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A B S T R A C T   

The severe forms and worsened outcomes of COVID-19 (coronavirus disease 19) are closely associated with 
hypertension and cardiovascular disease. Endothelial cells express Angiotensin-Converting Enzyme 2 (ACE2), 
which is the entrance door for the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The hallmarks 
of severe illness caused by SARS-CoV-2 infection are increased levels of IL-6, C-reactive protein, D-dimer, ferritin, 
neutrophilia and lymphopenia, pulmonary intravascular coagulopathy and microthrombi of alveolar capillaries. 
The endothelial glycocalyx, a proteoglycan- and glycoprotein-rich layer covering the luminal side of endothelial 
cells, contributes to vascular homeostasis. It regulates vascular tonus and permeability, prevents thrombosis, and 
modulates leukocyte adhesion and inflammatory response. We hypothesized that cytokine production and 
reactive oxygen species (ROS) generation associated with COVID-19 leads to glycocalyx degradation. A cohort of 
20 hospitalized patients with a confirmed COVID-19 diagnosis and healthy subjects were enrolled in this study. 
Mechanisms associated with glycocalyx degradation in COVID-19 were investigated. Increased plasma concen-
trations of IL-6 and IL1-β, as well as increased lipid peroxidation and glycocalyx components were detected in 
plasma from COVID-19 patients compared to plasma from healthy subjects. Plasma from COVID-19 patients 
induced glycocalyx shedding in cultured human umbilical vein endothelial cells (HUVECs) and disrupted redox 
balance. Treatment of HUVECs with low molecular weight heparin inhibited the glycocalyx perturbation. In 
conclusion, plasma from COVID-19 patients promotes glycocalyx shedding and redox imbalance in endothelial 
cells, and heparin treatment potentially inhibits glycocalyx disruption.   

1. Introduction 

The correlation between viral infection and cardiovascular disease 
gained strength in the last year with the emergence of the new β-coro-
navirus disease 2019 (COVID-19) [1]. The severe forms and worsened 
outcomes of COVID-19 are closely associated with hypertension and 
cardiovascular disease [2] and up to February 2021 the COVID-19 

pandemic has affected more than one hundred and eleven million peo-
ple worldwide [3]. 

Caused by the severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), COVID-19 may trigger intense and diffuse lung injury, 
that may progress to acute respiratory distress syndrome (ARDS), 
leading to respiratory failure and death [4,5]. SARS-CoV-2 [6] activates 
the immune system and increases cytokines production such as IL-1β, IL- 
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6 and TNF-α [7], stimulates reactive oxygen species (ROS) generation 
[8] and coagulation cascade, increasing the risk for thrombosis in the 
macro and microvasculature [9]. Of importance, as reviewed by Libby 
and Lüscher [10], “COVID-19 is, in the end, an endothelial disease” [10]. 

Endothelial cells provide a crucial interface in host defenses, pro-
ducing inflammatory cytokines, ROS and reactive nitrogen species 
(RNS), which contribute to immune responses against viral infections 
[11,12]. However, when inappropriately or excessively produced, ROS 
and RNS disrupt endothelial cell and vascular function [13,14]. The 
endothelial glycocalyx is one of the most redox-sensitive components 
that covers endothelial cells [15] and is composed of membrane- 
attached proteoglycans, glycosaminoglycan chains and glycoproteins 
[16]. The heparan sulfate proteoglycans, as syndecan and glypican, are 
the predominant constituent of the glycocalyx, ranging from 50 to 90% 
[17]. 

The glycocalyx structure contributes to vascular homeostasis. It 
modulates vascular tonus, acts as a selective permeable barrier, con-
trolling vascular permeability, prevents microvascular thrombosis, and 
regulates endothelial cells interactions with immune cells [15], modu-
lating leukocyte adhesion and inflammatory responses (see review 
[18]). In addition, the vascular endothelial glycocalyx responds to shear 
stress and is responsible for mechano-transduction signaling, being 
pivotal for adequate nitric oxide (NO) production [19–23], and redox 
control [24]. 

The degradation of glycocalyx is thought to contribute to vascular 
dysfunction in viral infections as in dengue [25,26], diseases caused by 
hantavirus [27], ebola virus [28] and influenza virus [29]. The vascular 
endothelial glycocalyx is more easily damaged in older adults than 
younger adults, and in common comorbidities such as chronic kidney 
disease [30], stroke [31,32], diabetes [33], and heart failure [34]. 

We hypothesized that the cytokine storm and redox imbalance pre-
sent in plasma from COVID-19 patients leads to glycocalyx degradation, 
increasing cardiovascular risk. Therefore, this study determined the ef-
fects of plasma from SARS-CoV-2-infected patients on the glycocalyx 
structure of human umbilical vein endothelial cells (HUVECs). 

