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Abstract

Proinflammatory cytokines target vascular endothelial cells during COVID-19 infections. In particular, the endothelial gly-
cocalyx (eGC), a proteoglycan-rich layer on top of endothelial cells, was identified as a vulnerable, vasoprotective structure
during infections. Thus, eGC damage can be seen as a hallmark in the development of endothelial dysfunction and inflam-
matory processes. Using sera derived from patients suffering from COVID-19, we could demonstrate that the eGC became
progressively worse in relation to disease severity (mild vs severe course) and in correlation to IL-6 levels. This could be
prevented by administering low doses of spironolactone, a well-known and highly specific aldosterone receptor antagonist.
Our results confirm that SARS-CoV-2 infections cause eGC damage and endothelial dysfunction and we outline the underly-

ing mechanisms and suggest potential therapeutic options.

Introduction

In addition to manifesting as an acute respiratory infection
that may progress rapidly to acute respiratory distress syn-
drome (ARDS), it was recognized early on that SARS-CoV-2
infections exhibit a strong systemic inflammatory process
that may lead to endothelial dysfunction and cardiovascular
disease [1, 2]. Clinically, COVID-19-dependent endothelial
dysfunction might contribute to pulmonary edema, protein-
uria, and vascular inflammation and seems to be a central
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cause of multiorgan failure [3, 4]. Under healthy conditions,
the vascular endothelium provides a crucial interface between
blood and tissue. Due to this strategic position, it acts as a
vasoprotective barrier in many different pathological condi-
tions [5]. In particular, the endothelial top surface layer, the
endothelial glycocalyx (eGC)—a negatively charged brush-
like 0.5- to 1-um-thick layer of membrane-bound, carbohy-
drate-rich molecules mostly comprising glycoproteins and
proteoglycans—can be seen as a key player in vasoprotective
function [6, 7]. Recently, Rovas and colleagues demonstrated
that the thickness of the sublingual eGC, a robust and reli-
able marker for eGC integrity, was drastically decreased in
COVID-19 patients compared to controls [8, 9], indicating
shedding of the eGC. In this context, proinflammatory fac-
tors such as IL-1b, IL-6, TNF-a, MCP-1, and aldosterone are
elevated in COVID-19 patients. Furthermore, the vascular
leakage-inducing antagonist angiopoietin-2 and key mark-
ers for eGC shedding such as syndecan-1 and hyaluronic
acid were significantly increased in COVID-19 patients [10,
11]. Heparanase activity is also enhanced, which is known to
degrade the eGC and contribute to the inflammatory environ-
ment of the endothelium [12]. From these data, the hypoth-
esis emerged that endothelial cells are activated and that the
eGC is a highly vulnerable and crucial structure being spe-
cifically attacked during a SARS-CoV-2 infection and might
determine the outcome of these patients.
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From this point of view, the possibility of a therapeutic
approach focusing on vascular eGC should be considered for
COVID-19 patients. Heparanase inhibitors, matrix metal-
loprotease (MMP) inhibitors, or antioxidants could be dis-
cussed here [13]. Indeed, aldosterone levels are increased
in COVID-19 patients, a condition leading to inflammatory
processes, endothelial dysfunction, and vascular damage
[11, 14]. Thus, the cytosolic aldosterone receptor, the min-
eralocorticoid receptor (MR), would represent another very
promising therapeutic target.

However, these clinical observations and whether SARS-
CoV-2 directly damages the endothelial surface are not fully
understood yet. Here, by using the atomic force microscope [15]
as a well-established nanoindentation tool [16, 17], we demon-
strated that the eGC of primary endothelial cells after incu-
bation with sera derived from COVID-19 patients with mild
and severe symptoms is significantly damaged, which could be
prevented by administering the MR antagonist spironolactone.

Methods

Human samples, demographics, and baseline
characteristics

Blood samples of COVID-19 patients were collected from
patients of the University Hospital Schleswig—Holstein
Liibeck in cooperation with the Department of Infectious
Diseases and Microbiology and the University Heart Center.
COVID-19 patients were grouped into those with a milder
course of disease and admitted to a general ward or with a
severe course requiring intensive care and admitted to the
intensive care unit. All sera were collected according to
the Declaration of Helsinki and after approval of the local

ethics committee (patients with a mild course of COVID-19:
Az 13-003; patients with severe course of COVID-19: Az
19-019/A, University of Liibeck). All patients gave written
informed consent. Sera were collected from female and male
patients aged 30-78 years (mean + SE: 58 +2.7 years, see
Table 1) within 3 days of hospital admission. Serum was
centrifuged at 2000 g and then stored at — 80 °C. Nonhospi-
talized, healthy, age- and gender-matched volunteers without
comorbidities served as controls (hereafter termed “con-
trol”). These blood samples were collected at the University
of Luebeck in cooperation with the Department of Cardi-
ology and Angiology of the “Sana Kliniken Liibeck” hos-
pital, Germany, following the Declaration of Helsinki and
approved by the Local Ethics Committee (Case: 19-310).

