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A B S T R A C T   

Background: Cardiac injury and inflammation are common findings in COVID-19 patients. Autopsy studies have 
revealed cardiac microvascular endothelial damage and thrombosis in COVID-19 patients, indicative of micro
vascular dysfunction in which reactive oxygen species (ROS) may play a role. We explored whether the ROS 
producing proteins NOX2, NOX4 and NOX5 are involved in COVID-19-induced cardio-microvascular endothelial 
dysfunction. 
Methods: Heart tissue were taken from the left (LV) and right (RV) ventricle of COVID-19 patients (n = 15) and 
the LV of controls (n = 14) at autopsy. The NOX2-, NOX4-, NOX5- and Nitrotyrosine (NT)-positive intra
myocardial blood vessels fractions were quantitatively analyzed using immunohistochemistry. 
Results: The LV NOX2+, NOX5+ and NT+ blood vessels fractions in COVID-19 patients were significantly higher 
than in controls. The fraction of NOX4+ blood vessels in COVID-19 patients was comparable with controls. In 
COVID-19 patients, the fractions of NOX2+, NOX5+ and NT+ vessels did not differ significantly between the LV 
and RV, and correlated positively between LV and RV in case of NOX5 (r = 0.710; p = 0.006). A negative 
correlation between NOX5 and NOX2 (r = − 0.591; p = 0.029) and between NOX5 and disease time (r = − 0.576; 
p = 0.034) was noted in the LV of COVID-19 patients. 
Conclusion: We show the induction of NOX2 and NOX5 in the cardiac microvascular endothelium in COVID-19 
patients, which may contribute to the previously observed cardio-microvascular dysfunction in COVID-19 pa
tients. The exact roles of these NOXes in pathogenesis of COVID-19 however remain to be elucidated.   

1. Introduction 

Respiratory syndrome coronavirus (SARS-CoV-2)-induced corona
virus disease (COVID-19) can have a serious impact on the cardiovas
cular system, resulting in cardiac injury and inflammation, including 
viral myocarditis [1–3]. In addition, studies have shown cardiac 
microvascular involvement in COVID-19 patients. For instance, endo
thelial damage, intravascular thrombosis and an elevated presence of 
prothrombotic proteins (e.g. tissue factor (TF), factor VII and factor 
FXII) have been found in the cardiac microvasculature of deceased 

COVID19 patients [4,5]. These results indicate that cardiac microvas
cular endothelial dysfunction may play an important role in COVID-19- 
induced cardiac injury and inflammation and as such relate to poor 
outcome [6]. 

Oxidative stress, i.e. an imbalance in the production of reactive ox
ygen species (ROS) and antioxidant mechanisms that leads to high 
cellular ROS levels, is a key driver of endothelial dysfunction and is 
involved in proinflammatory and procoagulant activation as well as cell 
damage in endothelial cells [7]. Moreover, oxidative stress is believed to 
be an important contributor to the pathogenesis of COVID-19 [8]. 
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Indeed, both oxidative stress-related genes such as myeloperoxidase 
(MPO) in alveolar and circulating leucocytes [9], as well as serum levels 
of the oxidative stress biomarkers malondialdehyde (MDA), total 
oxidant status (TOS), catalase (CAT), nitrotyrosine (NT) and super oxide 
dismutase (SOD) [10,11], were found to be increased in COVID-19 pa
tients and to correlate with disease severity [12,13]. 