2. Materials and methods 

2.1. Human samples 

The Brazilian National Committee for Ethics in Research (CONEP) 
approved all procedures performed in the study (CONEP CAAE: 
30248420.9.0000.5440 and 30816620.0.0000.5440). In addition, 
written informed consent was obtained from all recruited patients. 

Twenty hospitalized patients in the Hospital das Clínicas de Ribeirão 
Preto (Ribeirao Preto Medical School) with a RT-PCR of nasopharyngeal 
samples [35] proved SARS-CoV-2 infection as well as the detection of 
specific antibodies IgM and IgG against SARS-CoV-2 were confirmed in 
plasma samples. Blood from COVID-19 patients was collected between 
days 1 to 5 after admission to the emergency room in the Hospital das 
Clínicas de Ribeirão Preto. In addition, a control group with seven sex- 
matched healthy subjects was included in this study. Blood samples from 
all volunteers were collected in tubes containing ethyl-
enediaminetetraacetic acid (EDTA), to obtain the plasma and in tubes 
without anticoagulant, to obtain the serum. Samples were stored at 
− 80 ◦C for later analysis. Table 1 summarizes clinical information, 
biochemical parameters and therapeutic treatments for COVID-19 
patients. 

2.2. IgM-IgG combined antibody test 

Analysis of IgG and IgM anti-SARS-CoV-2 antibodies was performed 
in serum from healthy subjects (control) and COVID-19 patients using 
the rapid test Asan Easy Test® COVID-19 IgG/IgM from Asan Pharma-
ceutical (Gyeonggi-do, Korea). Healthy subjects were not previously 
exposed to SARS-CoV-2 until to the moment of blood collection 

(Supplementary Fig. 1). The text is based in an immunochromatographic 
assay for the rapid qualitative detection of IgG and IgM antibodies 
through combination of particles coated with SARS-CoV-2 antigen. The 
Agência Nacional de Vigilância Sanitária (National Agency of Sanitary 
Vigilance, ANVISA, Brazil) licensed the Asan Easy Test COVID-19 IgG/ 
IgM in May of 2020 (https://consultas.anvisa.gov.br/#/saude/q/?nu 
meroRegistro=80198110005). 

2.3. ELISA assay 

Plasma samples were used to evaluate circulating cytokine levels by 

Table 1 
Baseline characteristics of COVID-19 patients.  

Characteristics COVID-19 
patients (n =
20) 

Critical 
COVID-19 (n 
= 10) 

Mild-to-severe 
COVID-19 (n 
= 10) 

p value 

Demographic 
Age (years), 

median IQR 
57 (50–70) 57 (50–70) 59 (47–71)  0.94 

Male gender (%) 48% 70% 30%  0.08 
Female gender 

(%) 
52% 30% 70%  0.08  

Comorbidities 
Hypertension (%) 65% 70% 60%  0.68 
Heart disease 50% 40% 30%  0.68 
Diabetes (%) 45% 30% 70%  0.20 
Obesity (%) 50% 30% 70%  0.09 
BMI, median, IQR 28 (25–35) 27.7 (25–31) 31.3 (24–42)  0.72  

Clinical characteristics 
Days of symptoms 

(mean, ±sd) 
13 ± 5 13 ± 4 13 ± 6  0.82 

Hospitalization 
(days), mean, 
±sd 

18 ± 11 26 ± 11 11 ± 4  0.0004* 

Mechanical 
ventilation (%) 

50% 100% 0  0.0001* 

Acute kidney 
injury (%) 

35% 50% 20%  0.185 

Mortality rate (%) 10% 20% 0  0.0001*  

Laboratory tests 
Creatinine, mg/dl, 

mean (IQR) 
1.1 ± 0.9 1.23 ± 1.34 0.94 ± 0.47  0.85 

Lymphocyte; 
mm3, median 
(IQR) 

1100 
(600–1650) 

650 
(475–1550) 

1295 
(975–2450)  

0.09 

Platelets; ×103/l 
(IQR) 

246 
(217–338) 

251 
(218–369) 

243 
(186–313)  

0.85 

RCP; mg/dl, 
median (IQR) 

13 (9–20) 10.8 
(6.9–14.1) 

7.1 (1.9–13.3)  0.23 

D dimer; mg/dl, 
median (IQR) 

1.19 
(0.93–1.98) 

1.3 (1–3.5) 1 (0.8–1.7)  0.43 

Lactate; mg/dl, 
median (IQR) 

2.2 (1.7–2.6) 2.5 (2–2.6) 1.7 (1.5–2.5)  0.09 

Lactate 
dehydrogenase, 
U/l(IQR) 