IL-6 quantification

IL-6 concentration (ng/L) was determined according
to routine diagnostic testing at the University Hospital
Schleswig—Holstein Liibeck. The accredited laboratory used
an electrochemiluminescent immunoassay (ECLIA) to quan-
tify IL-6 levels with a reference range of < 7.

Cell culture

Primary human umbilical vein endothelial cells (HUVECsS)
were isolated (approved by the local ethical committee (Case:
18-325) and cultured as described previously [18, 19]. Cells
were culture in HUVEC culture medium (Gibco Medium
199 + fetal calf serum 10% (Gibco, Carlsbad, CA) + peni-
cillin/streptomycin 1% (Gibco, Carlsbad, CA; 100 U/ml;
100 mg/ml) + heparin 5000 U/ml (Biochrom, Schaffhausen,
Switzerland) + large vessel endothelia supplement 1% (Gibco,
Carlsbad, CA, USA). Cell culture flask were coated with 0.5%

Table 1 Demographics of

Mild course Severe course

. Controls
control group, and C19 patient
(mild and severe course) Control Gender Age
number

1 m 81
2 m 75
3 m 50
4 m 82
5 m 46
6 m 47
7 w 53
8 w 62
9 m 49
10 w 61
11 w 66
12 w 66

Patient Gender Age Patient Gender Age
number number

21 m 45 14 m 56
22 m 47 15 m 62
23 m 52 16 w 56
24 m 70 17 m 64
29 m 71 23 w 58
42 w 30 32 w 47
46 w 51 33 m 66
47 m 64 36 w 78
49 w 43 37 m 70
52 m 70

58 w 73

59 m 44

Controls were pooled for measurements.
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gelatin (1 h before seeding, Sigma-Aldrich, St. Louis, MO,
USA) and cultivated at 37 °C, 21% O, and 5% CO,. For AFM
experiments, HUVECs were cultivated on fibronectin-coated
glass coverslips to confluence for at least 4 days under stand-
ard cell culture conditions and stimulated with 10% COVID-
19 sera or sera from a healthy donor group for 24 h before the
experiment. The cells were co-treated with the MR antagonist
spironolactone (100 nM) in parallel to COVID-19 sera treat-
ment and compared to solvent control (0.1% ethanol).

Nanoindentation measurements

The atomic force microscope (AFM, Nanowizard4 from JPK
BioAFM Business, Berlin, Germany) was used to deter-
mine the nanomechanical properties of the eGC (here: eGC
height) based on the nanoindentation technique as described
previously [20]. Briefly, a laser beam was aligned on the
backside of a gold-coated triangular cantilever (Novascan
Technologies, Boone, NC, USA) with a mounted spherical
tip (10 um diameter) and a defined, nominal spring constant
of 10 pN/nm. The cantilever indents the endothelial cell sur-
face with a loading force of 0.5 nN. The reflection of a laser
beam is used to quantify the cantilever deflection. The height
of the eGC can be calculated by knowing the cantilever
force, the piezo displacement, and the deflection sensitivity.
The resulting force-distance curves were analyzed using the
Protein Unfolding and Nano-Indentation Analysis Software
PUNIAS 3D version 1.0 release 2.2 (http://punias.voila.net).

Fluorescence staining

After 24 h stimulation with control/COVID-19 sera, eGC
was stained by applying 2 ug/mL wheat germ aggluti-
nin (WGA; conjugate Alexa-fluor-488; Thermo Fisher;
Waltham, MA, USA) for 60 min in the dark (RT). Specimens
were fixed with 4% fresh paraformaldehyde (PFA, 4 °C) for
30 min on ice. After washing the cells, the stained coverslips
were mounted with Dako mounting medium (Dako, Carpin-
teria, CA, USA) with 1.5 pg/mL Hoechst (Sigma Aldrich, St.
Louis, MO, USA) for nuclei staining. Fluorescence images
were taken with a Keyence-BZ9000 fluorescence micro-
scope (Keyence Corporation, Osaka, Japan). Fluorescence
intensity was quantified using Image] software (Version
1.52a; National Institute of Health, USA).

