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A B S T R A C T   

Background and purpose: Mitochondria play a central role in the host response to viral infection and immunity, 
being key to antiviral signaling and exacerbating inflammatory processes. Mitochondria and Toll-like receptor 
(TLR) have been suggested as potential targets in SARS-CoV-2 infection. However, the involvement of TLR9 in 
SARS-Cov-2-induced endothelial dysfunction and potential contribution to cardiovascular complications in 
COVID-19 have not been demonstrated. This study determined whether infection of endothelial cells by SARS- 
CoV-2 affects mitochondrial function and induces mitochondrial DNA (mtDNA) release. We also questioned 
whether TLR9 signaling mediates the inflammatory responses induced by SARS-CoV-2 in endothelial cells. 
Experimental approach: Human umbilical vein endothelial cells (HUVECs) were infected by SARS-CoV-2 and 
immunofluorescence was used to confirm the infection. Mitochondrial function was analyzed by specific probes 
and mtDNA levels by real-time polymerase chain reaction (RT-PCR). Inflammatory markers were measured by 
ELISA, protein expression by western blot, intracellular calcium (Ca2+) by FLUOR-4, and vascular reactivity with 
a myography. 
Key results: SARS-CoV-2 infected HUVECs, which express ACE2 and TMPRSS2 proteins, and promoted mito-
chondrial dysfunction, i.e. it increased mitochondria-derived superoxide anion, mitochondrial membrane po-
tential, and mtDNA release, leading to activation of TLR9 and NF-kB, and release of cytokines. SARS-CoV-2 also 
decreased nitric oxide synthase (eNOS) expression and inhibited Ca2+ responses in endothelial cells. TLR9 
blockade reduced SARS-CoV-2-induced IL-6 release and prevented decreased eNOS expression. mtDNA increased 
vascular reactivity to endothelin-1 (ET-1) in arteries from wild type, but not TLR9 knockout mice. These events 
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were recapitulated in serum samples from COVID-19 patients, that exhibited increased levels of mtDNA 
compared to sex- and age-matched healthy subjects and patients with comorbidities. 
Conclusion and applications: SARS-CoV-2 infection impairs mitochondrial function and activates TLR9 signaling in 
endothelial cells. TLR9 triggers inflammatory responses that lead to endothelial cell dysfunction, potentially 
contributing to the severity of symptoms in COVID-19. Targeting mitochondrial metabolic pathways may help to 
define novel therapeutic strategies for COVID-19.   

1. Introduction 

The recently human-pathogenic β-coronavirus SARS-CoV-2 (severe 
acute respiratory syndrome coronavirus 2) is responsible for the global 
pandemic coronavirus disease 2019 (COVID-19) [1] and understanding 
the wide range of cardiovascular manifestations due to COVID-19 is 
crucial particularly because patients with cardiovascular risk increased 
mortality. 

Among the different clinical forms, patients with severe and critical 
COVID-19 exhibit exacerbated pulmonary inflammation, characterized 
by cytokine storm, predominant influx of myeloid cells, influx of lym-
phocytes, significant capillary congestion, and microthrombi of alveolar 
capillaries [2]. SARS-CoV-2 infects and induces the death of alveolar 
epithelial cells [3], induces the formation of hyaline membrane [4], 
exudative and proliferative diffuse alveolar damage [2] and promote 
Acute Respiratory Distress Syndrome (ARDS). 

Infection of extrapulmonary cells by SARS-CoV-2, also contributes to 
the strength of the inflammatory response [5] . SARS-CoV-2 RNA was 
also detected in heart, kidneys, liver, spleen, lymph nodes, muscle, and 
intestine of patients with COVID-19 [6]. 

Extra-respiratory clinical manifestations, with cardiac, renal, 
neurological, and hematological symptoms as well as multiple organ 
failure, have been consistently reported in COVID-19 patients [7]. In the 
cardiovascular system, SARS-CoV-2 infection promotes venous throm-
boembolic events [8], cardiac injury and dysrhythmias, angiogenesis, 
and glycocalyx shedding [9,10]. Of importance, microvascular thrombi 
formation, with complete stagnated capillaries and thromboembolic 
occlusion, is not restricted to the lungs and has been reported in the 
systemic circulation [11]. However, the infection of SARS-CoV-2 in 
endothelial cells of vascular system not well characterized. 

Mitochondria play a central role in host immune responses upon 
viral infection. Mitochondria are key to antiviral signaling [mitochon-
dria serves as a signaling platform for mitochondrial anti-viral signal 
(MAVS)], but also contribute to exacerbated inflammatory processes 
[12]. Mitochondrial dysfunction increases reactive oxygen species 
(ROS) production, alters calcium (Ca2+) homeostasis, deregulates lipid 
metabolism, and leads to release of mitochondrial DNA (mtDNA) 
[13,14]. Circulating mtDNA, whose primary source is cell injury and 
necrosis, is also found in patients affected by multiple systemic condi-
tions, as observed in ARDS [15] and arterial hypertension [16,17]. ROS 
and Ca2+ are important to vascular homeostasis, and redox disbalance, 
abnormal Ca2+ handling, and chronic inflammation are all key hall-
marks in cardiovascular pathological processes. 

mtDNA, released by damaged cells and tissues, is recognized by 
endosomal/extracellular TLR9 triggering inflammation. TLR9 is acti-
vated by cytosine-phosphate-guanine (CpG)-rich unmethylated DNA 
motifs, which are primarily found in bacterial, mitochondrial, and fetal 
DNA but rarely in vertebrate adult DNA (genomic DNA) [18] . TLR9 
responds to herpes DNA virus [19] as well as to dengue RNA virus [20]. 
However, whether SARS-CoV-2 infection activates TLR9 is unknown. 
TLR9, expressed in endothelial cells (ECs) and vascular smooth muscle 
cells (VSMCs), contributes to endothelial and vascular dysfunction. 
Prolonged activation of TLR9 causes vascular hypertrophy, fibrosis, and 
abnormal reactivity by mechanisms that involve ROS generation, 
decreased NO bioavailability, augmented expression of pro- 
inflammatory cytokines, and activation of autophagic and pro- 
contractile pathways [16,17,21]. 