361 
(302–434) 

340 
(292–438) 

383 
(278–498)  

0.89 

Ferritin, ng/ml 
(IQR) 

608 
(345–1076) 

608 
(246–635) 

600 
(345–1409)  

0.51 

Fibrinogen (mg/ 
dl) 

686 
(619–815) 

796 
(619–833) 

683 
(617–799)  

0.55  

Severity 
PaO2/FiO2 ratio, 

median (IQR) 
205 
(139–315) 

158 
(122–194) 

272 
(211–358)  

0.01* 

SOFA score 2 (1–3) 3 (2–4.5) 2 (1–2)  0.005* 
SAPS-3 47 (38–50) 47 (42–51) 42 (34–47)  0.11 

BMI: body mass index; IQR: interquartile range; sd: standard deviation; RCP: 
reactive C protein; PaO2/FiO2 ratio: the ratio of arterial oxygen partial pressure 
(PaO2 in mm Hg) to fractional inspired oxygen; SOFA: sequential organ failure 
assessment; SAPS-3: simplified acute physiology score III. 

* p < 0.05, comparison between mild-to-severe and critical patients with 
COVID-19. 
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enzyme-linked immunosorbent assay (ELISA) using Human DuoSet 
ELISA (R&D Systems, Minneapolis, MN, USA). The assay was performed 
according to the manufacturer’s instructions and the detection limits 
were as follows: TNF-α, 15.62–2000 pg/ml; IL-6, 9.37–1200 pg/ml; and 
IL-1β, 3.90–500 pg/ml. 

Glycocalyx components, as hyaluronan (DuoSet ELISA) and heparan 
sulfate proteoglycans (ELISA, Cloud-Clone Corporation, Katy, TX, USA), 
were determined in plasma samples and in the supernatants of HUVECs 
(exposed to plasma for 12 h) by ELISA assay, according to the manu-
facturer’s protocol. The detection limit for hyaluronan was 0.37–90 ng/ 
ml and for heparan sulfate proteoglycans was 15.6–1000 pg/ml. 

Heparanase activity was measured in plasma samples using Simple 
Step ELISA kit (Abcam, Cambridge, United Kingdom) and the detection 
limit established by manufacturer’s guidelines was 125–8000 pg/ml. 

2.4. TBARS assay 

Thiobarbituric acid reactive substance (TBARS) assay was performed 
to measure malondialdehyde (MDA), which is an end product of lipid 
peroxidation and indicative of oxidative stress [36], using plasma 
samples according to the manufacturer’s datasheet (Cayman Chemical, 
Ann Arbor, MI, USA). 

2.5. HUVECs cells 

Human umbilical vein endothelial cells (HUVECs) were purchased 
from ATCC cell lines (American Type Culture Collection, Manassas, VA – 
USA), cultured in Dulbecco’s modified eagle’s medium (DMEM) sup-
plemented with sodium bicarbonate, HEPES, penicillin, streptomycin, 
amphotericin B, fetal bovine serum (FBS, 10%). Before any experiment, 
HUVECs were submitted to serum starvation (FBS 3%) [37,38]. Cells 
were cultured for at least 3 days before the experiments and used at 
passages 4–6. 

2.6. Cytotoxicity assay 

Supernatants of naive/non-treated HUVECs (Control), HUVECs 
treated with plasma from healthy subjects and HUVECs treated with 
plasma from COVID-19 patients (12 h of treatment) were used to mea-
sure lactate dehydrogenase (LDH), a stable cytosolic enzyme that is 
released upon cell lysis or damage, using the CytoTox 96® Non- 
Radioactive Cytotoxicity colorimetric assay according to the manufac-
turer’s instructions (G1780, Promega Corporation, Madison, WI, USA). 

2.7. Measurement of ROS and RNS in HUVECs 

HUVECs were cultured at 4 × 104 cells/well in a 96-well assay plate 
in DMEM with fetal bovine serum (-FBS) 10% for 24 h (h). After 24 h, 
cells were serum deprived (3 h), washed twice with PBS (phosphate 
buffered saline) and incubated with 100 μL of DAF-2DA (5 μM + L- 
arginine 1 mM, for 30 min), or carboxy-H2DCFA (10 μM, for 60 min), or 
7-CBA (20 μM, for 30 min), or DHE (2.5 μM, for 30 min). After this 
period, HUVECs were treated with plasma (10%) from healthy subjects 
and COVID-19 patients for 30 min. 

The fluorescence produced by DAF-2DA (488 nm/530 nm; excita-
tion/emission), 7-CBA (332 nm/475 nm), carboxy-H2DCFA (370 nm/ 
420 nm; Excitation/Emission), DHE (379 nm/420 nm) was measured at 
a microplate reader (FlexStation-3, Molecular Devices, San Jose, CA, 
USA). 