Statistical analysis

GraphPad PRISM (Version 7, GraphPad Software Inc., CA,
USA) and IBM SPSS Statistics for Windows (IBM Corp.
Released 2020, Version 27.0., NY, USA) were used to ana-
lyze the data and prepare the figures. Differences between
experimental groups were analyzed using Student’s #-test
for parametric values or (in case of three or more groups)

assessed by using one-way ANOVA (analysis of variance)
with Bonferroni’s correction for multiple comparison fol-
lowed by post hoc Tukey’s multiple comparisons test for par-
ametric values or the Kruskal-Wallis test by ranks followed
Dunn’s multiple comparison for nonparametric values. For
linear regression, Pearson (r) correlations were used. Dif-
ferences were considered statistically significant when p
values were < 0.05 (*p <0.05; **p <0.01; ***p <0.001;
*#%%p <0.0001). Each experiment was repeated individu-
ally at least 3 times (N >3, independent HUVEC culture
and stimulation) and each time with at least 1-3 technical
replicates. The “n”-number summarized all replicates of this
series (n>3-5). The N/n numbers are indicated in the figure
legends.

Results
COVID-19 sera damage eGC structure

Confluent HUVEC monolayers were treated with 10%
COVID-19 (C19) patient sera for 24 h and eGC height was
quantified by using the nanoindentation AFM technique.
Incubation with mild COVID-19 sera already decreased
the eGC height in the range of —41.1 to —63.0% compared
to control-treated HUVECs (see Fig. 1A). Treatment with
severe COVID-19 sera augmented this effect, reducing the
eGC height in the range of —48.7 to — 67.2% compared to
healthy controls (see Fig. 1B). After treatment with severe
COVID-19 sera eGC damage was markedly stronger than
after treatment with mild COVID-19 sera (see Fig. 1C; C19
mild overall mean 109.4 +3.4 nm vs. C19 severe overall
mean 68.6+3.2 nm, p <0.001).

Levels of the proinflammatory cytokine IL-6 were ana-
lyzed in COVID-19 blood samples derived from patients
with either mild or severe courses of disease (see Fig. 1D).
IL-6 levels in samples derived from patients with severe
COVID-19 course of disease were higher than from patients
with mild symptoms (C19 mild: 34.3 +7.9 ng/L, C19 severe:
128.3 +51.5 ng/L, healthy reference: 7 ng/uL). Of note,
patient IL-6 levels associated positively with eGC height
(Pearson correlation: r=—-0.579, p=0.024).

Spironolactone treatment attenuates
COVID-19-induced eGC damage

Endothelial cells were treated with pooled sera from
COVID-19 patients (mild courses) with or without coin-
cubation with the MR antagonist spironolactone. Within
the control group (sera from healthy donors), spironolac-
tone treatment did not affect eGC height (control + sol-
vent: 134.0 +4.7 nm vs. control + Spiro: 127.1 +4.1 nm).
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Fig.1 COVID-19 (C19) sera treatment damages the endothelial gly-
cocalyx (eGC). A Endothelial cells were incubated with 10% sera
from C19 patients with mild symptoms (patients 21-59) for 24 h.
Analysis of the eGC by atomic force microscopy showed eGC dam-
age with a reduced eGC height in a range of 81.6 nm to 130.1 nm
compared to 220.7 nm of the control group (N=3, n=5-6; **** (all
patients) p <0.0001 vs. control). B Sera from a second patient cohort
with severe SARS-CoV-2 infection and mandatory intensive care
(patients 14-37) were incubated with endothelial cells for 24 h. Here,
eGC height was further damaged, reducing eGC height in a range of

However, stimulation with pooled COVID-19 sera reduced
the eGC height compared to control conditions by 46%
(see Fig. 2A). Cotreatment with spironolactone strongly
attenuates this effect, significantly improving eGC height
within the mild COVID-19-treated group (C19 pool + sol-
vent: 73.1+1.9 nm vs C19 pool + Spiro: 102.2 +3.5 nm,
p<0.001).
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57.7 nm to 90.1 nm compared to 175.6 nm under control conditions
(N=3, n=3-5; ** (all patients) p<0.01 vs. control). C Average eGC
height of control, C19 mild, and C19 severe are shown. C19 treat-
ment leads to a reduction in eGC height by 48.9 and 60.8% compared
to control in C19 mild and C19 severe, respectively (N=3, n=9-12,
*#%%p <0.0001). D IL-6 levels in mild and severe C19 patients were
analyzed. In C19 patients, IL-6 increases compared to the healthy
control reference level (7 ng/L). IL-6 was significantly higher in
severe than in mild C19 samples

Nanoindentation measurements were verified by eGC
fluorescence staining with WGA (see Fig. 2B). Within the
control group, spironolactone showed a slightly increased
fluorescence signal compared to control conditions
(A+10.0+2.1% compared to control, p <0.05, see Fig. 2C).
WGA staining confirmed COVID-19-induced eGC deterio-
ration by reduced WGA fluorescence intensity in COVID-19
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Fig.2 Treatment with spironolactone attenuates COVID-19 (C19)-
induced endothelial glycocalyx (eGC) damage. A Sera from COVID-
19 patients (mild course) were pooled and used for 24 h stimulation
(10%) on endothelial cells. Treatment with C19 sera damaged the
eGC and reduced height by 46% compared to treatment with healthy
control sera. Coincubation with spironolactone strongly dimin-
ished the detrimental COVID-19 effect on eGC height within the
C19-treated group (N=3, n=4-8; ****p<0.0001). B Exemplary

sera-treated cells (A —18.6 £ 1.9% compared to control,
p <0.001). Coincubation of COVID-19 sera and spironolac-
tone abolished changes in WGA fluorescence intensity com-
pared to both the control and the pooled COVID-19 group.