Considering that SARS-CoV-2 infection produces signs of mito-
chondrial dysfunction [22], e.g. increased ROS generation in the lungs 
[23] and low levels of Ca2+ in the blood [24], in the present study we 
tested the hypothesis that SARS-CoV-2 infection of endothelial cells 
promotes mitochondrial dysfunction, increases mtDNA levels and acti-
vates TLR9 signaling, leading to endothelial dysfunction. Therefore, the 
aims of this study were: 1) to determine mtDNA levels in control and 
SARS-CoV-2-infected endothelial cells as well as in serum of COVID-19 
patients; 2) to evaluate the impact of SARS-CoV-2-infection in mito-
chondrial function of endothelial cells, and 3) to investigate the mo-
lecular mechanisms involved in SARS-CoV-2-induced endothelial cell 
dysfunction. 

2. Material 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 30,816,620.0.0000.5440) and the investi-
gation conforms with the principles outlined in the Declaration of Hel-
sinki. In addition, written informed consent was obtained from all 
recruited patients before entering study. We included male and female 
patients older than 18 years-old, with confirmed moderate or severe 
forms of COVID-19 (n = 19) (Table 1). The diagnosis was based on re-
sults from RT-PCR in nasopharyngeal swab specimens. For clinical 
classification of COVID-19 severity, we used the World Health Organi-
zation Clinical Progression Scale [25]. Patients that required Intensive 
Care Unit admission and mechanical ventilation or oxygen therapy by 
non-invasive ventilation or high-flow nasal cannula were classified as 
severe disease. Moderate COVID-19 was considered for patients who 
needed hospitalization and oxygen therapy by nasal prongs, with an 
oxygen saturation in room air bellow 90%, and without clinical evidence 
respiratory failure. Health age- and sex-matched individuals (n = 7) and 
age- and sex- matched patients with comorbidities usually observed in 
COVID-19 (n = 8) were also included in the study for comparison. 

All male and female healthy individuals and patients with comor-
bidities included were submitted to IgG and IgM antibodies test. Blood 
samples from COVID-19 patients were collected between 1 and 5 days 
after hospital admission to the State Hospital of Serrana, a unit of the 
Ribeirao Preto Medical School Health Complex. Blood samples of all 
subjects were collected in tubes containing ethylenediaminetetraacetic 
acid (EDTA) and in tubes without anticoagulant. The blood was 
centrifuged at 3500 ×g for 15 min at 18 ◦C, obtaining plasma and serum, 
respectively. Samples were stored at − 80 ◦C for later analysis. Table 1 
summarizes age, sex, clinical information, biochemical parameters, and 
therapeutic treatments for the subjects. 

2.2. Virus 

SARS-CoV-2 stock was obtained by serial propagation of the strain 
Brazil/SPBR-02/2020, starting from the passage 1 obtained in Vero-E6 
from a COVID-19 patient in São Paulo. This sample was kindly pro-
vided by Professor Edison Luiz Durigon (Institute of Biological Science, 
University of São Paulo). 
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2.3. IgM-IgG combined antibody test 

Analysis of anti-SARS-CoV-2 IgG and IgM antibodies was performed 
in serum from COVID-19 negative subjects (control) and COVID-19 
patients using the rapid test Asan Easy Test® COVID-19 IgG/IgM from 
Asan Pharmaceutical (Gyeonggi-do, Korea). This test 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 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/?numeroRegistro=80 
198110005). The control group comprises subjects whose samples were 

used in a previous study [10]. 

2.4. Immunofluorescence 

Considering that microvascular thrombi formation, with complete 
stagnated capillaries and thromboembolic occlusion, is not restricted to 
the lungs and has been reported in the systemic circulation [11], pro-
tocols with endothelial cells were performed in human umbilical vein 
endothelial cells (HUVECs, ATCC® PCS-100-013 ™; sex unknown) and 
Vero-E6 (lineage of African green monkey kidney cells - ATCC® RL1586 
™; sex unknown). HUVECs and Vero-E6 were plated on glass coverslips 
pretreated with 0.4% gelatin. When cells reached confluence, they were 
infected by SARS-CoV-2. Cells were fixed with 4% v/v para-
formaldehyde and permeabilized with 0.1% v/v Triton in Hanks’ 
Balanced Salt Solution (HBSS). Cells were incubated with an anti-SARS- 
CoV-2 rabbit polyclonal antibody (CABT-CS024, Creative Diagnostics) 
(1:1000 in permeabilizing/blocking solution of PBS (phosphate buffer 
saline) with 0.01% v/v Triton and 1% w/v BSA (bovine serum albumin) 
overnight at 4 ◦C. Slides were washed three times with PBS and incu-
bated with the SuperBlock® blocking buffer (Pierce, Rockford, USA) and 
5% v/v goat serum for 20 min (min) at room temperature. Slides were 
incubated with FITC-labelled goat anti-rabbit IgG antibody Apl24F 
(Millipore, Temecula, CA, USA) diluted 1:700 for 30 min, washed three 
times with PBS, and then incubated for 5 min at room temperature with 
DAPI (1 μg/mL) for nuclei staining. Slides were then mounted in 
mounting media (Dako) and analyzed in a fluorescence microscope 
(Zeiss). 

2.5. Immunohistochemistry 

Tissue samples obtained from autopsy of COVID-19 fatal cases were 
tested by immunohistochemistry using anti-SARS-CoV-2 mouse poly-
clonal antibody (1:100 in PBS containing 1% w/v BSA and 0.1% v/v 
saponin). Briefly, sections were submitted to antigen retrieval in 10 mM 
citrate buffer, pH 6 (Sigma, St Louis, MO, USA), with heating in a mi-
crowave oven at maximum power for 5 min, and then at a power 
equivalent to 10% of the maximum for 15 min. To block endogenous 
peroxidase activity, sections were incubated with 4% v/v H2O2 (Synth, 
Diadema, SP) for 30 min and washed in PBS (Gibco, Grand Island, NY, 
USA). Sections were then blocked for 20 min in the SuperBlock® 
blocking buffer (Pierce, Rockford, USA) with 5% v/v goat serum, and 
then incubated with the anti-SARS-CoV-2 overnight at 4 ◦C. Detection of 
the primary antibody, and signal development was achieved using a 
SensiTek horseradish peroxidase (HRP) anti-polyvalent (AEC) ready-to- 
use kit (AEN080-IFU, Scytek Laboratories, Utah, USA). Counterstaining 
was performed with Harris hematoxylin and slides were mounted with 
coverslips with aqueous mounting medium. Slides were scanned using a 
VS120 ScanScope (Olympus) at 400× magnification. 