Important producers of reactive oxygen species (ROS) in the heart 
are the NADPH oxidases (NOXes). Under physiological conditions NOX- 
produced ROS can act as signaling molecules in endothelial cells that 
regulate vascular tone and function [14]. However, different patho
physiological conditions have been shown to lead to increased expres
sion and over-activation of NOXes, which in turn can lead to endothelial 
dysfunction and cell death [15]. The NOX isozymes NOX2, NOX4 and 
NOX5 have been shown to be expressed in the human cardiac micro
vascular endothelium [14,16]. NOX2 and NOX5 are inducible 
superoxide-producing NOX isoforms and increased endothelial expres
sion of NOX2 and NOX5 in the human heart has been shown under 
pathological conditions such as heart failure [17] and myocardial 
infarction [16]. In addition, increased endothelial expression and ac
tivity of NOX2 and NOX5 were found to contribute to angiotensin-II- 
induced cardiac inflammation, fibrosis and hypertension as well as 
cell death and microvascular permeability [18–23]. Interestingly, 
homocysteine-induced TF expression in endothelial cells was found to 
be inhibited by the NOX inhibitor apocynin [24]. Lastly, elevated serum 
levels of soluble NOX2-derived peptide (sNox2-dp) were found in 
COVID-19 patients, indicative of increased systemic NOX2 activity, that 
correlated with disease severity and the occurrence of thrombotic events 
[25]. Conversely, NOX4 predominantly produces hydrogen peroxide 
(H2O2) and appears to be constitutively expressed and active in endo
thelial cells and was shown to be involved in angiogenesis and to pro
mote microvascular endothelial cell survival after ischemia/reperfusion 
injury [26,27]. 

Given their important roles in microvascular endothelial (dys)func
tion, we wondered whether NOX2, NOX4 and NOX5 are involved in 
COVID-19-induced cardiac microvascular dysfunction. This we have 
studied in deceased COVID-19 patients. 

2. Materials and methods 

2.1. Patients 

The heart tissues used in this study were derived from 29 deceased 
patients. Among them, 15 patients died of clinically confirmed COVID- 
19. The other 14 patients served as control patients that died without 
any form of heart disease and were without cardiac inflammation. All 
these control patients died before the COVID-19 outbreak. Autopsies 
were performed as soon as possible after death. The time from death to 
autopsy was <24 h. The autopsy results of the COVID-19 patients used in 
this study have been previously published [28]. Transmural heart tissue 
samples from COVID-19 patients (left ventricles and right ventricles) 
and control patients (left ventricles) were collected, fixed in formalin 
solution and then embedded in paraffin for follow-up research. 

This study was approved by the ethics committee of Amsterdam UMC 
(Amsterdam, the Netherlands) and followed the Declaration of Helsinki. 
The autopsy materials in this study were used with the consent of pa
tients or their relatives. 

2.2. Immunohistochemistry 

Glass-mounted tissue-sections (4 μm) of the heart tissue were used 
for immunohistochemical analysis. Deparaffinization and rehydration 
were respectively completed in fresh xylene and a range of concentra
tions of alcohol (from 100% alcohol to 70% alcohol). The sections were 
placed in 0.3% H2O2 for 20 min to inhibit endogenous peroxidase ac
tivity. Tris-EDTA buffer (pH 9.0; NOX2 and CD31) and Citrate buffer 
(pH 6.0; NOX4, NOX5 and NT) were used for antigen retrieval at sub- 

boiling temperature (98 ◦C) for 20 min. All sections were blocked with 
blocking solution for 10 min at room temperature (RT). The sections 
were then incubated with rabbit-anti-human NOX2 antibody (Dako; 
ab80508, 1:100 dilution for 1 h at RT), rabbit-anti-human NOX5 anti
body (abcam; ab191010, 1:1000 dilution for 1 h at RT), mouse-anti- 
human CD31 antibody (Dako; M0823, 1:200 dilution, overnight at 
4 ◦C), rabbit-anti-nitrotyrosine (Chemicon; AB5411, 1:500 dilution, 
overnight at 4 ◦C) or with rabbit-anti-human NOX4 antibody (Novus; 
NB110–58849, 1:100 dilution, overnight at 4 ◦C). After three washes 
with TBS, the slides were incubated with envision secondary antibodies 
(Dako, K5007, undiluted for 30 min at RT, for NOX2, NOX5 and NT 
staining; Avantor, VWRKDPVM110HRP, undiluted for 30 min at RT, for 
CD31 staining) or with biotinylated anti rabbit IgG (1:300 dilution, Dako 
E0431, 30 min at RT) and biotin-based amplification regent (Vector; PK- 
4000, undiluted, for 1 h at RT, for NOX4 staining). Staining was visu
alized with 3,3′-diaminobenzidine (DAB) (0.1 mg/mL, Dako) and then 
counterstained sections with hematoxylin. In this study, slides were 
included that were stained without primary antibody as a negative 
control and these yielded no staining (not shown). 