Discussion

In addition to pulmonary and cardiac effects, the vascu-
lature is affected in COVID-19. This endothelial damage
is multifactorial and complex, caused both directly by the
SARS-CoV-2 virus and indirectly as a result of a systemic
inflammatory cytokine storm [21, 22].

By using the AFM as nanosensor, our cell culture data
suggests that in COVID-19, the endothelial surface is
attacked and the eGC deteriorates in relation to disease
severity (mild vs severe course) and in correlation to the
IL-6 level. This deterioration could be prevented by adminis-
tering low doses of spironolactone, a well-known and highly
specific MR antagonist.

Early in the pandemic, the vascular endothelium was
recognized as a crucial target of SARS-CoV-2 infections,
including the notable progression of endothelial dysfunc-
tion, which persists at least over a period of 6 months [23].
Caused by circulating inflammatory mediators, the endothe-
lial cells undergo a transition from a quiescent, functional to
an activated, dysfunctional state, altogether making COVID-
19 an endothelial disease [24]. For many years now, the
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WGA stainings of HUVECs treated with 10% control or C19 sera
with and without additional spironolactone incubation (100 nM). C
WGA stainings were used to validate atomic force microscope meas-
urements. Reduced eGC height in C19-treated cells was confirmed
by decreased WGA fluorescence intensity compared to the control
group. Spironolactone treatment strongly attenuated this effect (N =3,
n=73-4, *p <0.05, ****p <0.0001)

eGC has been known to be a vulnerable structure on top
of endothelial cells and a key regulator of endothelial cell
homeostasis, tissue edema, and inflammatory processes [25].
Damage and deterioration of the eGC induce the develop-
ment of endothelial dysfunction and cardiovascular patholo-
gies [6].

Now, it has become clear that in SARS-CoV-2 infections
especially the eGC is being attacked by proinflammatory
cytokines, leading to shedding-related deterioration and loss
of the vasoprotective function of the eGC [3, 13]. In agree-
ment with these findings, the eGC damage in our patient
cohort could be positively correlated to IL-6 levels.

From these data, it can be postulated that in COVID-19
patients increased levels of aldosterone [11] activate the
NF-«B signaling pathway via the MR [26, 27], which acti-
vates the expression of pro-inflammatory cytokines such
as TNFa and IL-6 [26]. This induces heparanase expres-
sion and subsequent degradation of the endothelial glyco-
calyx [28, 29] and could explain the mechanisms underly-
ing the development of endothelial dysfunction under such
conditions.

Recently, the eGC was found to be strongly involved in
the attachment of viral spike-protein to the endothelial sur-
face. Under healthy conditions, the eGC shields the spike-
protein interaction with ACE2 receptors at the endothelial
surface, whereas the ACE2 receptors are exposed after
COVID-19-mediated eGC deterioration, which enables the
binding of viral structures and subsequent infection of the
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cell [17]. In our study cohort, we could confirm that the
eGC is severely damaged. Of note, the level of eGC damage
depends on the severity of the disease course: sera derived
from patients with mild symptoms reduced the eGC by
approximately 49%, whereas sera from patients with severe
symptoms reduced the height of the eGC by > 60%. This
underscores clinical observations showing correlations
between disease severity and syndecan-1 levels [30, 31].

To curb the effects of the COVID-19 pandemic, it is
still imperative to find new therapeutic approaches. In this
study, we demonstrated that by inhibiting the aldosterone
receptor with low doses of spironolactone, COVID-19-in-
duced damage of the eGC could be prevented.

Our in vitro data confirm these clinical observations.
Aldosterone levels are increased in COVID-19 patients
and the renin—angiotensin—aldosterone system (RAAS)
can induce and modulate proinflammatory responses [11,
14]. Thus, it could play a key role in the pathophysiology
of COVID-19.

Vicenzi et al. demonstrated that, in COVID-19 patients,
treatment with the MR antagonist canrenone had an overall
positive impact on all-cause mortality and clinical improve-
ment, most probably via a direct anti-inflammatory effect
[32]. In another study, it could be shown that SARS-CoV-
2-induced endothelial injury was abrogated by the MR
antagonist spironolactone, an FDA-approved drug [33].