2.6. Real-Time PCR 

SARS-CoV-2 genome quantification was done according Lu et al. 
2020 [26]. Briefly, RNA was extracted by Trizol® (Invitrogen, CA, EUA), 
and amplification was done by one-step real-time RT-PCR using a Step- 
One Plus real-time PCR thermocycler (Applied Biosystems, Foster City, 
CA, USA). 100 ng of RNA was used for genome amplification, adding 
specifics primers (20 μM), probe (5 μM), and qPCRBIO Probe 1-Step Go 
Master Mix (PCRbiosystems, London, UK), with the following cycling 
parameters: 45 ◦C for 10 min, 95 ◦C for 2 min, followed by 40 cycles of 
95 ◦C for 5 s, and 60 ◦C for 30s. To assess the viral load of SARS-CoV-2, a 
standard curve was constructed using plasmid contains the N gene insert 
(944 bp amplicon). 

2.7. Endothelial cell culture 

HUVECs were chosen considering we sought to determine effects of 

Table 1 
Baseline characteristics of SARS-CoV-2 positive patients and health and co-
morbid age- and sex- matched individuals SARS-CoV-2 negative.  

Characteristics SARS-CoV-2 
positive 
patients 
(n = 19) 

SARS-CoV-2 
negative patients 
(comorbidities) 
(n = 8) 

SARS-CoV- 
2 negative 
patients 
(healthy) 
(n = 7) 

p 
value 

Demographic     
Age (years), 

median IQR 
57 (50–70) 58 (52–63.25) 45 (36–70) 0.175 

Male gender (%) 50% 37,5% 43% 0.828 
Comorbidities     
Hypertension (%) 65% 100%   
Heart disease 50% 12,5%   
Diabetes (%) 45% 50%   
Obesity (%) 50% 25%   
BMI, median, IQR 28 (25–35) 27.9 (26.9–31.7)  0.975 
Clinical 

characteristics of 
COVID-19 
patients     

Days of symptoms, 
mean, ± sd 

13 ± 5 – –  

Hospital stays 
(days), mean, ±
sd 

18 ± 11 – –  

Mechanical 
ventilation (%) 

50% – –  

Acute Kidney 
Injury (%) 

35% – –  

Mortality rate (%) 10% – –  
Laboratory tests     
Creatinine, mg/dL, 

mean (IQR) 
1.1 ± 0.9 – –  

Lymphocyte; mm3, 
median (IQR) 

1100 
(600–1650) 

– –  

Platelets; x 103/l 
(IQR) 

246 
(217–338) 

– –  

RCP; mg/dL, 
median (IQR) 

13 (9–20) – –  

D dimer; mg/dl, 
median (IQR) 

1.19 
(0.93–1.98) 

– –  

Lactate; mg/dL, 
median (IQR) 

2.2 (1.7–2.6) – –  

Lactate 
dehydrogenase, 
U/L (IQR) 

361 
(302–434) 

– –  

Ferritin, ng/mL 
(IQR) 

608 
(345–1076) 

– –  

Fibrinogen (mg/ 
dLL L) 

686 
(619–815 

– –  

Severity     
PaO2/FiO2 ratio, 

median (IQR) 
205 
(139–315) 

– –  

SOFA score 2 (1–3) – –  
Simplified acute 

physiology score 
3 
SAPS-3  

47 (38–50) 
- 
- 

- 
-  

IQR interquartile range, sd standard deviation, RCP reactive C protein, SOFA 
sequential organ failure assessment, 
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SARS-CoV-2 on endothelial cells of the systemic circulation and not only 
effects of SARS-Cov-2 restricted to the pulmonary endothelial cells. 
HUVECs were cultured in 6- or 96- well plates, using Dulbecco’s 
Modified Eagle Medium (DMEM), supplemented with sodium bicar-
bonate, penicillin (100 U/mL), streptomycin (100 μg/mL), amphotericin 
B, 10% v/v FBS, and maintained in an incubator at 37 ◦C and 5% CO2. 
Confluent cells between passage 4 and 6 were used in these experiments. 
After confluence, cells were exposed for 24 h or 48 h to either endo-
thelial cell culture medium (control), virus-free supernatant of Vero-E6 
cells mock medium (MOCK), SARS-CoV-2 [multiplicity of infection 
(MOI) = 0.5, 1, 2 and 5), or ultraviolet light (UV)-inactivated SARS-CoV- 
2, in the presence of vehicle or ODNA 2088 (1.7 μg/mL, InvivoGen, San 
Diego, CA, USA), a TLR9 inhibitor. After stimulation, cells were washed 
with ice-cold PBS, harvested in lysis buffer, and kept frozen until further 
use. All procedures were performed in a biosafety level 3 (BSL3) labo-
ratory in the Department of Biochemistry and Immunology at the 
Ribeirao Preto Medical School. 

2.8. Cytotoxicity assay 

Supernatants of non-infected/non-treated HUVECs (Control), 
HUVECs infected with SARS-CoV-2 and HUVECs infected with SARS- 
CoV-2 and treated with TLR9 inhibitor were used to measure lactate 
dehydrogenase (LDH), a stable cytosolic enzyme that is released upon 
cell lysis or damage, using the CytoTox 96® Non-Radioactive Cytotox-
icity colorimetric assay, according to the manufacturer’s instructions 
(G1780, Promega Corporation, Madison, WI, USA). The results are 
expressed as the percentage of LDH release in relation to the positive 
LDH control (100%) provided by the manufacturer. 