2.3. Immunohistochemical analyses 

The intramyocardial blood vessels wherein endothelial cells stained 
positive for NOX2, NOX4, NOX5 and NT were identified as positive 
blood vessels. The positive intramyocardial blood vessels were counted 
using light microscopy at 200× magnification. The surface area of each 
tissue was determined on scanned slides using a PathScan Enabler IV 
slide scanner (Meyer Instruments, Houston, TX, USA) and QuickPhoto 
Micro analysis software (Promicra Prague, Czech Republic). The 
numbers of positive blood vessels were divided by the tissue surface 
areas to obtain the immunohistochemical score. The total numbers of 
blood vessels were counted on serial CD31-stained tissue sections using 
Digital Pathology Solution (Philips) and were subsequently divided by 
the surface areas (cm2) of the analyzed tissues. The numbers of NOX2+, 
NOX5+ and NT+ blood vessels per cm2 where then divided by the total 
numbers of blood vessels per cm2 in the corresponding tissue sections to 
obtain the fraction of NOX2+, NOX5+ and NT+ blood vessels. Immu
noscoring was performed by researchers (Z.J. and L.W.) who were 
blinded to the clinical data. 

2.4. Immunofluorescence and imaging 

Glass-mounted tissue-sections (4 μm) of the frozen heart tissue were 
used for immunofluorescent staining. All sections were blocked with 
blocking solution for 10 min at RT. The sections were then incubated 
with mouse-anti-human NOX2 antibody (abcam; ab80897, 1:200 dilu
tion) and rabbit-anti-human CD31 antibody (abcam; ab28364, 1:50 
dilution) for 2 h at RT for NOX2 and CD31 double staining, or with 
rabbit-anti-human NOX5 antibody (abcam; ab191010, 1:1000 dilution) 
and mouse-anti-human CD31 antibody (Dako; M0823, 1:200 dilution) 
for 2 h at RT for NOX5 and CD31 double staining. Then the slides were 
washed with PBS for three times and incubated with DAPI and sec
ondary antibodies (Invitrogen, A11029, Alexa Fluor 488 conjugated 
goat-anti-mouse IgG, 1:500 dilution for NOX2; Jackson immunor
esearch, 711–545-152, Alexa Fluor 488 conjugated Donkey-anti-rabbit 
IgG, 1:500 dilution for NOX5; Invitrogen, A11036, Alexa Fluor 568 
conjugated goat-anti-rabbit IgG, 1:500 dilution and Alexa Fluor 568 
conjugated goat-anti-mouse IgG, 1:500 dilution for CD31) for 1 h at RT 
in dark chamber. In this study, slides were included that were stained 
without primary antibody as a negative control and these yielded no 
staining (not shown). 

The wild-field fluorescence microscope (Leica DM5000B) and cam
era (Leica DFC500) were used to observe and image slides at 100×
magnification. 
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2.5. Statistics 

For graph design GraphPad Prism software version 9 (San Diego, CA, 
USA) was used. SPSS software (version 26.0, Armonk, NY, USA) was 
used to statistically analyze the data. Differences in gender distribution 
were analyzed with a Chi-Squared test. To evaluate differences between 
two groups, t-test were used for normal distributed data and Mann- 
Whitney U test were used for non-Gaussian distributed data. A p value 
<0.05 was considered statistically significant. A Spearman rank corre
lation coefficient (r) was used to determine linear relations between two 
groups, whereby − 0.29 < r < 0.29 was considered as a correlation 
absence, − 0.49 < r < − 0.30 or 0.30 < r < 0.49 was considered as a 
moderate correlation, and − 1.0 < r < − 0.50 or 0.50 < r < 1.0 was 
considered as a strong correlation. In the text the values are given as 
median [Interquartile range] unless stated otherwise. 

3. Results 

3.1. Patient characteristics 

The patients under investigation in this study have been used in a 
previous COVID-19 study [4]. The clinical characteristics of the included 
patients are presented in Table 1. Both groups were in majority male 
(Control: 10 male (71.4%); COVID-19: 12 male (80.0%)). There was a 
significant difference in age between the two groups. The mean [SD] age 
of the COVID-19 patients (67.4 [9.5]) was significantly higher than 
controls (53.0 [14.0], p = 0.003). All COVID-19 patients were hospi
talized, of whom 13 (87%) were ventilated for 6 to 53 days. The time 
between first COVID-19 symptoms to death ranged from 5 to 44 days. 
Prior to admittance, 8 COVID-19 patients were hypertensive for whom 6 
received antihypertensive medication, 1 had arrhythmia, 1 had 
congestive heart failure and 2 had prior cardiac ischemia. Four COVID- 
19 patients received thrombocyte aggregation inhibitors prior to 
admittance. 