The idea that MR antagonists have beneficial effects on
the cardiovascular system emerged first nearly 20 years
ago, when Pitt et al. demonstrated a reduced mortality and
morbidity among patients with severe heart failure [34, 35].
Since then, hypotheses about the underlying mechanism of
MR-dependent endothelial function and dysfunction, includ-
ing effects on the eGC, have been developed [36].

In conclusion, we could demonstrate that proinflamma-
tory mediators damage the eGC of COVID-19 patients in a
severity-dependent manner: MR antagonist treatment could
prevent this damage. We have identified (i) new mechanisms
underlying COVID-19-mediated endothelial dysfunction and
(ii) present a strategy for low-cost and effective medication
to attenuate COVID-19 symptoms and to prevent cardio-
vascular damage. Importantly, this could also be beneficial
for developing and emerging countries and independent of
variations and mutations of the virus.

Acknowledgements We thank Bettina Rudzewski for their excellent
technical assistance with WGA stainings (Institute of Physiology, Uni-
versity of Liibeck). We are grateful to the patients who donated their
blood for the study.

Author contribution B.F., S.A., C.V., and N.K. performed the experi-
ments; B.F., C.V,,N.K,, J.R., and K.K.-V. designed study and protocols;
B.F., S.A., and C.V. analyzed data; B.F., S.A., C.V., N.X, T.G, J.R,,
and K.K.V. discussed data and commented on the manuscript; and B.F.,
J.R., and K.K.V. wrote the manuscript.

@ Springer

Funding Open Access funding enabled and organized by Pro-
jekt DEAL. This work was supported by grants from the Deutsche
Forschungsgemeinschaft (KU 1496/7-1, KU 1496/7-3, INST
392/141-1 FUGG).

Data availability The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on
reasonable request

Declarations

Competing interests The authors declare no competing interests.

Ethical approval All sera of this study were collected according to the
Declaration of Helsinki and after approval of the local ethics committee
(patients with a mild course of COVID-19: Az 13-003; patients with
severe course of COVID-19: Az 19-019/A, control sera: Az 19-310,
University of Liibeck). Primary human umbilical vein endothelial
cells (HUVECs) were isolated from voluntary donated umbilical veins
(approved by the local ethical committee (Az 18-325). All patients/
donors gave written informed consent.

Human and animal ethics See section above

Consent for publication All patients gave their written informed con-
sent to use patients sera for research projects.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Lampsas S, Tsaplaris P, Pantelidis P, Oikonomou E, Marinos G,
Charalambous G, Souvaliotis N, Mystakidi V-C, Goliopoulou A,
Katsianos E, Siasos G, Vavuranakis M-A, Tsioufis C, Vavuranakis
M, Tousoulis D 2021 The role of endothelial related circulating
biomarkers in COVID-19. A systematic review and meta-analysis.
Curr Med Chem. https://doi.org/10.2174/09298673286662110261
24033

2. Varga Z, Flammer Al, Steiger P, Haberecker M, Andermatt R,
Zinkernagel AS, Mehra MR, Schuepbach RA, Ruschitzka F, Moch
H (2020) Endothelial cell infection and endotheliitis in COVID-
19. The Lancet 395:1417-1418. https://doi.org/10.1016/S0140-
6736(20)30937-5

3. Wadowski PP, Jilma B, Kopp CW, Ertl S, Gremmel T, Koppen-
steiner R (2021) Glycocalyx as possible limiting factor in COVID-
19. Front Immunol 12:607306. https://doi.org/10.3389/fimmu.
2021.607306


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2174/0929867328666211026124033
https://doi.org/10.2174/0929867328666211026124033
https://doi.org/10.1016/S0140-6736(20)30937-5
https://doi.org/10.1016/S0140-6736(20)30937-5
https://doi.org/10.3389/fimmu.2021.607306
https://doi.org/10.3389/fimmu.2021.607306

Pfliigers Archiv - European Journal of Physiology (2022) 474:1069-1076

1075

10.

11.

12.

14.

15.

16.

17.

18.

Yamaoka-Tojo M (2020) Endothelial glycocalyx damage as a sys-
temic inflammatory microvascular endotheliopathy in COVID-19.
Biomed J 43:399-413. https://doi.org/10.1016/j.bj.2020.08.007
Fels J, Jeggle P, Liashkovich I, Peters W, Oberleithner H (2014)
Nanomechanics of vascular endothelium. Cell Tissue Res
355:727-737. https://doi.org/10.1007/s00441-014-1853-5
Cosgun ZC, Fels B, Kusche-Vihrog K (2020) Nanomechanics
of the endothelial glycocalyx: from structure to function. Am J
Pathol. https://doi.org/10.1016/j.ajpath.2019.07.021