2.8. Western blot 

HUVECs were cultured in DMEM and after serum deprivation for 3 h 
[37,38], the confluent HUVECs received no treatment (Control) or were 
treated with a “pool” of plasma (10%) - 2 plasma samples per pool were 
randomly chosen - from healthy subjects or COVID-19 patients for 30 

min, 1 h, 12 h and 24 h. In a subsequent set of experiments, the time of 
12 h to treat cells with plasma from COVID-19 patients in presence of 
low molecular weight heparin (LMWH, 10 μg/ml) was established. After 
treatments, cells were lysed in RIPA buffer supplemented with a prote-
ase inhibitor cocktail (PIC, P8340, Sigma-Aldrich, St Louis, MO, USA) 
and phosphatase inhibitors [NaF (1 mmol/l), Na3VO4 (1 mmol/l) and 
PMSF (10 mmol/l)]. Protein (30 μg) obtained from each sample was 
submitted to electrophoresis on polyacrylamide gel (8 to 15%) and 
transferred to a nitrocellulose membrane. Next, membranes were incu-
bated with primary antibodies (overnight) against syndecan-1 (#sc- 
12765), syndecan-4 (#sc-12766) and glypican-1 (#sc-101827). The 
bands were detected by a chemiluminescent system (ImageQuant LAS 
400, GE Life Science, Chicago, IL, USA). β-Actin was used to normalize 
the results. The bands were quantified with the ImageJ Software (NIH 
Image). 

2.9. Immunofluorescence 

HUVECs were plated in glass coverslips pretreated with 0.4% gelatin. 
When cells reached confluence, they were serum deprived for 3 h and 
treated for 12 h with plasma (10%) from control subjects, COVID-19 
patients or COVID-19 patients in the presence of LMWH (10 μg/ml). 
Cells were fixed with 4% paraformaldehyde and permeabilized with 
triton 0.1% in HBSS. Cells were incubated with glypican-1 (#sc-101827) 
and CD34 (#IS63230-2) antibodies overnight at 4 ◦C. Then, cells were 
washed and incubated with Alexa Fluor ™ 647 and 488 antibodies for 2 
h at room temperature followed up by incubation with DAPI. Slides were 
mounted and images obtained on a LSM 780 System on the Axio 
Observer microscope using Zen software. Images were quantified with 
ImageJ (NIH). Data are presented as relative fluorescent units (RFU, 
fluorescence on 647 channel normalized by the number of cells in the 
field assessed by DAPI staining). 

2.10. Statistical analysis 

The results are expressed as the mean ± standard error of the mean 
(SEM) and interquartile interval (IQR), depending on distribution tested 
by Shapiro Wilk test. In the experiments where HUVECs were used, n 
indicates the number of independent experiments. The statistical sig-
nificance was determined by unpaired Student’s t-test and one-way 
ANOVA with Tukey post-hoc test. The statistical analysis was per-
formed with the Prism GraphPad 5.0 software and differences statisti-
cally significant were considered when p < 0.05. 

3. Results 

A total of 27 subjects were included in the present study, 20 patients 
that tested positive to SARS-CoV-2 and 7 healthy individuals in the 
control group. Similar numbers of men and women with COVID-19 were 
included (48% men and 52% women). The demographic, clinical, and 
biochemical characteristics for COVID-19 patients are shown in Table 1, 
and information from healthy subjects are shown in Supplementary 
Fig. 1. 

In all analyses, healthy subjects versus COVID-19 patients as well as 
mild-to-severe versus critical individuals with COVID-19 were 
compared. PaO2/FiO2 ratio was used to identify mild-to-severe and 
critical patients. 70% of critical patients were men, reinforcing sex dif-
ferences in the severity of disease. Patients infected with SARS-CoV-2 
showed significant higher plasma levels of IL-6 (Fig. 1A) and IL-1β 
(Fig. 1C) compared to healthy subjects. TNF-α levels did not differ be-
tween the groups (Fig. 1E). In addition, splitting data frames in 
moderate-to-severe and critical cases of COVID-19, showed no differ-
ences for IL-6, IL-1β or TNF-α levels, as shown in Fig. 1B, D, and F, 
respectively. Moreover, MDA levels were increased in patients with 
SARS-CoV-2 infection, in comparison to healthy subjects (Fig. 1G). MDA 
levels did not differ between moderate-to-severe and critical patients 
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Fig. 1. COVID-19 patients exhibit high concentra-
tions of cytokines and augmented lipid peroxidation. 
Plasma was obtained from healthy controls and 
COVID-19 patients; cytokines were measured by 
ELISA and lipid peroxidation was determined by 
malondialdehyde (MDA) levels, which is an end 
product of lipid peroxidation and indicative of 
oxidative stress. (A) IL-6, (B) IL1-β, (C) TNF-α and (D) 
MDA in plasma from healthy controls (n = 7) and 
COVID-19 patients (n = 20). Data are shown as 
mean ± SEM. Student’s t-test. *p < 0.05; ns: non- 
significant.   
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diagnosed with COVID-19 (Fig. 1H). 
Glycocalyx integrity was evaluated by heparanase activity, by hep-