2.9. Western Blot 

Control and infected HUVECs were homogenized in RIPA lysis 
buffer, consisting of (in mM) 50 Tris⋅HCl (pH 7.4), 5 EGTA, 2 EDTA, 0.1 
PMSF (phenylmethylsulphonyl fluoride), 1 pepstatin A, 1 leupeptin, and 
1 aprotinin. Thirty (30) μg of proteins from HUVECs extracts were 
separated by electrophoresis on 8% or 10% polyacrylamide gels, 
transferred to nitrocellulose membranes (0.22 μm), and blocked using 
3% w/v BSA in TBS (Tris-buffered saline) and Tween 20 (0.1% v/v) for 1 
h. Primary antibodies were incubated overnight at 4 ◦C as follows: ACE2 
(#abcam 105282), TMPRSS2 (#sc515727); TLR9 (#ab12121, 1:1000, 
lot GR153977–2), total and phosphor (at Serine536)-NF-κB (#8242S and 
#3033S, 1:1000, lot 9 12/2017 and lot 16 12/2017, respectively), total 
(#9572S, 1:1000, lot 3 03/2019 and lot 2 08/2014, respectively), VDAC 
channel (#4866S, 1:2000, lot 3 10/2011), Complex 1 of mitochondria 
(#ab110245, 1:2000, lot GR83667–4), and anti-β-actin (#4967 L, 
1:5000, lot 7 03/2915). Respective secondary antibodies were incu-
bated at room temperature for 1 h. Bands were detected using chem-
iluminescence reaction (Luminata Forte, WBLUF0100, Merck-Millipore, 
UK). The bands were detected by a chemiluminescent system (Image-
Quant LAS 400, GE Life Science, Chicago, IL, USA) and quantified using 
the ImageJ Software (NIH Image). All western results were normalized 
by endogenous expression of β-actin. ACE-2 expression in HUVECs was 
confirmed by using protein extracts from Hep G2 cells, wildtype and 
submitted to ACE2 deletion by CRISPR-Cas9 (abcam #275495). 

2.10. Mitochondrial superoxide generation, membrane potential and 
mass in endothelial cells 

To assess mitochondria-specific superoxide generation, mitochon-
drial membrane potential and mitochondrial mass in HUVECs infected 
by SARS-CoV-2 and respective control cells, the fluorescent probes 
MitoSOX™ Red (#M36008 - 5 μM), MitoTracker® Red CMXRos 
(#M7512 10 μM) and MitoTracker® Green FM (#M7514–10 μM) were 
used according to the manufacturer’s instructions. Then, cells were 
protected from light, incubated with the probe at 37 ◦C for 45 min and 

washed three times with warm PBS. For the MitoTracker® Red CMXRos 
assay, cells were fixed in paraformaldehyde 4% v/v for 15 min. DAPI 
(10− 7 M, 15 min) or acridine orange (0.5 μg/mL, 10 min) was used for 
nuclear staining. Rotenone and FCCP were used as positive controls in 
MitoSOX™ Red and MitoTracker® Red CMXRos assays, respectively. 
Fluorescence was quantified in a FlexStation® fluorimeter (Molecular 
Devices, Sunnyvale, CA, United States) and representative images were 
obtained in a Zeiss fluorescence microscope after the FlexStation® 
analysis. Data are expressed by FlexStation® fluorimeter relative fluo-
rescence/total fluorescence of cell campus. After this analysis, the values 
were corrected by % of the control. 

2.11. Mitochondrial DNA expression 

mtDNA expression was analyzed in supernatant media fromHUVECs 
incubated with culture media (control), virus-free vector MOCK medium, 
UV-inactivated SARS-CoV-2 and active SARS-CoV-2. mtDNA expression was 
also determined in serum samples from SARS-CoV-2 positive and negative 
patients. One mL of cell supernatant or serum were centrifuged at 12,000 g 
for 15 min at 4 ◦C, this step was taken to exclude intact mitochondria from 
samples. DNA-free serum was isolated using QIAamp DNA Blood Mini kit 
(51104, Qiagen, Hilden, Germany) according to the manufacturer’s in-
structions. Isolated DNA was amplified and quantified by real-time poly-
merase chain reaction (RT-PCR) with 5ng of DNA from each sample [22]. 
mtDNA was determined using primers for NADH dehydrogenase (forward 
5′-ATTAGACCCTCAAGTCTCCG-3′ and reverse 5′-TTGACTGGTTGTC-
TAGGGTT-3′) and cytochrome B (forward 5′-TCCACTTCATCCTCCCATTC- 
3′ and reverse 5′- CTGCGTCGGAGTTTAATCCT-3′). To confirm the absence 
of bacterial contamination variation in samples, the bacterial 16S rRNA 
(forward 5′-CGTCAGCTCGTGTTGTGAAA-3′ and reverse 5′- 
GGCAGTCTCCTTGAGTTCC-3′) was also used as a negative control. Samples 
were normalized to those from virus-free vector MOCK group, where the 
values were considered 1. Results were calculated as mean ± SEM of the 
levels of infected subjects in comparison with their respective control group 
and expressed as mtDNA/total DNA. 

2.12. Ca2+ influx in SARS-CoV-2-infected endothelial cells 

Cytosolic-free Ca2+ was measured using the cell permeant Fluo-4 
acetoxymethyl ester probe (Invitrogen, UK). HUVECs and EA. hy926 
(ATCC® CRL2922) cells were cultured in black-walled, clear-bottomed 
96-well polystyrene plates (Corning, NY, United States) at a density of 
80,000 cells/well in DMEM with 10% FBS and incubated for 24 h at 
37 ◦C and 5% CO2. On the following day, cells were incubated with 
virus-free MOCK, UV-inactivated SARS-CoVs-2 or active SARS-CoV-2 for 
48 h. The medium was replaced with 50 μl of DMEM without serum plus 
50 μl of the dye solution (FLUO-4 AM, probenecid, BSA and pluronic 
F127) and plates were incubated for 1 h at 37 ◦C protected from light. 
Then, each well was washed three times with salt-balanced Hanks’ so-
lution (37 ◦C) and after 15 min of equilibration, the real-time fluores-
cence was acquired (at 494/525 nm; excitation and emission) using the 
FlexStation® fluorimeter coupled to SoftMax® Pro software (Molecular 
Devices, Sunnyvale, CA, United States). Ca2+ mobilization was induced 
with adenosine 5′-triphosphate (ATP, 10− 4 M), ionomycin (10− 5 M) and 
A23187 (10− 6 M). Responses were determined as the area under the 
curve of the peak of fluorescence. 