Weinbaum S, Tarbell JM, Damiano ER (2007) The structure and
function of the endothelial glycocalyx layer. Annu Rev Biomed
Eng 9:121-167. https://doi.org/10.1146/annurev.bioeng.9.060906.
151959

Rovas A, Lukasz A-H, Vink H, Urban M, Sackarnd J, Paven-
stadt H, Kiimpers P (2018) Bedside analysis of the sublingual
microvascular glycocalyx in the emergency room and intensive
care unit - the GlycoNurse study. Scand J Trauma Resusc Emerg
Med 26:16. https://doi.org/10.1186/513049-018-0483-4

Rovas A, Osiaevi I, Buscher K, Sackarnd J, Tepasse P-R, Fobker
M, Kiihn J, Braune S, Gobel U, Tholking G, Groschel A, Paven-
stadt H, Vink H, Kiimpers P (2021) Microvascular dysfunction
in COVID-19: the MYSTIC study. Angiogenesis 24:145-157.
https://doi.org/10.1007/s10456-020-09753-7

Coperchini F, Chiovato L, Croce L, Magri F, Rotondi M (2020)
The cytokine storm in COVID-19: An overview of the involve-
ment of the chemokine/chemokine-receptor system. Cytokine
Growth Factor Rev 53:25-32. https://doi.org/10.1016/j.cytogfr.
2020.05.003

Villard O, Morquin D, Molinari N, Raingeard I, Nagot N, Cris-
tol J-P, Jung B, Roubille C, Foulongne V, Fesler P, Lamure S,
Taourel P, Konate A, Maria ATJ, Makinson A, Bertchansky
I, Larcher R, Klouche K, Le Moing V, Renard E, Guilpain P
(2020) The plasmatic aldosterone and C-reactive protein levels,
and the severity of Covid-19: the Dyhor-19 Study. J Clin Med
9:E2315. https://doi.org/10.3390/jcm9072315

Buijsers B, Yanginlar C, de Nooijer A, Grondman I, Maciej-
Hulme ML, Jonkman I, Janssen NAF, Rother N, de Graaf M,
Pickkers P, Kox M, Joosten LAB, Nijenhuis T, Netea MG, Hil-
brands L, van de Veerdonk FL, Duivenvoorden R, de Mast Q,
van der Vlag J (2020) Increased plasma heparanase activity in
COVID-19 patients. Front Immunol 11:575047. https://doi.org/
10.3389/fimmu.2020.575047

. Yamaoka-Tojo M (2020) Vascular endothelial glycocalyx dam-

age in COVID-19. Int J Mol Sci 21:E9712. https://doi.org/10.
3390/ijms21249712

Zarbock A, Chawla L, Bellomo R (2021) Why the renin-angio-
tensin-aldosterone system (RAAS) in critically ill patients can
no longer be ignored. Crit Care 25:389. https://doi.org/10.1186/
$13054-021-03816-x

Hahn CA, Zhou S-M, Raynor R, Tisch A, Light K, Shatfman
T, Wong T, Kirkpatrick J, Turkington T, Hollis D, Marks LB
(2009) Dose-dependent effects of radiation therapy on cerebral
blood flow, metabolism, and neurocognitive dysfunction. Int
J Radiat Oncol Biol Phys 73:1082—-1087. https://doi.org/10.
1016/j.ijrobp.2008.05.061

Lukasz A-H, Kiimpers P (2018) Angiopoietin-2 regulates
endothelial glycocalyx. Med Klin Intensivmed Notfmed
113:497-500. https://doi.org/10.1007/s00063-018-0469-z
Targosz-Korecka M, Kubisiak A, Kloska D, Kopacz A, Gro-
chot-Przeczek A, Szymonski M (2021) Endothelial glycoca-
lyx shields the interaction of SARS-CoV-2 spike protein with
ACE?2 receptors. Sci Rep 11:12157. https://doi.org/10.1038/
$41598-021-91231-1

Jaffe EA, Nachman RL, Becker CG, Minick CR (1973) Cul-
ture of human endothelial cells derived from umbilical veins.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Identification by morphologic and immunologic criteria. J Clin
Invest 52:2745-2756. https://doi.org/10.1172/JC1107470
Kusche-Vihrog K, Sobczak K, Bangel N, Wilhelmi M, Nechy-
poruk-Zloy V, Schwab A, Schillers H, Oberleithner H (2008)
Aldosterone and amiloride alter ENaC abundance in vascular
endothelium. Pflugers Arch 455:849-857. https://doi.org/10.
1007/s00424-007-0341-0