aran sulfate and hyaluronan levels. Heparanase activity was signifi-
cantly higher in the plasma from COVID-19 patients compared to 
healthy controls (Fig. 2A). In addition, circulating levels of heparan 
sulfate were also increased during SARS-CoV-2 infection (Fig. 2C), 
possibly due to the increased heparanase activity observed in patients 
with COVID-19. Hyaluronan plasma levels were also increased in 
COVID-19 patients compared to the control group (Fig. 2E). The ana-
lyses showed no differences between mild-to-severe and critical patients 
(Fig. 2B, D and F). 

Considering that plasma samples from COVID-19 patients displayed 
higher levels of cytokines, MDA and heparanase activity, the effects of 

plasma from COVID-19 patients on the glycocalyx of healthy endothelial 
cells were determined. HUVECs stimulated for 30 min with plasma from 
COVID-19 patients showed lower concentrations of H2O2 (Fig. 3A) and 
NO (Fig. 3C), but not changes were observed in superoxide anion or 
peroxynitrite levels (Fig. 3E and G, respectively). No differences were 
observed in H2O2, superoxide anion or peroxynitrite levels between 
HUVECs stimulated with plasma from mild-to-severe and critical pa-
tients with COVID-19 (Fig. 3B, F and H, respectively). However, NO 
levels were higher in HUVECs treated with plasma from severe COVID- 
19 patients (Fig. 3D). 

Since ROS imbalance may lead to glycocalyx degradation, we ques-
tioned whether HUVECs treated with plasma from COVID-19 patients 
exhibit glycocalyx shedding. HUVECs treated with plasma from COVID- 

Fig. 2. COVID-19 patients exhibit high concentrations of degradation glycocalyx components. Plasma was obtained from healthy controls and COVID-19 patients 
and glycocalyx components measured by ELISA. (A) Human heparanase activity, (B) heparan sulfate proteoglycans, and (C) hyaluronan in plasma from healthy 
controls (n = 7) or COVID-19 patients (n = 20). Data are shown as mean ± SEM. Student’s t-test. *p < 0.05; ns: non-significant. 
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19 patients or treated with plasma from healthy subjects for 12 h showed 
similar levels of LDH compared to Control HUVECs, indicating that 
plasma treatment did not damage or decrease viability of the cells 
(Fig. 4A). In addition, heparan sulfate levels were increased in HUVECs 

treated with plasma from COVID-19 patients for 12 h, demonstrating 
glycocalyx shedding (Fig. 4B). To confirm glycocalyx disruption, 
HUVECs were exposed to plasma for various time points (30 min, 1 h, 12 
h, and 24 h). Treatment of HUVECs with plasma from COVID-19 patients 
decreased protein levels of important glycocalyx components such as 
syndecan-1, glypican-1, and syndecan-4 (Fig. 5). As treatment for 12 h 
did not decrease cells viability, but significantly decreased the expres-
sion of the analyzed proteins, this time point was used to evaluate the 
effects of heparin/LMWH. 

To determine the role of heparanase on glycocalyx degradation, 
HUVECs were treated with plasma from COVID-19 patients in the 
presence of heparin/LMWH. Heparin/LMWH prevented the decreased 
expression of syndecan-1, glypican-1 and syndecan-4 (Fig. 6). These 
results were confirmed by fluorescence images. HUVECs exhibited 
decreased fluorescence intensity for glypican-1 in the presence of 
plasma from SARS-CoV-2-positive patients compared to plasma from 
healthy subjects. Furthermore, heparin/LMWH abrogated the decreased 
fluorescence intensity of glypican-1 observed in cells exposed to plasma 
from COVID-19 patients (Fig. 7). 

4. Discussion 

This study shows that plasma from COVID-19 patients promotes 
endothelial glycocalyx shedding. Glycocalyx disruption occurs in 
healthy endothelial cells (HUVECs) and is associated with high levels of 
cytokines and redox imbalance. The impairment of endothelial barrier 
function, represented by glycocalyx perturbation, contributes to endo-
thelial dysfunction, procoagulant, and thrombotic events. In addition, in 
vitro treatment with heparin/LMWH prevents endothelial glycocalyx 
disruption in HUVECs exposed to plasma from COVID-19 patients. 