2.13. ELISA assay 

Cell supernatant and serum samples were used to evaluate circu-
lating cytokine levels, thromboxane A2 (TXA2) and endothelin-1 (ET-1) 
levels by enzyme-linked immunosorbent assay (ELISA) kits, as follows: 
IL-6 (R&D Systems, Minneapolis, MN, USA), Thromboxane (Cayman 
#501020), and ET-1 (Enzo Life Science #ADI-900-020A). The assay was 
performed according to the manufacturer’ instructions and the results 
were expressed in the range of detection (pg/mL). 
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2.14. Vascular reactivity 

The protocol was approved by the Institutional Animal Ethics Com-
mittee of the Ribeirao Preto Medical School, University of Sao Paulo 
(Protocol 183/2013 and 144/2020) and experimental procedures 

followed the Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institute of Health (NIH Publication No. 
85–23, revised 1996). Endothelium-intact segments (2 mm) of resis-
tance mesenteric arteries of male C57BL/6 J wild-type (n = 3) and TLR9 
knockout (TLR9KO) (n = 4) mice were carefully dissected to remove 
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Fig. 1. Endothelial cells are infected by 
SARS-CoV-2. (A) Immunofluorescence in 
HUVECs (top panels) and Vero-E6 cells 
(positive control, bottom panels) infected 
with SARS-CoV-2 (GFP signals were detec-
ted at 48 h post-infection). (B and C) fluo-
rescence intensity (FI) in the region of 
interest (ROI) was determined using the 
Image J software in HUVECs and Vero-E6 
cells, respectively. (D) Viral load in endo-
thelial cells 48 and 72 h post-infection 
(MOI 2 and 5). (E) Representative immu-
noblot image of ACE2 protein in HUVECs 
and Hep G2 cells, wildtype and submitted 
to ACE2 deletion by CRISPR-Cas9. (F) 
Representative immunoblot image of 
TMPRSS2 protein in HUVECs. HCS70 was 
used as the loading control. (G) Immuno-
chemistry for SARS-CoV-2 in lung samples 
of COVID-19 positive (right) and COVID-19 
negative (left) patients (Scale bars, 10 μm.). 
The results are expressed as the mean ±
SEM. Statistical significance was deter-
mined by unpaired test t-test (n = 3) or one- 
way ANOVA multiple comparations using 
the Prism GraphPad 8.0 software. Statisti-
cally significant differences were consid-
ered when p < 0.05. MOCK, MOI, 
multiplicity of infection.   
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excess of fat and connective tissue in ice-cold Krebs solution (in mM): 
118 NaCl, 4.7 KCl, 25 NaHCO3, 2.5 CaCl2-2H2O, 1.2 KH2PO4, 1.2 
MgSO4-7H2O, 5.5 glucose and 0.01 EDTA), and gassed with 95% O2 and 
5% CO2. Resistance mesenteric arteries were submitted to a normali-
zation procedure. After a 60-min equilibration period, vessels were 

initially exposed to 120 mM KCl to determine the functional integrity of 
smooth muscle cells. Endothelial integrity was assessed by testing the 
relaxant effect of ACh (10− 6 M) in vessels contracted with phenylephrine 
(~ 80% maximum response – 10− 6 M). Concentration-response curves 
to ET-1 (10− 10 to 3 × 10− 7 M) were performed in mesenteric resistance 
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Fig. 2. SARS-CoV-2 induces endothelial cell damage and 
mitochondrial DNA release. 
(A) Time and MOI-dependent infection of endothelial cells 
bySARS-CoV-2. (B and C), cytochrome B and NADH dehydro-
genase expression in the supernatant of SARS-CoV-2-infected 
HUVECs. (D and E) Cytochrome B and NADH dehydrogenase 
analysis in the serum of positive and negative COVID-19 pa-
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damage. Results are expressed as % of control. NADH dehy-
drogenase and cytochrome B values are expressed as mtDNA/ 
total DNA). The results are expressed as the mean ± SEM. 
Statistical significance was determined by one-way ANOVA 
followed by the multiple comparations Tukey post-hoc test 
(cells n = 3–5; patients n = 7–19), using the Prism GraphPad 
8.0 software. Statistically significant differences were consid-
ered when p < 0.05.   
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arteries from wild type and TLR9KO mice. The area under curve (AUC) 
was calculated from each individual concentration-response curve and 
expressed as arbitrary units. 

2.15. 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 multiple comparations with Tukey post-hoc test, with a single 
pooled variance. In the vascular reactivity analysis, maximum response 
and pEC50 (negative logarithm of the EC50) values were determined 
from the concentration-response curves. The statistical analysis was 
performed with the Prism GraphPad 8.0 software and differences sta-
tistically significant were considered when p < 0.05. 

3. Results 

3.1. SARS-CoV-2 infects endothelial cells and induces mitochondrial and 
endothelial cell dysfunction 

Immunofluorescence analysis, using an anti-SARS-CoV-2 rabbit 
polyclonal antibody and the FITC-labelled goat anti-rabbit IgG antibody 
Apl24F, demonstrates that HUVECs are infected with SARS-CoV-2. 
Fluorescence intensity in SARS-CoV-2-infected HUVECs was 13% 
higher compared with fluorescence in MOCK-treated cells. Vero-E6 cells 
infected with SARS-CoV-2, used as a positive control, presented a more 
significant infection than HUVECs (Fig. 1A, B and C). 

Although the viral load increased according to the MOI, viral repli-
cation in HUVECs was not observed either after 48 or 72 h of infection 
(Fig. 1D), suggesting that infection per se but not viral replication impact 
endothelial cell function. HUVECs express ACE2 and TMPRSS2, two 
doorway proteins used by SARS-CoV-2 to enter cells, as determined 
using Hep G2 cell extracts - control Hep G2 and Hep G2 that underwent 
ACE2 deletion by CRISPR-Cas9 (Fig. 1E and F, respectively). 

Lastly, autopsy analysis, using an anti-SARS-CoV-2 antibody, 
revealed positive immunolabeling through out endothelial cells in lungs 
of COVID-19 patients, highlighting the endothelial tropism of the new 
coronavirus during disease (Fig. 1G). 

