSE and Mac-2 in one interstitial infiltrate at high
magnification. Cell nuclei (DAP], in blue), renal structures (lectin, pseudocolor). Bar = 20 pm.

2.7. ACEi Treatment Attenuates Renal Interstitial Inflammation in Diabetic Mice

Inflammation is currently accepted as an important player in the onset and progression
of DN [24], with macrophages contributing to the progressive renal injury [25].

Concomitant with peritubular capillary damage and loss, a marked accumulation of
inflammatory Mac-2-positive monocytes/macrophages was found in the renal interstitium
of BTBR ob/ob mice administered a vehicle, compared to BTBR WT mice (Figure 7a).
Notably, macrophages in diabetic animals expressed tumor necrosis factor-o (TNF-«),
which was also increased in the cortical tubules (Figure 7b,c). ACEi treatment lessened
the renal inflammation in diabetic mice by significantly reducing infiltrating inflammatory
cells and lowering tubular TNF-« expression (Figure 7a,c).
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Figure 7. Lisinopril attenuates interstitial inflammation in diabetic mice. (a) Representative images

and quantification of Mac-2—positive monocytes/macrophages in the renal interstitium of BTBR WT
mice and diabetic BTBR 0b/ob mice given vehicle or treated with the ACEi lisinopril (arrows). Data are
mean £ SEM. **** p < 0.0001. Bar = 50 um. (b) TNF-« (in red) is detected in monocyte/macrophage
(Mac-2, in green) interstitial infiltrates (arrows) in diabetic mice. Boxes show merge and single stain-
ings of TNF-« and Mac-2 in one interstitial infiltrate at high magnification. Cell nuclei (DAPI, in blue),
renal structures (lectin, pseudocolor). Bar = 20 um. (c) Representative images of immunofluorescence
staining for TNF-« (in red) expressed in cortical tubules of BTBR WT mice and BTBR ob/ob mice
received vehicle or treated with the ACE; lisinopril. Cell nuclei (DAP]I, in blue). Bar = 20 pm.

3. Discussion

The present study shows that BTBR 0b/ob mice with type 2 DN manifest peritubular
capillary rarefaction in association with the marked alteration or loss of the endothelial
glycocalyx and ultrastructural changes, characterised by an endothelial cell delamination
and a denuded and thick basement membrane. It also shows the role that renal tubules and
interstitial inflammatory cells play as a source of mediators that are potentially responsible
for peritubular capillary damage. Finally, the study highlights that an approach that acts to
limit peritubular capillary rarefaction, namely, ACEi treatment, preserves the endothelial
glycocalyx on peritubular capillaries.

Our findings on the loss of peritubular capillaries in BTBR ob/0b mice that exhibit
glomerular hyperfiltration are in line with previous observations of peritubular capillary
rarefaction in rats with type 1 DN [14] and indicate that peritubular capillary damage
precedes the renal impairment that occurs in the late stage of the disease [18].

Here, we describe, in experimental type 2 DN, the presence of ultrastructural ab-
normalities in the peritubular capillary endothelium, along with the initial thickening of
the basement membrane. So far, changes in the ultrastructure of peritubular capillaries
have been reported mainly in the mouse models of CKD with fibrosis [8] and in rats with
progressive glomerulonephritis [26] as well as in CKD patients with interstitial nephritis
or ANCA-associated glomerulonephritis [8]. Areas of denuded basement membrane and
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endothelial cell delamination from the basement membrane that we found in the diabetic
kidneys are features that are also observed in the injured peritubular capillary endothelium
of mice with the genetic ablation of glioma-associated oncogene-positive pericytes, whose
loss contributed to microvessel destabilisation and subsequent rarefaction [27]. Moreover,
the increase in the thickness of the peritubular capillary basement membrane in BTBR
ob/ob mice is consistent with morphological changes observed in human DN [28] and is a
common alteration found in other experimental CKD models [8].

The most interesting and novel finding of the present study is the demonstration that
the endothelial glycocalyx of peritubular capillaries is altered in experimental type 2 DN.
Visualising the endothelial glycocalyx through the TEM analysis of lanthanum staining
revealed a different morphological pattern and loss in BTBR ob/o0b mice administered a
vehicle compared to BTBR WT mice. In addition, the reduced lycopersicon esculentum
lectin (LEL) staining indicates changes in the composition and remodelling of the glycocalyx
that occurred in the peritubular capillaries of diabetic mice. This observation is in line with
the earlier evidence of reduced LEL staining of the endothelial glycocalyx of peritubular
capillaries in murine and human fibrotic kidneys [9].

Ultrastructural studies in rats have shown that, in healthy conditions, the peritubular
capillary endothelial glycocalyx covers both the luminal surface of the endothelial cells and
the fenestral diaphragms [29]. Evidence of the presence of anionic sites, such as neuraminic
acid and HS in the glycocalyx and at the fenestral diaphragms of peritubular capillaries,
indicates that the luminal surface of these cells can act as a charge-selective barrier [22].
Neuraminic acid and its derivatives, sialic acids, are components of polysaccharide chains
in glycoproteins, including platelet endothelial adhesion molecule (PECAM/CD31), and
regulate their biological functions [30]. Particularly, «2,6-sialic acid terminally bound to
galactose of the N-glycans of PECAM/CD?31 is necessary for protein retention on the cell
surface, favouring PECAM-PECAM homophilic interactions, which regulate endothelial
cell permeability, mechanotransduction, anti-apoptotic signalling, and angiogenesis [31-34].
Moreover, there is evidence that sialic acids in the endothelial glycocalyx play an important
role in regulating microvessel permeability, as shown by changes in albumin permeability
across rat mesenteric miocrovessels evaluated before and after the cleavage of terminal
sialic acids using perfusion with neuraminidase [35].