Oberleithner H, Peters W, Kusche-Vihrog K, Korte S, Schillers
H, Kliche K, Oberleithner K (2011) Salt overload damages the
glycocalyx sodium barrier of vascular endothelium. Pflugers
Arch 462:519-528. https://doi.org/10.1007/s00424-011-0999-1
Evans PC, Rainger GE, Mason JC, Guzik TJ, Osto E, Stamataki
Z, Neil D, Hoefer IE, Fragiadaki M, Waltenberger J, Weber C,
Bochaton-Piallat M-L, Biack M (2020) Endothelial dysfunction
in COVID-19: a position paper of the ESC Working Group for
Atherosclerosis and Vascular Biology, and the ESC Council of
Basic Cardiovascular Science. Cardiovasc Res 116:2177-2184.
https://doi.org/10.1093/cvr/cvaa230

Touyz RM, Boyd MOE, Guzik T, Padmanabhan S, McCallum L,
Delles C, Mark PB, Petrie JR, Rios F, Montezano AC, Sykes R,
Berry C (2021) Cardiovascular and renal risk factors and com-
plications associated with COVID-19. CJC Open 3:1257-1272.
https://doi.org/10.1016/j.cjc0.2021.05.020

Oikonomou E, Souvaliotis N, Lampsas S, Siasos G, Poulakou
G, Theofilis P, Papaioannou TG, Haidich A-B, Tsaousi G, Ntou-
sopoulos V, Sakka V, Charalambous G, Rapti V, Raftopoulou
S, Syrigos K, Tsioufis C, Tousoulis D, Vavuranakis M (2022)
Endothelial dysfunction in acute and long standing COVID-19: a
prospective cohort study. Vascul Pharmacol 144:106975. https://
doi.org/10.1016/j.vph.2022.106975

Libby P, Liischer T (2020) COVID-19 is, in the end, an endothelial
disease. Eur Heart J 41:3038-3044. https://doi.org/10.1093/eurhe
artj/ehaa623

Reitsma S, Slaaf DW, Vink H, van Zandvoort MAMJ, oudeEg-
brink MGA, (2007) The endothelial glycocalyx: composition,
functions, and visualization. Pflugers Arch 454:345-359. https://
doi.org/10.1007/s00424-007-0212-8

Chantong B, Kratschmar DV, Nashev LG, Balazs Z, Odermatt A
(2012) Mineralocorticoid and glucocorticoid receptors differen-
tially regulate NF-kappaB activity and pro-inflammatory cytokine
production in murine BV-2 microglial cells. J Neuroinflammation
9:260. https://doi.org/10.1186/1742-2094-9-260

Leroy V, Seigneux SD, Agassiz V, Hasler U, Rafestin-Oblin M-E,
Vinciguerra M, Martin P-Y, Féraille E (2009) Aldosterone acti-
vates NF-kB in the collecting duct. JASN 20:131-144. https://doi.
org/10.1681/ASN.2008020232

Lipphardt M, Song JW, Goligorsky MS (2020) Sirtuin 1 and
endothelial glycocalyx. Pflugers Arch 472:991-1002. https://doi.
org/10.1007/s00424-020-02407-z

Masola V, Greco N, Gambaro G, Franchi M, Onisto M (2022)
Heparanase as active player in endothelial glycocalyx remodeling.
Matrix Biol Plus 13:100097. https://doi.org/10.1016/j.mbplus.
2021.100097

Ogawa F, Oi Y, Nakajima K, Matsumura R, Nakagawa T, Miya-
gawa T, Sakai K, Saji R, Taniguchi H, Takahashi K, Abe T,
Iwashita M, Nishii M, Takeuchi I (2021) Temporal change in
Syndecan-1 as a therapeutic target and a biomarker for the sever-
ity classification of COVID-19. Thromb J 19:55. https://doi.org/
10.1186/s12959-021-00308-4

Suzuki K, Okada H, Tomita H, Sumi K, Kakino Y, Yasuda R,
Kitagawa Y, Fukuta T, Miyake T, Yoshida S, Suzuki A, Ogura
S (2021) Possible involvement of Syndecan-1 in the state of
COVID-19 related to endothelial injury. Thromb J 19:5. https://
doi.org/10.1186/s12959-021-00258-x

Vicenzi M, Ruscica M, Iodice S, Rota I, Ratti A, Di Cosola R,
Corsini A, Bollati V, Aliberti S, Blasi F (2020) The efficacy of