Mitochondrial DNA is a specific marker of mitochondrial dysfunc-
tion. In vitro time course analysis showed that SARS-CoV-2 (MOI 2) 
infection increased levels of cytochrome B after 48 h of infection 
(Figs. 2A and Fig. 2B). ACE2 antibody inhibited SARS-CoV-2-induced 
mtDNA release after 48 h of infection (Fig. 2A). In addition, SARS- 
CoV-2 infection increased levels of NAD dehydrogenase (Fig. 2C) 
compared to cells in MOCK medium and cells exposed to UV-inactivated 
SARS-CoV-2. Therefore, subsequent experimental protocols were per-
formed 48 h post-infection. 

Serum of COVID-19 patients presented very high levels of cyto-
chrome B and NAD dehydrogenase, supporting significant mtDNA 
release in patients with COVID-19 (Fig. 2D and E). Serum of negative 
COVID-19 patients with comorbidities normally found in COVID-19 
patients (hypertension and diabetes) also presented increased levels of 
cytochrome B compared to healthy subjects (Fig. 2D and E). 

Plasma membrane integrity upon in vitro infection was determined 
by LDH release. SARS-CoV-2 triggered LDH release in HUVECs and this 
was prevented by ODNA 2088, a TLR9 inhibitor (Fig. 2F). Caspase-3 
markers were not altered in SARS-CoV-2-infected cells (date no shown). 

Mitochondria-derived superoxide anion, determined by MitoSOX™ 
Red fluorescence intensity, did not differ among control HUVECs and 
HUVECs in virus-free MOCK medium (Supplementary Fig. 1A). Mito-
SOX™ fluorescence intensity increased in HUVECs exposed to UV- 
inactivated SARS-CoV-2 and SARS-COV-2-infected HUVECs, compared 
with the virus-free MOCK medium group (Fig. 3A and B). Rotenone, 

which inhibits mitochondrial complex 1 and increases superoxide anion 
production, was used as a positive control. 

Mitochondrial membrane potential, determined by MitoTracker® 
Red CMXRos, did not differ among control cells (cells in virus-free 
MOCK medium, and cells exposed to UV-inactivated SARS-CoV-2 
(Supplementary Fig. 1B), but was increased in HUVECs infected by 
SARS-CoV-2 (Fig. 3C and D). FCCP, a potent uncoupler of mitochondrial 
oxidative phosphorylation that depolarizes mitochondrial membrane 
potential, was used as a positive control. Mitochondrial mass, deter-
mined by MitoTracker® Green FM, was similar among the groups 
(Supplementary Fig. 1C ). 

SARS-COV-2 infection decreased mitochondrial complex-1 protein 
levels, compared with virus-free MOCK medium (Fig. 3E). In addition, 
VDAC (voltage-dependent anion channel) protein levels were decreased 
in endothelial cells infected with SARS-CoV-2 compared with the virus- 
free MOCK medium group (Fig. 3F). Complex-1 and VDAC protein levels 
did not differ between HUVECs exposed to MOCK or UV-inactivated 
SARS-CoV-2 (Supplementary Fig.1D ). 

Host cell dysfunction following viral infection is accompanied by 
abnormal intracellular Ca2+ concentrations [27] and changes in cyto-
solic Ca2+ levels is an important marker of endothelial cell and mito-
chondrial dysfunction [28]. To eliminate cell line bias, e.g., that 
HUVECs differentially respond to Ca2+ mobilization stimuli, responses 
to Ca2+ ionophores and ATP were determined in 2 endothelial cell lin-
eages, HUVECs and immortal human lineages Ea. hy926. Both cell lines 
displayed similar responses to these agents (Supplementary Fig. 2A). 
Responses to ionomycin and A23187 were similar in control and virus- 
free MOCK medium HUVECs (Suplemmentary Fig. 2B and C). However, 
SARS-CoV-2-infected cells exhibited decreased responses to both Ca2+

ionophores when compared with cells exposed to UV-inactivated SARS- 
CoV-2, as determined by the AUC (Figs. 4A-4E). ATP-induced Ca2+ re-
sponses were also abolished in HUVECs infect by SARS-CoV-2 compared 
with cells in virus-free MOCK medium or exposed to UV-inactivated 
SARS-CoV-2 (Fig. 4F and G). These data suggest that SARS-CoV-2 in-
duces mitochondrial dysfunction in HUVECs, an effect associated with 
loss of ability to respond to Ca2++-mobilizing agents. 

3.2. Mitochondrial dysfunction activates TLR9 and pro-inflammatory 
signaling, events linked to mitochondrial and vascular dysfunction 

Since mitochondrial dysfunction and mtDNA release have been 
shown to activate TLR9 responses, TLR9 signaling was investigated. 
TLR9 protein levels increased in SARS-Cov-2-infected HUVECs (48 h 
post-infection) compared with cells in virus-free MOCK medium or 
HUVECs exposed to UV-inactivated virus. TLR9 expression at 24 h was 
not altered, suggesting that the effect is time-dependent (Fig. 5A). 
Myd88 expression did not differ among the groups (data not shown). 
SARS-CoV-2 infection activated inflammatory signaling, indicated by 
protein levels of total and phosphorylated (at Serine536) (Fig. 5C, D and 
E). 

Since activation of TLR9 contributes to endothelial dysfunction, 
levels of ET-1, TXA2, and eNOS, key molecules in endothelial cell 
function and important in the balance of vascular tone, platelet aggre-
gation, membrane permeability, and Ca2+ homeostasis, were deter-
mined. ET-1 levels decreased in SARS-CoV-2-infected cells, but this 
effect was not dependent on TLR9 activation (Supplementary Fig. S3). 
COVID-19 negative patients with comorbidities presented high serum 
levels of ET-1 compared with healthy COVID-19-negative subjects 
(Supplementary Fig. S3). Although critical patients with COVID-19 
presented increased levels of ET-1 compared with moderate COVID-19 
patients, ET-1 levels were lower in COVID-19 patients compared to 
COVID-19 negative patients with comorbidities (Supplementary 
Fig. S3). 