Our finding that «2,6-sialic acid was reduced in peritubular capillaries in BTBR ob/ob
mice administered a vehicle demonstrates that the loss of anionic components of peritubular
endothelial glycocalyx could be involved in peritubular capillary dysfunction in DN.

There is also evidence that the enzymatic degradation of HS in peritubular capillaries
is associated with albumin extravasation [22], which could result in changes in peritubular
capillary oncotic pressure, influencing the capillary and renal tubule reabsorption of water
and solutes [36]. Heparan sulfate side chains are degraded by HPSE1 [23]. The induction of
HPSE1 in the glomerular podocytes of diabetic mice led to the disruption of the endothelial
glycocalyx in glomerular capillaries, ultimately causing the impairment of the glomerular
filtration barrier [37,38]. The evidence that HPSE1 is overexpressed in renal tubules of
patients with DN [39,40] prompted us to investigate whether these cells may be a source
of the enzyme in diabetic mice. We found that HPSE1 was indeed overexpressed in the
renal proximal tubules of BTBR ob/0b mice. Consistent with in vitro studies showing that
albumin and advanced glycated end products can trigger the induction of HPSE in proximal
tubular cells [41], it is tempting to speculate that, under diabetic conditions, HPSE1 released
from distressed tubules could contribute, in a paracrine manner, to the degradation of HS
in peritubular capillaries.

On the other hand, the HPSE of epithelial origin has been reported to modulate
macrophage responses in chronic inflammation, as documented in experimental colitis [42].
Similarly, HPSE enhanced the macrophage activation induced by a diabetic milieu, leading
to the release of inflammatory cytokines, including TNF-«, thus sustaining inflamma-
tion [43—45]. Our finding that the macrophages infiltrating the renal interstitial parenchyma
of diabetic mice expressed both HPSE1 and TNF-« suggests a possible functional link
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between HPSE and the pro-inflammatory response of interstitial macrophages in DN. Im-
portantly, TNF-«, which is deeply involved in the progression of DN [46—48], can induce
endothelial glycocalyx dysfunction [13,49-51] and increase vascular endothelium perme-
ability [52,53]. Altogether our data indicate that HPSE1 could potentially be involved
in the degradation of HS in peritubular capillaries in experimental DN. This may occur
either through a direct effect of the enzyme, derived from renal proximal tubules on the
microvascular endothelium, or via the induction of TNF-« by interstitial macrophages.

Another important finding of the present study is that treating BTBR 0b/0b mice with
ACEi protected the peritubular capillary endothelial glycocalyx by preventing the loss of
endothelial sialic acid, and possibly HS, through the inhibition of tubular HPSE1 expression.
This is in line with studies that have shown the capability of renin—angiotensin system
inhibitors to modulate glomerular HPSE expression and restore HS in experimental models of
metabolic syndrome [54] and in adriamycin nephropathy [55,56]. Whether the effect of ACEi
on lowering albuminuria, thus reducing the toxic effect of albumin on HPSE stimulation in
renal proximal tubules, could contribute to maintaining HS and preserving the peritubular
capillary glycocalyx, is a possibility that deserves further investigation. Finally, the anti-
inflammatory effects of ACEi, which reduced macrophage infiltration and TNF-o production,
could also concur to maintain the integrity of the endothelial superficial layer in diabetic mice.

In conclusion, our results demonstrate that the integrity of the endothelial glycocalyx is
essential for preserving the peritubular capillaries and indicate that the endothelial glycocalyx
is an important target of the beneficial effects exhibited by ACEi in diabetic mice.

4. Materials and Methods
4.1. Experimental Design

Male BTBR 0b/ob and BTBR wild-type (WT) mice were obtained from Jackson Lab-
oratories (Bar Harbor, ME, USA). Mice were housed in a temperature-controlled room
regulated with a 12:12 h light-dark cycle and allowed free access to standard diet and water.
BTBR ob/ob mice, at 8 weeks of age, when they had already developed albuminuria, were
randomised on the basis of urinary albumin-to-creatinine ratio and allocated to 2 experi-
mental groups (n = 7 mice/group) that received either vehicle or lisinopril (30 mg/kg/day,
in the drinking water) for 10 weeks until 18 weeks of age. BTBR WT mice (n = 6) were
followed-up for the same period and used as the control group. Mice were monitored
to assess their body weight and housed in metabolic cages for 24 h urine collection for
albuminuria assessment. Blood samples were collected for glucose measurement. At
sacrifice, mice were euthanised using CO,, and their kidneys were harvested for analyses.

4.2. Biochemical and Renal Function Parameters

Blood glucose levels were assessed with a reflectance metre (OneTouch UltraEasy,
LifeScan, Milan, Italy). Twenty four-hour urinary albumin excretion was measured using
ELISA (Bethyltest kit, E101, A90-134A and A90-134P, Bethyl Laboratories Inc., Montgomery,
TX, USA). Urinary creatinine was determined with the Jaffé method using an autoanalyser
(DxC800, Beckman Coulter, Rome, Italy). Renal function was assessed by measuring the
GEFR using iohexol plasma clearance [57].

4.3. Systolic Blood Pressure

The systolic blood pressure of conscious mice was assessed using a computerised
tail-cuff system (BP-2000 Blood Pressure Analysis System, Visitech System, Apex, White
Oak, NC, USA).

4.4. Transmission Electron Microscopy Analysis
4.4.1. Ultrastructure of Peritubular Capillaries
Kidney tissue fragments were fixed overnight in 2.5% glutaraldehyde in 0.1 M cacody-

late buffer (pH 7.4), washed repeatedly in the same buffer and then fixed in 1% tannic
acid and 1% glutaraldehyde in PBS (0.1 M, pH 7.3) for 2 h. After two 15 min rinses in PBS
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containing 0.1 M sucrose, tissue was post-fixed in 1% OsQOy, dehydrated with ascending
grades of alcohol and embedded in epon resin. Ultra-thin sections were stained with
Uranyless and lead citrate (Electron Microscopy Sciences, Hatfield, PA, USA) and examined
using a transmission electron microscope (Morgagni 268D, Philips, Brno, Czeck Republic).