A majority of COVID-19 patients (n = 10 (67%)) developed cardiac 
arrhythmia during hospitalization. Furthermore, thrombotic events 
were prevalent in the COVID-19 group with deep-vein thrombosis and 
pulmonary embolism being observed in 5 (33%) and 4 (27%) patients 
respectively, indicative of systemic hypercoagulability. A majority of 
COVID-19 patients had leukocytosis during admittance (n = 13 (87%)). 
All COVID-19 patients showed signs of cardiac inflammation, e.g. in
creases in CD45+ lymphocytes, CD3+ T lymphocytes, CD68+ macro
phages and myeloperoxidase (MPO) + neutrophils in the myocardium, 
that was accompanied by injury in dispersed small cardiomyocyte 
clusters or individual cells [4,28]. In 7 COVID-19 patients the cardiac 
inflammation was consistent with lymphocytic myocarditis (LM), with 
an infiltrate that was mainly composed of clusters of adherent T lym
phocytes, and a lesser extent of macrophages [29]. The other 8 COVID- 
19 patients presented with a dispersed mixed infiltration of lympho
cytes, macrophages and neutrophils that we refer to as diffuse cardiac 
inflammation (DCI) [4]. 

3.2. NOX2, NOX5 and NT are increased in the cardiac microvasculature 
of COVID-19 patients 

NOX2 (Fig. 1A), NOX4 (Fig. 1C) and NOX5 (Fig. 1B) were present in 
the cardiac microvascular endothelium. It has to be noticed that NOX2, 
NOX4 and NOX5 were also present in infiltrating inflammatory cells, 
most notably in neutrophils and macrophages (Fig. 1). NOX4 was found 
in the endothelium of almost all intramyocardial blood vessels in all 
patients, without significant differences between controls and COVID-19 
patients (data not shown). Immunofluorescent staining showed that 
NOX2 and NOX5 co-localized with the endothelial cell marker CD31, 
confirming the presence of these NOXes in the cardiac microvascular 
endothelium of patients with COVID-19 (Fig. 2). 

There was no significant difference in the total number of blood 

Table 1 
Clinical Characteristics of Patients in this study.  

Characteristic Control (n =
14) 

COVID-19 (n 
= 15) 

Age, Mean (SD) 53.0(14.0) 67.4(9.5)**  

Gender (n, %) 
Female 4 (29%) 3 (20%) 
Male 10 (71%) 12 (80%) 
COVID-19 Disease time, mean days (range) (first 

symptoms to death) 
N.A. 21 (5–44) 

Ventilated, yes/no (%) 0/14 (0%) 13/2 (87% / 
13%) 

Ventilation time, mean days (range) N.A. 17 (6–53)  

Comorbidities 
Hypertension n.k. 8 (53%) 
Arrhythmia 0 (0%) 1 (7%) 
Pulmonary disease 2 (14%) 1 (7%) 
Cardiac ischemia 0 (0%) 2 (13%) 
CHF 0 (0%) 1 (7%) 
Diabetes 0 (0%) 1 (7%) 
Active Malignancy 4 (29%) 2 (13%) 
Neurologic 2 (14%) 3 (20%)  

Medication before admittance 
Antihypertensive n.k. 6 (40%) 
Analgesics n.k. 1 (7%) 
Oral antidiabetics n.k. 2 (13%) 
Thrombocyte aggregation inhibitors n.k. 4 (27%)  

Medication during admittance 
Antibiotics n.k. 14 (93%) 
Chloroquine n.k. 8 (53%) 
Anti-viral drugs n.k. 6 (40%) 
Steroids n.k. 5 (33%) 
Anti-fungal n.k. 6 (40%)  