Reports from China showed that about 10–15% of mild COVID-19 
cases may progress to severe illness, and 15–20% of severe cases may 
become critical, with critical cases requiring treatment in intensive care 
units (ICU) [5]. It is important to mention that the criteria to define 
severely ill patients vary among studies. Individuals with cardiovascular 
and metabolic comorbidities such as hypertension, obesity, and type 2 
diabetes are more likely to develop severe symptoms of COVID-19 and to 
be classified into as mild-to-severe and critical cases of COVID-19 [39]. 
In addition, mild-to-severe versus critical patients may show differences 
during the development of COVID-19, and critical cases can rapidly 
progress to death. 

Our study used a cohort of elderly patients with comorbidities, one of 
the main risk groups. Although no significant differences were observed 
in the rate of hypertension and diabetes between mild-to-severe and 
critical cases of COVID-19 (Table 1), many, but not all, studies show 
differences in the occurrence of comorbidities between mild-to-severe 
versus critical patients. In a public hospital in New York City during 
the first month of the COVID-19 pandemic, similar rates of cardiovas-
cular comorbidities and type 2 diabetes were observed between ICU 
versus non-ICU patients [40]. On the other hand, hypertension was 
prevalent in a critical group compared to a mild-to-severe group (p <
0.0078) in a cohort of forty-one patients positive to COVID-19 hospi-
talized at the Fifth Medical Center of PLA General Hospital in Beijing 
(China) [41]. Of note, a similar percentage of patients with obesity was 
present in these groups of patients [41]. 

In addition, differences in platelet activation and platelet-monocyte 
aggregate formation were reported between critical and mild-to-severe 
patients. However, the mild-to-severe patients were younger than the 
critical group [42]. Differences in endothelial glycocalyx were also re-
ported in critically ill patients with COVID-19, but basically only men 
(95%) were enrolled in the study [43]. In the present study, however, 
samples from men and women were similar, with 48% of male patients, 
reinforcing that the cohort is representative for both aging and 
comorbidities. 

Viral infections demand an immediate immune response of host 
metabolism to create an effective antiviral response [44]. SARS-CoV-2 

Fig. 3. Plasma from COVID-19 patients reduces H2O2 and NO in healthy 
endothelial cells. (A) Hydrogen peroxide (H2O2), (B) nitric oxide (NO), (C) 
superoxide anion (O2

•− ), and peroxynitrite (ONOO− ) levels in HUVECs treated 
with plasma from healthy subjects or COVID-19 patients. H2O2 was measured 
by Carboxy-H2DCFA (10 μM), NO by DAF-2DA (5 μM), peroxynitrite by 7-CBA 
(5 μM), and superoxide anion by DHE (2.5 μM) in 4 × 104 HUVECs cells. The 
values are expressed by as Fluorescence Intensity. Data are shown as mean ±
SEM. Student’s t-test. *p < 0.05; ns: non-significant. 
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triggers a cascade of acute biological events, such as increased synthesis 
of ROS in immune and non-immune cells, promoting redox imbalance. 
ROS are by-products of a wide range of physiological reactions that play 
essential roles in living organisms. However, excessive ROS induced by 
infections may disrupt redox balance and lead to vascular pathology. 

COVID-19 patient’s exhibit increased extracellular traps (NETs), 
which are indicative of neutrophil activation [45,46]. Activated poly-
morphonuclear neutrophils migrate to target tissues of inflammation 
and enhance ROS generation [47]. In addition, many viruses inhibits 
nuclear factor erythroid 2-related factor 2 (Nrf2) activation, which is 
responsible for antioxidant defense [48]. Moreover, decreased expres-
sion of the antioxidant enzyme superoxide dismutase 3 (ec-SOD3) in the 
lungs of elderly patients infected with SARS-CoV-2 [49] has been re-
ported. These studies reinforce that viral infection disrupts the antioxi-
dant defense system [50], a potential mechanism associated with 
increased ROS generation. 

Human coronaviruses activate NF-κB signaling, the major contrib-
utor to inflammation and oxidative damage during SARS-CoV infection 
[51]. Furthermore, the viral infection induces mitochondrial ROS pro-
duction to promote efficient viral replications [52]. All these events 
contribute to overproduction of ROS and lead to oxidative stress and 
cellular damage, including lipid peroxidation and DNA oxidation [53]. 
MDA levels were increased in plasma from COVID-19 patients as 
compared to healthy individuals, which indicates a state of oxidative 
stress. High levels of ROS were also detected in fresh sputum of COVID- 
19 patients [8]. 