Peritubular capillaries were analysed in BTBR WT mice (n = 4) and in BTBR ob/ob
mice that received a vehicle (n = 4) or were treated with ACEi (n = 5). At least 8 images
were acquired per mouse. In addition, for each capillary, several images were taken at an
original magnification of x18,000 to enable the reconstruction of the entire capillary profile.
Changes in the thickness of endothelial basement membrane of peritubular capillaries
were evaluated in the areas where it was clearly seen and distinguished from the tubular
basement membrane. The evaluation of denuded basement membrane was performed by
examining the images of the entire circumference of the capillary regardless of whether the
epithelial basement membrane and the endothelial basement membrane were distinguish-
able as two entities. For each peritubular capillary, the presence or absence of ultrastructural
abnormalities was assessed, and for each mouse. the percentage of peritubular capillaries,
showing endothelial or basement membrane changes, was quantified. For each group, data
were expressed as mean percentage += SEM.

4.4.2. Endothelial Glycocalyx

The endothelial glycocalyx was detected using in vivo lanthanum staining [58]. Mice
were anaesthetised and perfused with HEPES-buffered mammalian Ringer through a
cannula placed in the left ventricle of the heart. An incision was made in the right atrium
to allow free blood outflow. Then, a solution of 2% glutaraldehyde, 2% sucrose, and 0.1 M
sodium cacodylate buffer (pH 7.3), containing 2% lanthanum nitrate was intracardially
perfused. The left kidneys were harvested, and small fragments were fixed in the perfusion
solution for 2 h and then immersed overnight in the same solution as above, without
glutaraldehyde. The specimens were washed with cacodylate buffer (pH 7.3) and 2%
sucrose, post-fixed in 1% osmium OsOy, dehydrated using ascending grades of alcohol and
embedded in epon resin. Ultra-thin sections were examined using a transmission electron
microscope (Morgagni 268D; Philips, Brno, Czech Republic). An average of 10 peritubular
capillaries per mouse were examined in BTBR WT mice (n = 3) and in BTBR ob/ob mice
that received a vehicle (n = 4) or were treated with ACEi (n =5).

4.5. Immunohistochemistry
4.5.1. Immunofluorescence Analysis

OCT-frozen kidney sections were fixed with acetone, treated with 1% bovine serum
albumin (BSA) to block nonspecific sites, and incubated with a rat anti-mouse CD31 an-
tibody (550274, BD Pharmingen, San José, CA, USA, 1:100), followed by Cy3 conjugated
goat anti-rat (1:200; Jackson Immuno-Research Laboratories, Cambridge, UK). Peritubular
capillary density was assessed using CD31-positive staining in at least 15 randomly ac-
quired non-overlapping interstitial fields of the cortex per sample (original magnification,
X630). Images were processed using the Image]J/Fiji software (Image]J; National Institutes
of Health, Bethesda, MD, USA, version 2.14.0). Values were expressed as a percentage of
the CD31-positive area to the total area of the acquired field.

Kidney tissues were immersed overnight in paraformaldehyde fixative at 4 °C and
then were transferred to 30% sucrose and frozen in OCT compound. Double immunostain-
ing for DyLight 488-conjugated lycopersicon esculentum lectin (LEL, DL-1174-1, Vector
Laboratories, Burlingame, CA, USA, 1:200) with CD31 was performed. Sections were
blocked in 1% BSA plus 5% normal goat serum and incubated with rat anti-mouse CD31
antibody diluted in LEL, followed by Cy3 conjugated goat anti-rat. Nuclei were stained
with DAPI and renal structure with Cy5-lens culinaris agglutinin (LCA, DyLight 649; Vector
Laboratories). The colocalization area was determined through colour threshold analysis,
with the threshold value computed using the Otsu method. PFA4%-fixed sections were
incubated with the following: FITC-conjugated Sambucus Nigra Lectin (SNA, FL-1301,
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Vector Laboratories, 1:200), or rabbit anti-heparanase (HPSE, ab85543, Abcam, Cambridge,
UK, 1:150), or rabbit anti-TNF-« (GTX110520, GeneTex, Irvine, CA 92606 USA, 1:200), or
rat anti-mouse Mac-2 (clone M3/38, Cedarlane, Burlington, ON, Canada, 1:200) antibodies,
followed by Cy3 or FITC-conjugated secondary antibodies.

Double immunostainings for HPSE or TNF-o with Mac-2 were performed. For these
dual stainings, antigen retrieval was carried out using a decloaking chamber along with
a Rodent decloaker buffer (RD913M, Biocare Medical) or a citrate buffer. CD31, SNA,
and heparanase-positive signals were quantified in 10-12 fields in each section (original
magnification, X630), and the positive areas were expressed as a percentage of the total
area. Images were processed using the Image]/Fiji software. Negative control slides
were incubated with concentration-matched isotype control rat and rabbit IgG antibodies.
Fluorescence was examined using an inverted confocal laser microscope (Leica TCS SPS,
Leica Microsystems, Wetzlar, Germany).

4.5.2. Immunoperoxidase Analysis

Duboscg-Brazil-fixed 3 pm paraffin-embedded kidney sections were incubated with
Peroxidazed 1 (PX968H, Biocare Medical, Pacheco, CA, USA) to quench endogenous perox-
idase, after antigen retrieval in a decloaking chamber with Rodent decloaker buffer. After
blocking for 30 min with Rodent Block M (RBM961G, Biocare Medical), sections were incu-
bated for 2 h with rat anti-Mac-2 (1:600) antibody followed by Rat on Mouse HRP-Polymer
(RT517, Biocare Medical) for 30 min at room temperature. Staining was visualised using
diaminobenzidine (BDB2004H, Biocare Medical) substrate solutions. Slides were counter-
stained with Mayer’s hematoxylin (MHS80-2.5L, Bio Optica, Milan, Italy), mounted with
Eukitt mounting medium (09-00250, Bio Optica) and observed using light microscopy (Apo-
Tome, Axio Imager Z2, Zeiss). Negative controls were obtained by omitting the primary
antibody on adjacent sections. The number of Mac-2-positive monocytes/macrophages
was quantified in 15-20 tubulointerstitial fields per sample (original magnification, X400)
and expressed as the average number of cells per field.