Cardiac symptoms during admittance 
Arrhythmia 0 (0%) 10 (67%) 
CHF 0 (0%) 1 (7%) 
Post-mortem diagnosed myocarditis 
lymphocytic 0 (0%) 7 (47%) 
DCI 0 (0%) 8 (53%)  

Thrombotic events 
Deep vein thrombosis 0 (0%) 5 (33%) 
pulmonary embolism 1 (7%) 4 (27%) 
Intravascular thrombi 0 (0%) 7 (47%)  

Supra infections 
Aspergillus 0 (0%) 5 (33%) 
Fungal 0 (0%) 1 (7%) 
Bacterial 0 (0%) 1 (7%)  

Cause of death 
COVID-19 pulmonary disease 0 (0%) 9 (60%) 
Multiple organ failure 0 (0%) 4 (27%) 
Pulmonary embolism 0 (0%) 1 (7%) 
Brain infarction (Stroke) 2 (14%) 1 (7%) 
Rupture aneurysm brain 2 (14%) 0 (0%) 
Rupture aneurysm aorta 1 (7%) 0 (0%) 
Pneumonia and sepsis 4 (29%) 0 (0%) 
Pneumonia 2 (14%) 0 (0%) 
Epileptic insult 1 (7%) 0 (0%) 
Car accident 1 (7%) 0 (0%) 
Aortic dissection 1 (7%) 0 (0%) 

COVID-19 indicates patients with SARS-CoV-2 infection. Control indicates pa
tients died not related with any form of heart disease and did not have inflam
mation of the heart. Controls died at least 1 year prior to the COVID-19 outbreak. 
CHF indicates congestive heart failure. N.A. indicates not applicable; n.k. in
dicates not known (i.e. the information was either not known or not retrievable); 
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vessels per cm2 in the LV between controls and COVID19 patients (data 
not shown). In the left ventricle (LV) of COVID-19 patients the fraction 
of NOX2+ (0.14% [0.07%–0.36%]) and NOX5+ (0.43% [0.15%– 
2.48%]) intramyocardial blood vessels were significantly increased 

CHF indicates congestive heart failure; DCI indicates diffuse cardiac 
inflammation. 

** Indicates p < 0.01 compared with control group. 

Fig. 1. Immunohistochemical staining of NOXes and NT in the cardiac microvasculature of COVID-19 patients. 
Shown are examples of immunohistochemical staining for (A) NOX2, (B) NOX5, (C) NOX4 and (D) NT in the cardiac microvasculature in the LV of COVID-19 
patients. The black arrows indicate blood vessels with NOX- and NT-positive endothelial cells, while the white arrowheads indicate NOX- and NT-positive 
extravasated leucocytes. 

Fig. 2. Immunofluorescent staining of NOXes and CD31 in the cardiac microvasculature of COVID-19 patients. 
Shown are examples of immunofluorescent double staining for NOX2 + CD31 (the top row) and NOX5 + CD31 (the bottom row) in the cardiac microvasculature in 
the LV of COVID-19 patients. The white arrows indicate blood vessels with NOXes-positive and CD31-positive endothelium. NOXes were stained as green as shown in 
the first column. CD31 was stained as red as shown in the second column, the nucleic acid was stained as blue in the third column. The images shown in the fourth 
column are the merge of NOXes, CD31and nucleic acids. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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compared with the LV in controls (NOX2+: 0.012% [0–0.081%], p <
0.01; NOX5+: 0.12% [0.037%–0.32%], p < 0.05). Notably, the average 
fraction of NOX5+ intramyocardial blood vessels was approximately 3- 
fold higher than that of NOX2+ intramyocardial blood vessels in COVID- 
19 patients (Fig. 3A and E). In COVID-19 patients, the fractions of 
NOX2+ and NOX5+ blood vessels did not differ significantly between 
the left and right ventricle (RV) (Fig. 3B and F). We did not find a cor
relation between the fractions of NOX2+ blood vessels in the LV and RV 
(Fig. 3C), whereas a strong positive correlation was found between the 
fractions of NOX5+ vessels in the LV and RV (r = 0.710; p = 0.006) 
(Fig. 3G). 