Despite the damage caused by ROS excess, ROS are essential 
signaling molecules for the progression of inflammatory processes and 
production of cytokines and chemokines [47]. Costela-Ruiz et al. [7] 
reviewed several studies that show hyperproduction of cytokines and 
interleukins in plasma and blood from COVID-19 patients. During 
cellular infection, RNA virus promotes NLRP3 (Nod-like receptor pyrin 
domain-containing 3) inflammasome activation [54,55]. NLRP3 con-
verts inactive pro-caspase-1 to active caspase-1 [56], and then caspase-1 
cleaves pro-IL-1β forming active IL-1β [57]. SARS-CoV-2 infection is 
associated with the activation and maturation of IL-1β, a key cytokine in 
the cytokine storm produced by coronavirus. IL-1β activates other 
proinflammatory cytokines, such as IL-6 and TNF-α [58]. In the present 
study, plasma from COVID-19 patients exhibited increased levels of IL- 
1β and IL-6, but no differences in the levels of TNF-α. 

Proinflammatory cytokines, as IL-1β and IL-6, and ROS activate en-
zymes named sheddases, such as heparanase, metalloproteinases 
(MMPs) and hyaluronidase, which induce glycocalyx degradation 
[28,59]. Regarding the activation of MMPs, ROS decrease levels of tissue 

inhibitors of MMPs (TIMPs), thus increasing the activity of MMPs [60], 
which cleave the protein core of the syndecan proteoglycan, promoting 
shedding of the syndecan’s family [61]. Heparanase is an endoglycosi-
dase that cleaves the side chains of heparan sulfate present in the 
structure of syndecan and glypican families and, therefore, disrupts the 
glycocalyx [62]. Hyaluronidase degrades hyaluronan into fragments via 
hydrolysis of the disaccharides at hexosaminidic β (1 to 4) linkages [63]. 
A recent study demonstrated that heparanase activity was increased in 
both non-ICU (intensive care unit) and ICU patients with COVID-19 
compared to healthy individuals [64], reinforcing data from our 
study. The increased heparanase activity was linked to increased hep-
aran sulfate fragments present in the plasma from COVID-19 patients. In 
addition, hyaluronan fragments were also increased in COVID-19 pa-
tients, confirming that SARS-CoV-2 infection is associated with glyco-
calyx degradation. Although, Stahl et al. [43] did not find differences in 
heparanase-1 activity between COVID-19 patients and healthy subjects, 
using sublingual sidestream darkfield (SDF) image, they showed in vivo 
that endothelial glycocalyx thickness is decreased on the perfused 
boundary region in patients with COVID-19. 

We then addressed whether plasma from patients with COVID-19 
alters vascular homeostasis, by inducing endothelial glycocalyx degra-
dation. HUVECs treated with plasma from COVID-19 patients showed 
reduced H2O2 and NO levels compared to endothelial cells treated with 
plasma from healthy individuals. Several studies have shown that the 
endothelial glycocalyx is the main sensor that activates mechano-
transduction in vascular cells, creating immediate response to shear 
stress and inducing NO production [21,65]. Pharmacological tools that 
remove or degrade heparan sulfate and other glycocalyx constituents 
block NO production in endothelial cells [20–23]. These studies rein-
force our results that glycocalyx is disrupted in HUVECs exposed to 
plasma from patients with COVID-19, since NO production was 
decreased. It is important to mention that plasma from critically ill pa-
tients exhibited increased NO, an event that may be linked to NO derived 
from iNOS, whose expression is 2–3 fold higher following infection [66]. 
H2O2 is an intracellular messenger that modulates several endothelial 
cell functions. Its rigidly regulated concentration modulates endothelial 
cell growth and proliferation, endothelium-dependent vasorelaxation 
and vascular remodeling, and also inflammatory responses [67]. Low 
levels of H2O2 decrease survival and proliferation of vascular smooth 
muscle cells [68], and the decreased H2O2 levels in HUVECs exposed to 
plasma from infected patients may impair vascular homeostasis. 

HUVECs exposed to plasma from patients with COVID-19 exhibited 
decreased expression of specific components of the glycocalyx, 
including glypican-1, syndecan-1 and syndecan-4. Expression of these 
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heparan sulfate proteoglycans were reduced after 30 min and 1 h of 
exposure to plasma from COVID-19 patients. Longer exposure times, 12 
h and 24 h, promoted a drastic decrease in the expression of glypican-1, 
syndecan-1 and syndecan-4, confirming the degradation of glycocalyx. 
Syndecan-1 was increased in blood from COVID-19 patients, indicated 
shedding of glycocalyx and reinforce our data [43]. Intact heparan 
sulfate chains of the glycocalyx serve as binding sites for antithrombin 
III, the main anticoagulant molecule that inhibits coagulant factors 
[69,70]. Likewise, tissue factor pathway inhibitor (TFPI) can also bind to 
heparan sulfates and inhibits the early stages of procoagulant process 
[71]. Therefore, the endothelial glycocalyx has a role as antithrombotic 
and anticoagulant, and its degradation may be directly associated with 
thrombotic events and pro-coagulant effects in SARS-CoV2 infection. A 
review with 1026 patients with SARS-CoV-2 infection showed that at 
least 40% were considered at high risk of venous thromboembolism 
[72]. In addition, coagulation disorders were reported in patients 