4.6. Statistical Analysis

The results were expressed as mean £ SEM. Data analysis was performed using
Graph Pad Prism 10.0.3 software (Graph Pad, San Diego, CA, USA). Comparisons were
made using one-way ANOVA with Tukey’s multiple comparisons post hoc test. Statistical
significance was defined as a p value < 0.05.

Author Contributions: Conceptualization, D.M., M.L., A.B. and C.Z.; formal analysis, M.L. and D.C
(Daniela Corna); investigation, M.L., D.R., RM., M.A., D.C. (Daniela Corna) and D.C. (Domenico
Cerullo); data curation, M.L.,, D.R.,, RM. and D.M.; writing—original draft preparation, D.M.;
writing—review and editing, M.A., C.Z.,, G.R,, D.M. and M.L; supervision, D.M., A.B. and S.T,;
funding acquisition, A.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the European Union’s Horizon 2020 research and innova-
tion programme under the Marie Sklodowska-Curie grant agreement No 860977.

Institutional Review Board Statement: All animal experiments were conducted in accordance with
institutional guidelines in compliance with national (D.L.n.26, 4 March 2014) and international
laws and policies (directive 2010/63/EU on the protection of animals used for scientific purposes)
and were approved by the Institutional Animal Care and Use Committees of Istituto di Ricerche
Farmacologiche Mario Negri IRCCS.

Data Availability Statement: All data generated in the study are presented in the manuscript.

Acknowledgments: R.M. was supported by the European Union’s Horizon 2020 research and in-
novation programme under the Marie Sklodowska-Curie grant agreement No 860977. The authors
thank Fabiola Carrara for technical assistance with GFR measurement, Alberto Arrigoni for in-house
made macro for CD31 analysis, and Kerstin Mierke for English language editing.

Conflicts of Interest: The authors declare no conflict of interest.



Int. . Mol. Sci. 2023, 24, 16543 13 of 15

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Kida, Y. Peritubular Capillary Rarefaction: An Underappreciated Regulator of CKD Progression. Int. J. Mol. Sci. 2020, 21, 8255.
[CrossRef] [PubMed]

Bohle, A.; Mackensen-Haen, S.; Wehrmann, M. Significance of Postglomerular Capillaries in the Pathogenesis of Chronic Renal
Failure. Kidney Blood Press. Res. 1996, 19, 191-195. [CrossRef] [PubMed]

Choi, YJ.; Chakraborty, S.; Nguyen, V.; Nguyen, C.; Kim, B.K.; Shim, S.I; Suki, W.N.; Truong, L.D. Peritubular Capillary Loss Is
Associated with Chronic Tubulointerstitial Injury in Human Kidney: Altered Expression of Vascular Endothelial Growth Factor.
Hum. Pathol. 2000, 31, 1491-1497. [CrossRef] [PubMed]

Eardley, K.S.; Kubal, C.; Zehnder, D.; Quinkler, M.; Lepenies, J.; Savage, C.O.; Howie, A.].; Kaur, K.; Cooper, M.S.; Adu, D,; et al.
The Role of Capillary Density, Macrophage Infiltration and Interstitial Scarring in the Pathogenesis of Human Chronic Kidney
Disease. Kidney Int. 2008, 74, 495-504. [CrossRef]

Serén, D.; Alexopoulos, E.; Raftery, M.].; Hartley, B.; Cameron, J.S. Number of Interstitial Capillary Cross-Sections Assessed by
Monoclonal Antibodies: Relation to Interstitial Damage. Nephrol. Dial. Transplant. 1990, 5, 889-893. [CrossRef]

Menshikh, A.; Scarfe, L.; Delgado, R.; Finney, C.; Zhu, Y.; Yang, H.; de Caestecker, M.P. Capillary Rarefaction Is More Closely
Associated with CKD Progression after Cisplatin, Rhabdomyolysis, and Ischemia-Reperfusion-Induced AKI than Renal Fibrosis.
Am. ]. Physiol. Renal Physiol. 2019, 317, F1383-F1397. [CrossRef]

Rabelink, T.J.; Wijewickrama, D.C.; de Koning, E.]J. Peritubular Endothelium: The Achilles Heel of the Kidney? Kidney Int. 2007,
72,926-930. [CrossRef]

Babitkov4, J.; Klinkhammer, B.M.; Buhl, EMM.; Djudjaj, S.; Hoss, M.; Heymann, E; Tacke, F.; Floege, J.; Becker, ]J.U.; Boor, P.
Regardless of Etiology, Progressive Renal Disease Causes Ultrastructural and Functional Alterations of Peritubular Capillaries.
Kidney Int. 2017, 91, 70-85. [CrossRef]

Ermert, K.; Buhl, E.M.; Klinkhammer, B.M.; Floege, ].; Boor, P. Reduction of Endothelial Glycocalyx on Peritubular Capillaries in
Chronic Kidney Disease. Am. J. Pathol. 2023, 193, 138-147. [CrossRef]

Reitsma, S.; Slaaf, D.W.; Vink, H.; van Zandvoort, M.A.M.].; oude Egbrink, M.G.A. The Endothelial Glycocalyx: Composition,
Functions, and Visualization. Pflug. Arch. 2007, 454, 345-359. [CrossRef]

Ballermann, B.].; Nystrém, J.; Haraldsson, B. The Glomerular Endothelium Restricts Albumin Filtration. Front. Med. 2021, §,
766689. [CrossRef] [PubMed]