HUVECs infected with SARS-COV-2 presented high levels of IL-6 
compared with cells in virus-free MOCK medium or exposed to UV- 
inactivated virus. ODN 2088 decreased IL-6 levels in SARS-CoV-2- 
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infected HUVECs (Fig. 5F), in agreement with ODN 2088-induced effects 
on total and phosphorylated NF-kB. Levels of TXA2 increased in SARS- 
CoV-2-infected cells, but this effect was not dependent on TLR9 acti-
vation (Supplementary Fig. 3D). 

Considering that SARS-CoV-2 induces endothelial cell dysfunction 
linked to mtDNA leakage and TLR9 activation, we investigated whether 
mtDNA, a TLR9 agonist, affects vascular reactivity. mtDNA, but not 
genomic DNA (gDNA) increased vasoconstriction to ET-1 (Fig. 5G). 
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mtDNA effects on ET-1 vascular reactivity were not observed in arteries 
from TLR9KO mice (Fig. 5H). These results indicate that, in addition to 
promoting endothelial cell dysfunction, SARS-CoV-2 infection nega-
tively impacts vascular function since endothelium-derived key vaso-
active factors as well as mtDNA and TLR9 activation impair vascular 
responses. 

4. Discussion 

The present study shows that SARS-CoV-2 infection of endothelial 
cells induces cell damage by promoting mitochondrial dysfunction, 
mtDNA release, TLR9 activation, leading to impaired Ca2+ responses, 
increased IL-6 levels. Of importance, mtDNA is increased in serum from 
COVID-19 patients (Graphical Abstract). 

The link between coronavirus infection and cardiovascular diseases 
was initially suggested by studies showing that patients with cardio-
vascular diseases are prone to COVID-19 complications and a more se-
vere clinical presentation. Infection of endothelial cells by SARS-CoV-2 
raised the hypothesis that COVID-19, particularly in patients with 
complicated outcomes, represents a vascular endothelial disease [29]. 
Although ACE-2 expression was identified in endothelial cells, we did 
not observe viral replication in these cells partially supporting a previ-
ous report [30]. Although recent studies have shown that other viral 
receptors and cellular proteases are important in facilitating viral entry 
and transmission of SARS-CoV-2 in target cells [31,32], this was not 
investigated in the present study. 

It is not clear whether SARS-CoV-2 directly or indirectly activates 
TLR9. Potential interactions between SARS-CoV-2 spike glycoprotein, 
ACE-2 receptor homologs, and human TLRs have been proposed. Bind-
ing interfaces between TLRs and the spike protein consist of hydrogen 
and hydrophobic interactions. An in-silico study that examined possible 
interactions between surface TLRs in human cells and the spike protein 
of SARS-CoV-2 indicated that TLR4, followed by TLR6 and TLR1, but not 
TLR9, has a strong binding affinity to spike protein [33]. 

The vascular endothelium provides a crucial interface between the 
blood compartment and tissues, modulating vascular tone, angiogenesis, 
and coagulation processes. During viral infection, endothelial cells 
mediate important inflammatory processes, contributing to increased 
blood flow, leakage of plasma proteins, and neutrophil, monocyte, and 
lymphocyte recruitment [34]. Endothelial dysfunction in COVID-19 
patients is linked to thrombotic events [35], anticoagulation imbal-
ance, systemic endotheliitis [36], glycocalyx shedding [10], elevated D- 
dimer levels [37], increased ROS production [38] and NO deficiency 
[39]. 

Mitochondria play a central role in host immune responses to viral 
infection. Mitochondrial dysfunction leads to the release of mtDNA that 
exacerbates viral pathogenesis [40]. mtDNA is an important DAMP that 
activates immune response and inflammation, and mitochondrial 
DAMPs are effective inducers of inflammation and cytokine production 
[41]. 

SARS-CoV-1 infection targets host cell mitochondria and disables the 
mitochondrial antiviral signaling protein (MAVS) adaptor, thus manip-
ulating mitochondrial function [42]. Computational analysis suggests 
that SARS-CoV-2 RNA genome and subgenomic RNA colocalize with the 
host mitochondrial matrix [43]. Although there are no biological data 
showing colocalization of viral SARS-CoV-2 RNA and mitochondrial 
proteins, it has been hypothesized that SARS-CoV-2 RNA deposition in 
mitochondria may impair mitochondrial function, contributing to 
changes in membrane potential and anion channels, reducing energy 
and increasing ROS generation [44,45]. ROS generation by mitochon-
dria is an important index of mitochondrial dysfunction [46]. Complex I, 
is the largest multimeric enzyme belonging to the group of five enzyme 
complexes that act in the mitochondrial respiratory chain, is key for 
oxidative phosphorylation . Complex I is also a major source of ROS and 
its dysfunction is associated with mitochondrial damage [47]. Mito-
chondrial dysfunction has also been reported in several viral infections, 

including Influenza A, herpes viruses [48,49], human immunodefi-
ciency virus-1 (HIV-1) infection [50], and Pneumoviridae family, caused 
by respiratory syncytial virus [51]. 

Mitochondrial membrane potential was also determined to further 
verify mitochondrial dysfunction. Similarly, the respiratory syncytial 
virus promotes loss of mitochondrial membrane potential, impairs 
mitochondrial respiration, and increases production of mitochondrial 
ROS in pulmonary epithelial cells [51]. Zika virus from the Flaviviridae 
family also changes mitochondrial transmembrane potential, associated 
with a mitochondrial morphodynamical perturbation in retinal pigment 
epithelial cells [52]. Changes in mitochondrial membrane potential 
disrupts ATP synthesis, induces membrane depolarization, mitochon-
drial swelling, and increases mitochondrial ROS [53]. Increased mito-
chondrial ROS, in turn, disturbs mtDNA [54]. Cytochrome B and NADH 
dehydrogenase are components of the respiratory chain complex and 
participate in the electron transport chain, therefore contributing to ATP 
synthesis [55]. The fact that gene expression of cytochrome B and NADH 
dehydrogenase was increased in HUVECs infected by SARS-CoV-2, and 
that levels of LDH, an intracellular enzyme released in injury conditions, 
were also increased in the supernatant of SARS-CoV-2-infected cells, 
support extravasation of mtDNA in SARS-CoV-2-infected cells. Of 
importance, increased levels of cytochrome B and NADH dehydrogenase 
were found in plasma from COVID-19 patients, reinforcing mitochon-
drial dysfunction with consequent cell damage in COVID-19. Mito-
chondrial dysfunction and metabolic alterations (i.e. increased 
glycolysis) were reported in peripheral blood mononuclear cells from 
patients with COVID-19. It was speculated that SARS-CoV-2 uses glucose 
as source of energy and for cell survival, exacerbating inflammatory 
responses that contribute to the severity of symptoms in COVID-19 [22]. 