infected by the new coronavirus, and more than 70% of non-survivors 
patients developed disseminated intravascular coagulation (DIC) [73]. 
Moreover, bleeding was a significant cause of death in positive cases of 
COVID-19, which was associated with increased plasma D-dimer levels 
during the admission of patients, making D-dimer an excellent predictor 
of coagulation disorders, bleeding complications, and thrombotic events 
[74]. 

Heparanase is a unique mammalian enzyme that degrades heparan 
sulfate chains [75], and its inhibition may promote beneficial effects on 
COVID-19 patients, such as preventing coagulation disorders and 
avoiding thrombotic events by blocking glycocalyx shedding and 
disruption. In the present study, the treatment of HUVECs exposed to 
plasma from COVID-19 patients with heparin/LMWH was effective in 
preventing glycocalyx degradation. Accordingly, heparin/LMWH has 
been shown to inhibit heparanase [76–80]. Corroborating our data, non- 
ICU patients positive for SARS-CoV-2 that received prophylactic doses of 

Fig. 5. Plasma from COVID-19 patients reduces the expression of glycocalyx components. Immunoblot representative images (A, B, C, and D) and densitometric 
analysis (right) of protein levels of syndecan-1, glypican-1, and syndecan-4 in HUVECs non-treated (Control), treated with plasma from healthy subjects and COVID- 
19 patients for 30 min (A), 1 h (B), 12 h (C) and 24 h (D). The values are normalized by β-actin and expressed by absolute values. Data are representative of at least 3 
experiments and are shown as mean ± SEM. Student’s t-test. *p < 0.05. We processed images of blots changing brightness and contrast and we applied equally over 
the entire image. 
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dalteparin/LMWH (5000 IU, daily) exhibited reduced heparanase ac-
tivity [64]. Several clinical studies demonstrated beneficial effects of 
heparin/LMWH during lung injury; and decreased the mortality of pa-
tients with acute respiratory distress syndrome, according review by Li 
et al. [81]. Moreover, heparin inhibited the infection caused by SARS- 
CoV strain HSR1 in Vero cells by 50% [82] and blocked of the SARS- 
CoV pseudovirus spike protein at the HEK293 cells, thus preventing 
the entry of the virus on host cells [83]. Furthermore, heparin has 
recently shown to induce a conformational change on the SARS-CoV-2 
spike protein domain, preventing the virus attachment to host cells 
[84] and effectively inhibiting SARS-CoV-2 infection in vitro [85]. 

Prevention of endothelial glycocalyx degradation may effectively 
preserve endothelial barrier function, avoiding endothelial dysfunction 
as well as coagulant disorders and thrombotic events observed in critical 
and severe patients with COVID-19. In addition, our study reinforces the 
potential use of heparin and its derivatives in SARS-CoV-2 infection. 
More clinical trials are necessary to find the appropriate, effective dose 
of heparin/LMWH to improve outcomes in COVID-19 patients [86]. 
Therefore, knowledge on the mechanisms associated of SARS-CoV-2 
infection and vascular dysfunction may certainly contribute to the 
development of new therapeutic strategies aiming to treat COVID-19 
patients and to avoid cardiovascular complications. 

Although we have used classical methods to show that plasma of 
patients with COVID-19 increases the enzyme responsible for the 
degradation of heparan sulfate proteoglycans and for the leakage of the 
glycocalyx components, more robust techniques, such as electron mi-
croscopy, are important to provide accurate information on the thick-
ness of the glycocalyx. Nevertheless, our data clearly suggest that 
plasma from COVID-19 patients disturbs the glycocalyx of HUVEC, 
decreasing the content of specific components of the glycocalyx and 

promoting shedding of heparan sulfate, which indicates that COVID-19 
induces glycocalyx degradation. 

5. Conclusion 

Our study shows that plasma from hospitalized COVID-19 patients 
contains increased levels of glycocalyx components and increased hep-
aranase activity, indicating glycocalyx disruption. Moreover, plasma 
from COVID-19 patients also induces glycocalyx shedding and disturbs 
redox balance in healthy HUVECs. LMWH/heparin inhibits glycocalyx 
perturbation induced by plasma from COVID-19 patients. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.lfs.2021.119376. 
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