Zhang, X.; Sun, D.; Song, ].W.; Zullo, J.; Lipphardt, M.; Coneh-Gould, L.; Goligorsky, M.S. Endothelial Cell Dysfunction and
Glycocalyx—A Vicious Circle. Matrix Biol. ]. Int. Soc. Matrix Biol. 2018, 71-72, 421-431. [CrossRef] [PubMed]

Cosgun, Z.C.; Fels, B.; Kusche-Vihrog, K. Nanomechanics of the Endothelial Glycocalyx: From Structure to Function. Am. .
Pathol. 2020, 190, 732-741. [CrossRef] [PubMed]

Maric-Bilkan, C.; Flynn, E.R.; Chade, A.R. Microvascular Disease Precedes the Decline in Renal Function in the Streptozotocin-
Induced Diabetic Rat. Am. J. Physiol. Renal Physiol. 2012, 302, F308-F315. [CrossRef]

Cassis, P; Locatelli, M.; Corna, D.; Villa, S.; Rottoli, D.; Cerullo, D.; Abbate, M.; Remuzzi, G.; Benigni, A.; Zoja, C. Addition of
Cyclic Angiotensin-(1-7) to Angiotensin-Converting Enzyme Inhibitor Therapy Has a Positive Add-on Effect in Experimental
Diabetic Nephropathy. Kidney Int. 2019, 96, 906-917. [CrossRef]

Lindenmeyer, M.T.; Kretzler, M.; Boucherot, A.; Berra, S.; Yasuda, Y.; Henger, A.; Eichinger, F.; Gaiser, S.; Schmid, H.; Rastaldi,
M.P; et al. Interstitial Vascular Rarefaction and Reduced VEGF-A Expression in Human Diabetic Nephropathy. J. Am. Soc.
Nephrol. 2007, 18, 1765-1776. [CrossRef]

Pinter, G.G.; Atkins, J.L. Role of Postglomerular Microvessels in Pathophysiology of Diabetic Nephropathy. Assessment and
Hypothesis. Diabetes 1991, 40, 791-795. [CrossRef]

Hudkins, K.L.; Pichaiwong, W.; Wietecha, T.; Kowalewska, J.; Banas, M.C.; Spencer, M.W.; Miihlfeld, A.; Koelling, M.; Pippin,
J.W,; Shankland, S.J.; et al. BTBR Ob/Ob Mutant Mice Model Progressive Diabetic Nephropathy. J. Am. Soc. Nephrol. 2010, 21,
1533-1542. [CrossRef]

Locatelli, M.; Zoja, C.; Conti, S.; Cerullo, D.; Corna, D.; Rottoli, D.; Zanchi, C.; Tomasoni, S.; Remuzzi, G.; Benigni, A. Empagliflozin
Protects Glomerular Endothelial Cell Architecture in Experimental Diabetes through the VEGF-A /Caveolin-1/PV-1 Signaling
Pathway. J. Pathol. 2022, 256, 468-479. [CrossRef]

Robertson, R.T.; Levine, S.T.; Haynes, S.M.; Gutierrez, P; Baratta, J.L.; Tan, Z.; Longmuir, K.J. Use of Labeled Tomato Lectin for
Imaging Vasculature Structures. Histochem. Cell Biol. 2015, 143, 225-234. [CrossRef]

Bojar, D.; Meche, L.; Meng, G.; Eng, W.; Smith, D.F,; Cummings, R.D.; Mahal, L.K. A Useful Guide to Lectin Binding: Machine-
Learning Directed Annotation of 57 Unique Lectin Specificities. ACS Chem. Biol. 2022, 17, 2993-3012. [CrossRef] [PubMed]
Koshy, V.; Avasthi, P.S. The Anionic Sites at Luminal Surface of Peritubular Capillaries in Rats. Kidney Int. 1987, 31, 52-58.
[CrossRef] [PubMed]

Khanna, M.; Parish, C.R. Heparanase: Historical Aspects and Future Perspectives. Adv. Exp. Med. Biol. 2020, 1221, 71-96.
[CrossRef] [PubMed]

Wada, J.; Makino, H. Inflammation and the Pathogenesis of Diabetic Nephropathy. Clin. Sci. Lond. Engl. 1979 2013, 124, 139-152.
[CrossRef] [PubMed]

Chow, E; Ozols, E.; Nikolic-Paterson, D.J.; Atkins, R.C.; Tesch, G.H. Macrophages in Mouse Type 2 Diabetic Nephropathy:
Correlation with Diabetic State and Progressive Renal Injury. Kidney Int. 2004, 65, 116-128. [CrossRef] [PubMed]


https://doi.org/10.3390/ijms21218255
https://www.ncbi.nlm.nih.gov/pubmed/33158122
https://doi.org/10.1159/000174072
https://www.ncbi.nlm.nih.gov/pubmed/8887259
https://doi.org/10.1053/hupa.2000.20373
https://www.ncbi.nlm.nih.gov/pubmed/11150374
https://doi.org/10.1038/ki.2008.183
https://doi.org/10.1093/ndt/5.10.889
https://doi.org/10.1152/ajprenal.00366.2019
https://doi.org/10.1038/sj.ki.5002414
https://doi.org/10.1016/j.kint.2016.07.038
https://doi.org/10.1016/j.ajpath.2022.11.003
https://doi.org/10.1007/s00424-007-0212-8
https://doi.org/10.3389/fmed.2021.766689
https://www.ncbi.nlm.nih.gov/pubmed/34912827
https://doi.org/10.1016/j.matbio.2018.01.026
https://www.ncbi.nlm.nih.gov/pubmed/29408548
https://doi.org/10.1016/j.ajpath.2019.07.021
https://www.ncbi.nlm.nih.gov/pubmed/32035884
https://doi.org/10.1152/ajprenal.00421.2011
https://doi.org/10.1016/j.kint.2019.04.024
https://doi.org/10.1681/ASN.2006121304
https://doi.org/10.2337/diab.40.7.791
https://doi.org/10.1681/ASN.2009121290
https://doi.org/10.1002/path.5862
https://doi.org/10.1007/s00418-014-1301-3
https://doi.org/10.1021/acschembio.1c00689
https://www.ncbi.nlm.nih.gov/pubmed/35084820
https://doi.org/10.1038/ki.1987.8
https://www.ncbi.nlm.nih.gov/pubmed/3560645
https://doi.org/10.1007/978-3-030-34521-1_3
https://www.ncbi.nlm.nih.gov/pubmed/32274707
https://doi.org/10.1042/CS20120198
https://www.ncbi.nlm.nih.gov/pubmed/23075333
https://doi.org/10.1111/j.1523-1755.2004.00367.x
https://www.ncbi.nlm.nih.gov/pubmed/14675042