The voltage-dependent anion channel (VDAC) is permeable to small 
solutes such as Ca2+, and regulates mitochondrial Ca2+ flux [28]. Ca2+ is 
one of most genuine second messenger in cellular physiology and of its 
homeostasis is impaired in endothelial and smooth muscle cells in 
pathological conditions. Whereas Ca2+ induces smooth muscle cells 
contraction, in endothelial cells Ca2+ turns on the outflow of several 
mediators such as NO and prostacyclin (PGI2), often related to endo-
thelial cell health. A reduction of Ca2+ in endothelial cells abrogates the 
release of vasodilator mediators and induces endothelial cell dysfunc-
tion [56]. In HeLa cells and skeletal myotubes, overexpression of VDCA 
favors Ca2+ mobilization through the mitochondrial matrix by facili-
tating the release of Ca2+ from the endoplasmic reticulum [57]. TLR9 
inhibits the sarcoplasmic reticulum/ER Ca2+-ATPase 2 (SERCA2) ac-
tivity and impairs Ca2+ uptake into the ER, leading to decreased mito-
chondrial Ca2+ concentrations and less mitochondrial ATP generation in 
cardiomyocytes and neurons [58,59], but not in vascular smooth muscle 
cells [16]. SARS-CoV-2-infected endothelial cells exhibited reduced 
expression of VDAC and decreased Ca2+ entry induced by ionomycin, 
A23187 and ATP, confirming that VDAC expression controls Ca2+

transport. We have not carried out experiments to assess the specific role 
of Ca2+ uptake by the mitochondria, but our results clearly suggest that 
mitochondrial dysfunction is associated with impaired Ca2+ mobiliza-
tion in HUVECs. 

In general, mtDNA activates inflammatory responses by TLR9- 
dependent mechanisms. TLR9 recognizes unmethylated CpG di-
nucleotides present in high frequency in bacterial and viral DNA. 
mtDNA is structurally like bacterial DNA and share unmethylated CpG 
DNA repeats [41]. SARS-CoV-2 has a high number of CpG-motifs in the 
E-ORF and ORF10 nucleotide sequences, suggesting TLR9 activation in 
many cells types during COVID-19 [60]. mtDNA is a well-known DAMP 
that triggers inflammatory responses directly via TLR9 during injury 
and/or infection [17]. Since SARS-CoV-2 exhibits unmethylated CpG 
motifs in its genetic material, it is possible that SARS-CoV-2 directly 
activates TLR9 in endothelial cells, contributing to COVID-19 compli-
cations [61]. 

Since mtDNA activates TLR9 and TLR9 activation itself contributes 
to cell death, a positive feedback loop between mitochondrial 

T.J. Costa et al.                                                                                                                                                                                                                                 



Vascular Pharmacology 142 (2022) 106946

12

dysfunction and TLR9 activation is suggested. The TLR9 blockade with 
ODN2088 significantly decreases LDH release, cytochrome B as well and 
NADH levels in the supernatant of HUVECs, 48 h after infection with 
SARS-CoV-2, indicating that TLR9 blockade decreases the release of 
mtDNA. 

TLR9 activation by SARS-CoV-2 induced inflammatory process in 
COVID-19. Although in vivo data suggest that TLR9 activation by 
mtDNA regulates vasoconstriction, there is a lack of in vitro study 
addressing the direct interaction of endothelial TLR9 and mtDNA. 
Activation of TLR9 may be a silent, but driving force that explains 
hyperinflammation and thrombotic complications caused by SARS-CoV- 
2 [61]. 

Corroborating the data reported in HUVECs and translating these 
data to a clinical model, plasma of patients with COVID-19 exhibit 
increased mtDNA when compared to non-infected patients. Plasma 
mtDNA may be linked to apoptosis and necrosis of many cell types, 
including endothelial cells, as shown in the present study. Increased 
mtDNA in HUVECs (48 h post-infection) increased TLR9 protein levels, 
increased MyD88-independent intracellular and NF-kB phosphoryla-
tion, and increased IL-6. 

TXA2 and ET-1, vasoactive and endothelium-derived factors, may 
lead to vascular dysfunction. COVID-19 patients present high levels of 
TXB2, a stable product of TXA2 [62], but increased ET-1 levels have not 
been consistently found in COVID-19 patients [63]. In fact, we found 
lower ET-1 levels in the plasma of mild-to-severe COVID-19 patients. 
Although increased only in severely patients, ET-1 levels were lower 
than those observed in patients with comorbidities. Changes in TXA2 
and ET-1 levels in SARS-CoV-2-infected endothelial cells occurred 
independently of TLR9 activation. 

These data clearly show that SARS-CoV-2 activates inflammatory 
processes in HUVECs via TLR9. SARS-CoV-2 leads to dysfunction and 
increased inflammatory process in endothelial cells, which may 
contribute to the cytokine storm and thrombotic complications in pa-
tients with severe coronavirus infection. Pro-inflammatory cytokines, 
such as IL-6, impact vascular tone via endothelium-dependent mecha-
nisms, such as inhibition of eNOS activity and protein kinase C activa-
tion [64]. Increased levels of pro-inflammatory cytokines (e.g., IL-6, 
TNF-α) were reported in patients diagnosed with severe COVID-19 [65]. 
These cytokines play a central role in the loss of normal antithrombotic 
and anti-inflammatory functions of endothelial cells. 

In summary, our data show that SARS-CoV-2 infection of endothelial 
cells promotes mitochondrial dysfunction, increases mtDNA release and 
activates TLR9 signaling. TLR9 contributes to inflammatory responses, 
via NF-kB signaling and IL-6 production, and compromises endothelial 
cell function, by decreasing eNOS expression. Our study contributes to 
the understanding of how SARS-CoV-2 induces endothelial cells 
dysfunction and opens new perspectives for better therapeutic 
approaches. 
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