@ Springer


https://doi.org/10.1016/j.bj.2020.08.007
https://doi.org/10.1007/s00441-014-1853-5
https://doi.org/10.1016/j.ajpath.2019.07.021
https://doi.org/10.1146/annurev.bioeng.9.060906.151959
https://doi.org/10.1146/annurev.bioeng.9.060906.151959
https://doi.org/10.1186/s13049-018-0483-4
https://doi.org/10.1007/s10456-020-09753-7
https://doi.org/10.1016/j.cytogfr.2020.05.003
https://doi.org/10.1016/j.cytogfr.2020.05.003
https://doi.org/10.3390/jcm9072315
https://doi.org/10.3389/fimmu.2020.575047
https://doi.org/10.3389/fimmu.2020.575047
https://doi.org/10.3390/ijms21249712
https://doi.org/10.3390/ijms21249712
https://doi.org/10.1186/s13054-021-03816-x
https://doi.org/10.1186/s13054-021-03816-x
https://doi.org/10.1016/j.ijrobp.2008.05.061
https://doi.org/10.1016/j.ijrobp.2008.05.061
https://doi.org/10.1007/s00063-018-0469-z
https://doi.org/10.1038/s41598-021-91231-1
https://doi.org/10.1038/s41598-021-91231-1
https://doi.org/10.1172/JCI107470
https://doi.org/10.1007/s00424-007-0341-0
https://doi.org/10.1007/s00424-007-0341-0
https://doi.org/10.1007/s00424-011-0999-1
https://doi.org/10.1093/cvr/cvaa230
https://doi.org/10.1016/j.cjco.2021.05.020
https://doi.org/10.1016/j.vph.2022.106975
https://doi.org/10.1016/j.vph.2022.106975
https://doi.org/10.1093/eurheartj/ehaa623
https://doi.org/10.1093/eurheartj/ehaa623
https://doi.org/10.1007/s00424-007-0212-8
https://doi.org/10.1007/s00424-007-0212-8
https://doi.org/10.1186/1742-2094-9-260
https://doi.org/10.1681/ASN.2008020232
https://doi.org/10.1681/ASN.2008020232
https://doi.org/10.1007/s00424-020-02407-z
https://doi.org/10.1007/s00424-020-02407-z
https://doi.org/10.1016/j.mbplus.2021.100097
https://doi.org/10.1016/j.mbplus.2021.100097
https://doi.org/10.1186/s12959-021-00308-4
https://doi.org/10.1186/s12959-021-00308-4
https://doi.org/10.1186/s12959-021-00258-x
https://doi.org/10.1186/s12959-021-00258-x

1076

Pfliigers Archiv - European Journal of Physiology (2022) 474:1069-1076

33.

34.

35.

the mineralcorticoid receptor antagonist canrenone in COVID-19
patients. J Clin Med 9:E2943. https://doi.org/10.3390/jcm9092943
Kumar N, Zuo Y, Yalavarthi S, Hunker KL, Knight JS, Kanthi Y,
Obi AT, Ganesh SK (2021) SARS-CoV-2 Spike Protein S1-medi-
ated endothelial injury and pro-inflammatory state is amplified by
dihydrotestosterone and prevented by mineralocorticoid antago-
nism. Viruses 13:2209. https://doi.org/10.3390/v13112209

Pitt B, Remme W, Zannad F, Neaton J, Martinez F, Roniker B,
Bittman R, Hurley S, Kleiman J, Gatlin M (2003) Eplerenone
Post-Acute Myocardial Infarction Heart Failure Efficacy and
Survival Study Investigators Eplerenone, a selective aldosterone
blocker, in patients with left ventricular dysfunction after myo-
cardial infarction. N Engl J Med 348:309-1321. https://doi.org/
10.1056/NEJMo0a030207

Pitt B, Zannad F, Remme WJ, Cody R, Castaigne A, Perez A,
Palensky J, Wittes J (1999) The effect of spironolactone on

@ Springer

36.

morbidity and mortality in patients with severe heart failure. Ran-
domized Aldactone Evaluation Study Investigators. N Engl J Med
341:709-717. https://doi.org/10.1056/NEIM199909023411001
Butler MJ, Ramnath R, Kadoya H, Desposito D, Riquier-Brison
A, Ferguson JK, Onions KL, Ogier AS, ElHegni H, Coward RJ,
Welsh GI, Foster RR, Peti-Peterdi J, Satchell SC (2019) Aldoster-
one induces albuminuria via matrix metalloproteinase-dependent
damage of the endothelial glycocalyx. Kidney Int 95:94-107.
https://doi.org/10.1016/j.kint.2018.08.024

Publisher's note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.3390/jcm9092943
https://doi.org/10.3390/v13112209
https://doi.org/10.1056/NEJMoa030207
https://doi.org/10.1056/NEJMoa030207
https://doi.org/10.1056/NEJM199909023411001
https://doi.org/10.1016/j.kint.2018.08.024

	Mineralocorticoid receptor-antagonism prevents COVID-19-dependent glycocalyx damage
	Abstract
	Introduction
	Methods
	Human samples, demographics, and baseline characteristics
	IL-6 quantification
	Cell culture
	Nanoindentation measurements
	Fluorescence staining
	Statistical analysis

	Results
	COVID-19 sera damage eGC structure

	Spironolactone treatment attenuates COVID-19-induced eGC damage
	Discussion
	Acknowledgements 
	References