Int. . Mol. Sci. 2023, 24, 16543 14 0of 15

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Ohashi, R.; Kitamura, H.; Yamanaka, N. Peritubular Capillary Injury during the Progression of Experimental Glomerulonephritis
in Rats. J. Am. Soc. Nephrol. 2000, 11, 47-56. [CrossRef]

Kramann, R.; Wongboonsin, J.; Chang-Panesso, M.; Machado, FG.; Humphreys, B.D. Glil+ Pericyte Loss Induces Capillary
Rarefaction and Proximal Tubular Injury. J. Am. Soc. Nephrol. 2017, 28, 776-784. [CrossRef]

Hvala, A.; Ferluga, D.; Rott, T.; Kobenter, T.; Koselj-Kajtna, M.; Trnacevi¢, S. Peritubular Capillary Changes in Alport Syndrome,
Diabetic Glomerulopathy, Balkan Endemic Nephropathy and Hemorrhagic Fever with Renal Syndrome. Ultrastruct. Pathol. 2005,
29, 451-459. [CrossRef]

Rostgaard, J.; Qvortrup, K. Electron Microscopic Demonstrations of Filamentous Molecular Sieve Plugs in Capillary Fenestrae.
Microvasc. Res. 1997, 53, 1-13. [CrossRef]

D’Addio, M.; Frey, J.; Otto, V.I. The Manifold Roles of Sialic Acid for the Biological Functions of Endothelial Glycoproteins.
Glycobiology 2020, 30, 490-499. [CrossRef]

Privratsky, ].R.; Paddock, C.M.; Florey, O.; Newman, D.K.; Muller, W.A.; Newman, PJ. Relative Contribution of PECAM-1
Adhesion and Signaling to the Maintenance of Vascular Integrity. . Cell Sci. 2011, 124, 1477-1485. [CrossRef] [PubMed]
Kitazume, S.; Imamaki, R.; Ogawa, K.; Komi, Y.; Futakawa, S.; Kojima, S.; Hashimoto, Y.; Marth, ].D.; Paulson, J.C.; Taniguchi,
N. Alpha2,6-Sialic Acid on Platelet Endothelial Cell Adhesion Molecule (PECAM) Regulates Its Homophilic Interactions and
Downstream Antiapoptotic Signaling. J. Biol. Chem. 2010, 285, 6515-6521. [CrossRef] [PubMed]

Kitazume, S.; Imamaki, R.; Ogawa, K.; Taniguchi, N. Sweet Role of Platelet Endothelial Cell Adhesion Molecule in Understanding
Angiogenesis. Glycobiology 2014, 24, 1260-1264. [CrossRef] [PubMed]

Lee, C,; Liu, A.; Miranda-Ribera, A.; Hyun, S.W.; Lillehoj, E.P; Cross, A.S.; Passaniti, A.; Grimm, P.R.; Kim, B.-Y.; Welling, P.A;
et al. NEUI1 Sialidase Regulates the Sialylation State of CD31 and Disrupts CD31-Driven Capillary-like Tube Formation in Human
Lung Microvascular Endothelia. . Biol. Chem. 2014, 289, 9121-9135. [CrossRef] [PubMed]

Betteridge, K.B.; Arkill, K.P; Neal, C.R.; Harper, S.J.; Foster, R.R.; Satchell, S.C.; Bates, D.O.; Salmon, A.H.J. Sialic Acids Regulate
Microvessel Permeability, Revealed by Novel in Vivo Studies of Endothelial Glycocalyx Structure and Function. J. Physiol. 2017,
595, 5015-5035. [CrossRef] [PubMed]

Brenner, B.M.; Troy, J.L. Postglomerular Vascular Protein Concentration: Evidence for a Causal Role in Governing Fluid
Reabsorption and Glomerulotublar Balance by the Renal Proximal Tubule. J. Clin. Investig. 1971, 50, 336-349. [CrossRef]
Garsen, M.; Lenoir, O.; Rops, A.L.WM.M.; Dijkman, H.B.; Willemsen, B.; van Kuppevelt, T.H.; Rabelink, T.J.; Berden, ] HM,;
Tharaux, P-L.; van der Vlag, J. Endothelin-1 Induces Proteinuria by Heparanase-Mediated Disruption of the Glomerular
Glycocalyx. J. Am. Soc. Nephrol. 2016, 27, 3545-3551. [CrossRef]

Boels, M.G.S.; Avramut, M.C.; Koudijs, A.; Dane, M.].C.; Lee, D.H.; van der Vlag, J.; Koster, A.J.; van Zonneveld, A ].; van Faassen,
E.; Grone, H.-J; et al. Atrasentan Reduces Albuminuria by Restoring the Glomerular Endothelial Glycocalyx Barrier in Diabetic
Nephropathy. Diabetes 2016, 65, 2429-2439. [CrossRef]