We next analyzed a putative correlation between the fractions of 
NOX2+ and NOX5+ blood vessels. No correlation was found between 
NOX2 and NOX5 in the LV of control patients (data not shown). In 
COVID-19 patients, a negative correlation was found between NOX2 and 
NOX5 in the LV (r = − 0.591; p = 0.029) (Fig. 3I), but not in the RV 
(Fig. 3J). In addition, both in controls and COVID-19 patients the frac
tions of NOX2+ and NOX5+ blood vessels did not correlate with age 
(data not shown). Moreover, a moderate positive correlation, albeit not 
significant (r = 0.479; p = 0.073) was found between the fractions of 
NOX2+ blood vessels and disease time in the LV (Fig. 3D), but not in the 
RV (data not shown), while a strong negative correlation was found 
between the fractions of NOX5+ blood vessels in the LV and disease time 

(r = − 0.576; p = 0.034) (Fig. 3H), but not in the RV (data not shown). 
Whereas no significant correlation between NOX5 and NOX2 was found 
in the LV of COVID-19 patients when disease time was used as a control 
variable (r = − 0.464; p = 0.110). 

In addition, the fraction of NT+ (3.73% [2.24%–8.92%]) blood 
vessels in the LV of COVID-19 patients was significantly increased 
compared with the LV in controls (0.87% [0.61%–2.12%]) (Fig. 4A). 
The fractions of NT+ blood vessels did not differ significantly between 
the left and right ventricle in COVID-19 patients (Fig. 4B). No significant 
correlation between NT and NOX2 was found in COVID-19 patients 
(Fig. 4C), whereas a strong positive correlation between NT and NOX5 
was found in the LV, albeit not significant (r = 0.539; p = 0.061) 
(Fig. 4D). 

Among the 15 patients in the COVID-19 group, 7 patients were 
diagnosed with LM and 8 patients with DCI. The fractions of NOX2+ and 
NOX5+ blood vessels however did not differ significantly between the 
LM patients and DCI patients, neither in the LV nor in the RV (Fig. 5A 
and B). Furthermore, in seven out of 15 COVID-19 patients (47%), 
intravascular thrombi were found in the heart. However, no differences 
were found in the fractions of NOX2+ and NOX5+ vessels between 
COVID-19 patients with and without intravascular thrombi, neither in 
the LV nor in the RV (Fig. 5C and D). Prior to admittance 8 COVID-19 
patients were hypertensive. The average fraction of NOX2+ blood 

Fig. 3. Quantification of the presence of NOX2 and NOX5 in the cardiac microvasculature of COVID-19 patients. 
Shown are the fractions of NOX2+ (A) and NOX5+ (E) blood vessels in the left ventricle (LV) in control and COVID-19 patients and the fractions of NOX2+ (B) and 
NOX5+ (F) blood vessels in the LV and right ventricle (RV), as well as the correlation analysis of the NOXes between LV and RV in COVID-19 patients (C and G). The 
correlation analyses between NOX2 (D) or NOX5 (H) expression in the LV of COVID-19 patients and disease time are also shown. In addition, the correlation analyses 
between NOX2 and NOX5 in the LV(I) and RV(J) of COVID-19 patients are shown. The bars in the graphs represent median [IQR]. Each point represents the score of 
an individual patient. 
*P < 0.05, **P < 0.01 and ns indicates not significant. 
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vessels in LV of hypertensive patients appeared higher than in patients 
without hypertension, albeit not significant (p = 0.054), while they were 
similar in the RV (Fig. 5E). Surprisingly however, the fraction of NOX5+
blood vessels in patients with hypertension was significantly lower than 
in patients without hypertension, both in LV (hypertension-: 2.47% 
[0.27%–3.17%], hypertension+: 0.21% [0.10%–0.44%], p < 0.05) and 
RV (hypertension-: 3.93% [2.27%-4.48], hypertension+: 0.15% 
[0.087%–1.11%], p < 0.05) (Fig. 5F). 

4. Discussion 

In this study, we analyzed the cardiac microvascular endothelial 
levels of NOX2, NOX4, NOX5 and NT in COVID-19 patients. We found 
that the microvascular endothelial NOX2, NOX5 and NT levels in the 
hearts of COVID-19 patients were significantly higher than those in 
controls, while NOX4 levels did not differ between these groups. These 
results indicate a role for oxidative stress in COVID-19-induced cardiac 
microvascular endothelial dysfunction related to NOX2 and NOX5. 