Van den Hoven, M.]J.; Rops, A.L.; Bakker, M.A.; Aten, ].; Rutjes, N.; Roestenberg, P.; Goldschmeding, R.; Zcharia, E.; Vlodavsky,
I; van der Vlag, |.; et al. Increased Expression of Heparanase in Overt Diabetic Nephropathy. Kidney Int. 2006, 70, 2100-2108.
[CrossRef]

Maxhimer, J.B.; Somenek, M.; Rao, G.; Pesce, C.E.; Baldwin, D.; Gattuso, P.; Schwartz, M.M.; Lewis, E.J.; Prinz, R.A.; Xu, X.
Heparanase-1 Gene Expression and Regulation by High Glucose in Renal Epithelial Cells: A Potential Role in the Pathogenesis of
Proteinuria in Diabetic Patients. Diabetes 2005, 54, 2172-2178. [CrossRef]

Masola, V.; Gambaro, G.; Tibaldi, E.; Onisto, M.; Abaterusso, C.; Lupo, A. Regulation of Heparanase by Albumin and Advanced
Glycation End Products in Proximal Tubular Cells. Biochim. Biophys. Acta 2011, 1813, 1475-1482. [CrossRef] [PubMed]

Lerner, I.; Hermano, E.; Zcharia, E.; Rodkin, D.; Bulvik, R.; Doviner, V.; Rubinstein, A.M.; Ishai-Michaeli, R.; Atzmon, R.; Sherman,
Y.; et al. Heparanase Powers a Chronic Inflammatory Circuit That Promotes Colitis-Associated Tumorigenesis in Mice. J. Clin.
Investig. 2011, 121, 1709-1721. [CrossRef] [PubMed]

Goldberg, R.; Rubinstein, A.M.; Gil, N.; Hermano, E.; Li, ].-P,; van der Vlag, J.; Atzmon, R.; Meirovitz, A.; Elkin, M. Role of
Heparanase-Driven Inflammatory Cascade in Pathogenesis of Diabetic Nephropathy. Diabetes 2014, 63, 4302—4313. [CrossRef]
Qin, Q.; Niu, J.; Wang, Z.; Xu, W.; Qiao, Z.; Gu, Y. Heparanase Induced by Advanced Glycation End Products (AGEs) Promotes
Macrophage Migration Involving RAGE and PI3K/AKT Pathway. Cardiovasc. Diabetol. 2013, 12, 37. [CrossRef] [PubMed]

Xu, G,; Qin, Q.; Yang, M.; Qiao, Z.; Gu, Y.; Niu, J. Heparanase-Driven Inflammation from the AGEs-Stimulated Macrophages
Changes the Functions of Glomerular Endothelial Cells. Diabetes Res. Clin. Pract. 2017, 124, 30-40. [CrossRef]

Sun, L.; Kanwar, Y.S. Relevance of TNF-« in the Context of Other Inflammatory Cytokines in the Progression of Diabetic
Nephropathy. Kidney Int. 2015, 88, 662-665. [CrossRef]

Cheng, D.; Liang, R.; Huang, B.; Hou, J.; Yin, J.; Zhao, T.; Zhou, L.; Wu, R;; Qian, Y.; Wang, F. Tumor Necrosis Factor-« Blockade
Ameliorates Diabetic Nephropathy in Rats. Clin. Kidney J. 2021, 14, 301-308. [CrossRef]

Donate-Correa, J.; Ferri, C.M.; Sanchez-Quintana, F.; Pérez-Castro, A.; Gonzalez-Luis, A.; Martin-Nufiez, E.; Mora-Fernandez, C.;
Navarro-Gonzalez, ].F. Inflammatory Cytokines in Diabetic Kidney Disease: Pathophysiologic and Therapeutic Implications.
Front. Med. 2020, 7, 628289. [CrossRef]

Ramnath, R.; Foster, R.R.; Qiu, Y.; Cope, G.; Butler, M.].; Salmon, A.H.; Mathieson, PW.; Coward, R.J.; Welsh, G.I; Satchell,
S.C. Matrix Metalloproteinase 9-Mediated Shedding of Syndecan 4 in Response to Tumor Necrosis Factor «: A Contributor to
Endothelial Cell Glycocalyx Dysfunction. FASEB |. 2014, 28, 4686—4699. [CrossRef]


https://doi.org/10.1681/ASN.V11147
https://doi.org/10.1681/ASN.2016030297
https://doi.org/10.1080/01913120500323282
https://doi.org/10.1006/mvre.1996.1987
https://doi.org/10.1093/glycob/cwaa008
https://doi.org/10.1242/jcs.082271
https://www.ncbi.nlm.nih.gov/pubmed/21486942
https://doi.org/10.1074/jbc.M109.073106
https://www.ncbi.nlm.nih.gov/pubmed/20048157
https://doi.org/10.1093/glycob/cwu094
https://www.ncbi.nlm.nih.gov/pubmed/25214153
https://doi.org/10.1074/jbc.M114.555888
https://www.ncbi.nlm.nih.gov/pubmed/24550400
https://doi.org/10.1113/JP274167
https://www.ncbi.nlm.nih.gov/pubmed/28524373
https://doi.org/10.1172/JCI106501
https://doi.org/10.1681/ASN.2015091070
https://doi.org/10.2337/db15-1413
https://doi.org/10.1038/sj.ki.5001985
https://doi.org/10.2337/diabetes.54.7.2172
https://doi.org/10.1016/j.bbamcr.2011.05.004
https://www.ncbi.nlm.nih.gov/pubmed/21600934
https://doi.org/10.1172/JCI43792
https://www.ncbi.nlm.nih.gov/pubmed/21490396
https://doi.org/10.2337/db14-0001
https://doi.org/10.1186/1475-2840-12-37
https://www.ncbi.nlm.nih.gov/pubmed/23442498
https://doi.org/10.1016/j.diabres.2016.12.016
https://doi.org/10.1038/ki.2015.250
https://doi.org/10.1093/ckj/sfz137
https://doi.org/10.3389/fmed.2020.628289
https://doi.org/10.1096/fj.14-252221

Int. . Mol. Sci. 2023, 24, 16543 150f 15

50.

51.

52.

53.

54.

55.

56.

57.

58.

Chappell, D.; Hofmann-Kiefer, K.; Jacob, M.; Rehm, M.; Briegel, J.; Welsch, U.; Conzen, P.; Becker, B.F. TNF-Alpha Induced
Shedding of the Endothelial Glycocalyx Is Prevented by Hydrocortisone and Antithrombin. Basic Res. Cardiol. 2009, 104, 78-89.
[CrossRef]

Nieuwdorp, M.; Meuwese, M.C.; Mooij, H.L.; van Lieshout, M.H.P,; Hayden, A.; Levi, M.; Meijers, ].C.M.; Ince, C.; Kastelein, ].].P;
Vink, H.; et al. Tumor Necrosis Factor-Alpha Inhibition Protects against Endotoxin-Induced Endothelial Glycocalyx Perturbation.
Atherosclerosis 2009, 202, 296-303. [CrossRef]

Henry, C.B.; Duling, B.R. TNF-Alpha Increases Entry of Macromolecules into Luminal Endothelial Cell Glycocalyx. Am. |. Physiol.
Heart Circ. Physiol. 2000, 279, H2815-H2823. [CrossRef] [PubMed]

Kerkar, S.; Williams, M.; Blocksom, J.M.; Wilson, R.E; Tyburski, ]J.G.; Steffes, C.P. TNF-Alpha and IL-1beta Increase Peri-
cyte/Endothelial Cell Co-Culture Permeability. J. Surg. Res. 2006, 132, 40-45. [CrossRef] [PubMed]

Kuwabara, A.; Satoh, M.; Tomita, N.; Sasaki, T.; Kashihara, N. Deterioration of Glomerular Endothelial Surface Layer Induced by
Oxidative Stress Is Implicated in Altered Permeability of Macromolecules in Zucker Fatty Rats. Diabetologia 2010, 53, 2056—-2065.
[CrossRef]

Kramer, A.; van den Hoven, M.; Rops, A.; Wijnhoven, T.; van den Heuvel, L.; Lensen, J.; van Kuppevelt, T.; van Goor, H.; van der
Vlag, J.; Navis, G.; et al. Induction of Glomerular Heparanase Expression in Rats with Adriamycin Nephropathy Is Regulated by
Reactive Oxygen Species and the Renin-Angiotensin System. J. Am. Soc. Nephrol. 2006, 17, 2513-2520. [CrossRef]

Van den Hoven, M.].; Waanders, F.; Rops, A.L.; Kramer, A.B.; van Goor, H.; Berden, ].H.; Navis, G.; van der Vlag, ]. Regulation of
Glomerular Heparanase Expression by Aldosterone, Angiotensin II and Reactive Oxygen Species. Nephrol. Dial. Transplant. 2009,
24,2637-2645. [CrossRef] [PubMed]

Luis-Lima, S.; Rodriguez-Rodriguez, A.E.; Martin-Higueras, C.; Sierra-Ramos, C.; Carrara, F; Arnau, M.R.; Alvarez de la Rosa,
D.; Salido, E.; Gaspari, F,; Porrini, E. Iohexol Plasma Clearance, a Simple and Reliable Method to Measure Renal Function in
Conscious Mice. Pflug. Arch. 2016, 468, 1587-1594. [CrossRef]

Okada, H.; Takemura, G.; Suzuki, K.; Oda, K.; Takada, C.; Hotta, Y.; Miyazaki, N.; Tsujimoto, A.; Muraki, I.; Ando, Y.; et al.
Three-Dimensional Ultrastructure of Capillary Endothelial Glycocalyx under Normal and Experimental Endotoxemic Conditions.
Crit. Care Lond. Engl. 2017, 21, 261. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00395-008-0749-5
https://doi.org/10.1016/j.atherosclerosis.2008.03.024
https://doi.org/10.1152/ajpheart.2000.279.6.H2815
https://www.ncbi.nlm.nih.gov/pubmed/11087236
https://doi.org/10.1016/j.jss.2005.06.033
https://www.ncbi.nlm.nih.gov/pubmed/16140333
https://doi.org/10.1007/s00125-010-1810-0
https://doi.org/10.1681/ASN.2006020184
https://doi.org/10.1093/ndt/gfp182
https://www.ncbi.nlm.nih.gov/pubmed/19429930
https://doi.org/10.1007/s00424-016-1843-4
https://doi.org/10.1186/s13054-017-1841-8

	Introduction 
	Results 
	Laboratory, Systemic, and Renal Function Parameters 
	Kidneys of Diabetic Mice Exhibit Peritubular Capillary Rarefaction, Which Is Limited byACEi Treatment 
	The Ultrastructure of Peritubular Capillaries Is Altered in Diabetic Mice and Ameliorated by ACEi Treatment 
	The Endothelial Glycocalyx of Peritubular Capillaries Is Altered in Diabetic Mice and Preserved by ACEi Treatment 
	Staining for Sialic Acid Is Reduced in Peritubular Capillaries of Diabetic Mice and Is Improved by ACEi Treatment 
	Interstitial Heparanase 1 Is Overexpressed in Diabetic Mice and Reduced by ACEi Treatment 
	ACEi Treatment Attenuates Renal Interstitial Inflammation in Diabetic Mice 

	Discussion 
	Materials and Methods 
	Experimental Design 
	Biochemical and Renal Function Parameters 
	Systolic Blood Pressure 
	Transmission Electron Microscopy Analysis 
	Ultrastructure of Peritubular Capillaries 
	Endothelial Glycocalyx 

	Immunohistochemistry 
	Immunofluorescence Analysis 
	Immunoperoxidase Analysis 

	Statistical Analysis 

	References