Several studies have shown that endothelial dysfunction is an 
important manifestation of COVID-19 [30], also in the heart. We have 
previously found increased levels of the advanced glycation end-product 
N(ε)-Carboxymethyllysine (CML) in the cardiac microvascular endo
thelium of these COVID-19 cases, which is a biomarker of endothelial 
inflammation and cell damage [4]. This coincided with a pro-thrombotic 
microvascular activation, as indicated by the increased expression of 
procoagulant tissue factor (TF) and the decrease of anticoagulant 

Dipeptidyl Peptidase 4 (DPP4), as well as the occurrence of cardiac 
microvascular thrombosis [4,28]. Both increased CML accumulation 
and TF expression and loss of DPP4 in endothelial cells have been shown 
to relate to NOX2 activity [24,31]. In addition, thrombin, a known 
inducer of TF expression in endothelial cells, was also shown to induce 
NOX5 expression and activity in human microvascular endothelial cells, 
[32] while depletion of NOX5 via siRNA reduced ROS levels and 
expression of ICAM-1 and VCAM-1 in human aortic endothelial cells 
[33]. Moreover, thrombin generation was found to be enhanced in 
COVID-19 patients [34]. These results thus support a role for NOX2- and 
NOX5-derived ROS in COVID-19-induced endothelial thrombogenicity 
in the heart. 

In addition, increased NOX2- and NOX5-related ROS production may 
negatively affect the bioavailability of nitric oxide (NO) in endothelial 
cells through inactivation of endothelial NO synthase (eNOS) [19,35] or 
increased consumption of NO through high superoxide levels, thereby 
negatively affecting the antioxidant properties and vasomotor function 
of NO. Indeed, the increased levels of NOX2 and NOX5 coincided with 
elevated levels of NT in our study, indicative of oxidative stress in the 
cardiac microvascular endothelium in COVID-19 patients. In line here
with, blood levels of NO were recently shown to be significantly reduced 
in conjunction with increased NT levels in COVID-19 patients [36]. 
indicative for reduced bioavailability of NO and increased oxidative 
stress, which supports this hypothesis. 

Multiple factors may contribute to the upregulation of cardiac 
microvascular endothelial NOX2 and NOX5. These include the high 

Fig. 4. Quantification of the presence of NT in the cardiac microvasculature of COVID-19 patients. 
Shown are the fractions of NT+ (A) blood vessels in the left ventricle (LV) in control and COVID-19 patients and the fractions of NT+ (B) blood vessels in the LV and 
right ventricle (RV) in COVID-19 patients. The correlation analyses between NOX2 (C) or NOX5 (D) expression in the LV of COVID-19 patients and NT are also 
shown. The bars in the graphs represent median [IQR]. Each point represents the score of an individual patient. 
**P < 0.01 and ns indicates not significant. 

Z. Jiang et al.                                                                                                                                                                                                                                    



International Journal of Cardiology 370 (2023) 454–462

460

levels of circulating pro-inflammatory cytokines that often accompany 
COVID-19 as well as the increased cardiac inflammation and local 
ischemia, induced by the microvascular thrombosis, we found in these 
COVID-19 patients [4,28]. Indeed, we previously found increased 
microvascular endothelial NOX5 expression in patients after acute 
myocardial infarction [16], suggesting a possible role for ischemia in the 
induction of endothelial NOX5. In addition, the vasoactive agent 
angiotensin II (AngII) was found to induce NOX5 expression in endo
thelial cells [20], as well as NOX2 [37]. However, although plasma 
AngII levels were reported to be upregulated in patients with especially 
severe/critical COVID-19 [38], other studies have reported no differ
ences in plasma AngII levels between COVID-19 patients and healthy 
controls [39,40]. 

Interestingly, we found a borderline significant (p = 0.054) increase 
in the fraction of NOX2+ and a significant decrease in NOX5+ blood 
vessels in hypertensive COVID-19 patients compared to patients without 
hypertension. Both NOX2 and NOX5 have been found to play an 
important role in the pathogenesis of hypertension [41]. In various 
hypertension models NOX2 was found to be upregulated [37,42], which 
is in line with our results. However, higher NOX5 levels were reported in 
circulating endothelial microparticles in hypertensive compared to 
normotensive humans and mice expressing human NOX5 in endothelial 
cells developed hypertension [19]. Our finding of lower NOX5 levels are 
thus inconsistent herewith. Of note, 6 out of 8 hypertensive COVID-19 
patients received antihypertensive medication and it was shown that 
antihypertensive Ca2+ channel blockers reduce the intracellular Ca2+

Fig. 5. The presence of NOX2 and NOX5 in the cardiac microvasculature of COVID-19 patients related to cardiac inflammation, cardiac thrombosis and hyper
tension. 
Shown are the fractions of NOX2+ (A) and NOX5+ (B) blood vessels in the left ventricle (LV) and right ventricle (RV) of COVID-19 patients with lymphocytic 
myocarditis (LM, n = 7) and with diffuse cardiac inflammation (DCI, n = 8). In addition, the fractions of NOX2+ (C) and NOX5+ (D) blood vessels in the LV and RV of 
COVID-19 patients with (+; n = 7) or without (− ; n = 8) intravascular thrombi are also shown. Furthermore, the fractions of NOX2+ (E) and NOX5+ (F) blood 
vessels in the LV and RV of COVID-19 patients with (+; n = 8) or without (− ; n = 7) hypertension are shown. *P < 0.05 and ns indicates not significant. 
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concentration [20,32], and attenuate AngII-induced endothelial NOX5 
expression [20]. However, whether the use of antihypertensive drugs 
underlies the observed lower endothelial NOX5 in these hypertensive 
COVID-19 patients remains to be elucidated. 

The microvascular endothelial levels of NOX2 and NOX5 were 
negatively correlated in the LV of COVID-19 patients. One possible 
explanation is that the increased expression and activity of one NOX 
isoform directly or indirectly inhibits the other. However, as far as we 
are aware such cross-talk between NOX isoforms has not been shown 
before. Disease time may also be a factor herein. The microvascular 
endothelial NOX5 levels namely correlated negatively with disease time, 
while NOX2 showed a moderate positive association with disease time, 
albeit not significant. These data suggest that NOX5 may be involved 
predominantly early, while the involvement of NOX2 may occur later in 
COVID-19-related cardiac pathology. We also found that the numbers of 
NOX2+ and NOX5+ intramyocardial blood vessels in the RV were 
similar to those in the LV in the COVID-19 patients. Although we were 
unable to verify this in RV tissue from control patients, this suggests that 
NOX2 and NOX5 were also increased in the microvascular endothelium 
of the RV. As our COVID-19 patients all had severe diffuse alveolar 
damage (DAD) [28], putative hemodynamic changes caused by reduced 
lung perfusion, induced by pulmonary microvascular damage and 
thrombosis, could result in an increased RV afterload and may be an 
additional underlying factor herein. 

We found no effects of COVID-19 on the number of NOX4+ blood 
vessels in the heart. NOX4 was previously found to be constitutively 
expressed in rat cardiac microvascular endothelial cells in vitro [15], 
which is in line with the abundant expression we found in our patients. 
However, we did not verify whether the expression levels of NOX4 in the 
individual endothelial cells were affected, nor whether its activity or its 
function change by COVID-19. In contrast to NOX2 and NOX5, NOX4 
activity in endothelial cells is generally considered to be beneficial. For 
instance, overexpression of NOX4 in endothelial cells was found to 
promote angiogenesis through increased eNOS activation and NO pro
duction [26]. However, genetic knockout of NOX4 was found to greatly 
protect from cerebral ischemia-induced oxidative stress and blood- 
brain-barrier leakage in mice [43], indicating a deleterious effect of 
endothelial NOX4. Interestingly, this damaging role for NOX4 was 
shown to be unique for the brain as NOX4 knockout did not affect the 
heart or hindlimb after experimental ischemia in mice [44]. 

In conclusion, in this study we show the induction of the oxidative 
stress-associated enzymes NOX2 and NOX5 in the cardiac microvascular 
endothelium in COVID-19 patients. These NOX isoforms may thus be a 
contributor to the previously observed microvascular dysfunction in the 
hearts of COVID-19 patients. However, the exact roles of these NOXes in 
pathogenesis of COVID-19 remain to be elucidated. 
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