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Aim: to investigate the content of eNOS in the blood serum of patients with coronavirus disease (COVID-19) with pneumonia in
association with hemostatic parameters and to determine its prognostic value in assessing the risk of oxygen dependence and death.

Material and methods. There were 123 patients with COVID-19 with pneumonia under observation. All patients were examined
and treated in accordance with the Order of the Ministry of Health of Ukraine No. 722 dated 28.03.2020. The eNOS content in the
patients’ serum was determined by enzyme-linked immunosorbent assay.

Results. It was found that the content of eNOS in the blood serum of patients with COVID-19 with pneumonia at the time of
hospitalization was 9.0 [7.0; 12.0] days lower (p < 0.001) than in healthy subjects. The development of oxygen dependence in
patients with COVID-19 with pneumonia was accompanied by worsening of endothelial dysfunction and procoagulant changes,
which was confirmed by a decrease in the content of eNOS in the blood serum (p < 0.001), an increase in the level of fibrinogen
(p < 0.05) and D-dimer (p < 0.05). The threshold level of eNOS in the blood serum <327.09 pg/ml (AUC = 0.861, p < 0.001) was
predictive of the onset of oxygen dependence. In patients with COVID-19 with pneumonia who subsequently died, at the time of
hospitalization, eNOS levels were lower (p < 0.001) than in patients who recovered, which was combined with a higher level of
D-dimer (p < 0.05) and its more frequent increase (p = 0.04) compared with patients who recovered. The eNOS content in the
blood serum of patients with COVID-19 with pneumonia was correlated (p < 0.05) not only with the lethal outcome of the disease,
but also with the formation of thrombotic complications, which occurred more often in patients with COVID-19 with pneumonia
in the event of an adverse outcome (p = 0.0001). The threshold level of eNOS in the blood serum <201.75 pg/ml (AUC = 0.892,
p <0.001) was indicative of a high probability of death.

Conclusion. The eNOS content in the blood serum of patients with COVID-19 pneumonia at the time of hospitalization is lower
(p <0.001) than in healthy individuals, and the degree of its decrease depends on the severity of the disease, the development
of oxygen dependence and the subsequent outcome of this disease. Limiting levels of eNOS in the blood serum of patients with
COVID-19 pneumonia, which are important for predicting the risk of developing oxygen dependence and fatal outcome of the
disease, have been established.
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Bmict eHpoTenianbHoOi NO-cMHTa3M B cCMpPOBaTLi KPOBi XBOPUX

Ha KOpoHaBipycHy xBopoby (COVID-19) i3 nHeBMOHi€l0

y B3aEMO3B’A3KY 3 napamMeTpaMu remocTa3y 3aAeXXHO BiA KAiHiuHOro nepeo6iry
Ta ii NPOrHOCTUYHE 3HAUYEHHSA

0. B. PA60KOHb, |. 0. Kyaeww, |. ®. BeaeHiues, H0. K0. PA6okoHb

Merta pobotu - gocniguti BmicT eNOS y cupoBaTL KpoBi XBOpUX Ha kopoHaBipycHy xBopoby (COVID-19) i3 nHeBMOHi€t y B3a-
€MO3B'A3KY 3 NapameTpamu reMocTasy Ta 3'iCyBaTh ii IPOrHOCTUYHE 3HAYEeHHS Mif Yac OLHIOBAHHS PU3NKY PO3BUTKY KUCHEBOT
3aneXHOCTi Ta NeTanbHOro HaCriaKy.

Martepianu i metoau. Mig cnoctepexeHHsm nepebysanu 123 xsopux Ha COVID-19 i3 nHeBMOHieto. Bei navjeHTn obeTtexeHi Ta
ofepxanu nikysaHHsi BignosigHo Ao Hakasy MO3 Ykpainu Big 28.03.2020 p. Ne 722. Y cupoBaTLi KpOBi XBOPUX BUSHAYEHO BMICT
eNOS imyHOhepMeHTHUM METOAOM.

Pesynabratu. BctaHoeneHo, Lo BmicT eNOS B cuposartui kpoBi xBopux Ha COVID-19 i3 nHeBMOHiero Ha Yac rocnitanisavii (Ha 9,0
[7,0; 12,0] peHb xBopobm) Hxu4ni (p < 0,001), Hix y 300poBUX OCID. PO3BNUTOK KMCHEBOI 3anexHocTi y xBopux Ha COVID-19 i3
MHEBMOHIEH CynPOBOLKYBaBCS NOrMMBNEHHAM eHaoTeNianbHOT AMCYHKLT Ta NPOKOarynsiHTHUMM 3MiHaMK, LLO NiATBEPAKYBANO
3HkeHHst BMicTy eNOS y cupoBaTLi kpoBi (p < 0,001), nineuLeHHs pisHst dribpuHoreny (p < 0,05) Ta D-gumepy (p < 0,05). Mexo-
Bui piseHb eNOS y cuposartui kposi 327,09 pg/ml (AUC = 0,861, p < 0,001) maB NPOrHOCTUYHE 3HAYEHHS LLOAO BUHWUKHEHHS!
KCHEBOI 3anexHocTi. Y xBopux Ha COVID-19 i3 nHeBMOHi€to, Ski Haaani nomepnu, Ha Yac rocnitanisadii BMicT eNOS 6yB HK4MM
(p<0,001), Hix y navjeHTiB, SiKi 0AYXanu; Le NoegHyBanocs 3 Buwum pisHem D-gumepy (p < 0,05) i yacTilumm Moro nigBuULLEHHAM
(p = 0,04) nopiBHsHO i3 TUMK, xTO ogyxaB. Bmict eNOS y cupoarLi kposi xBopux Ha COVID-19 i3 NHEBMOHiIEID MaB KopensiLiio
(p < 0,05) He nuwe 3 neTanbHUM HaciaKOM XBOpobu, ane i 3 hopMyBaHHAM TPOMOBOTUYHIX YCKMNAAHEHD, L0 YaCTiLle Y XBOPUX
Ha COVID-19 i3 nHeBMOHi€to chikcyBanm B pasi Hecnpustnmeoro Hacnigky (p = 0,0001). Mexoswi piseHb eNOS y cupoBarLi KpoBi
<201,75 pg/ml (AUC = 0,892, p < 0,001) cBiguMB Npo BUCOKY iMOBIPHICTb NETanbHOrO HacniakKy.
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BucHoBku. Bmict eNOS y cupoarui kposi xBopux Ha COVID-19 i3 nHeBMOHi€to Ha yac rocnitanisayii Hkania (p < 0,001), Hix y
300POBUX OCIB, @ CTYNiHb 10r0 3HKEHHS 3anexas Bif TsHKKOCTI nepebiry XBopobu, po3BUTKY KUCHEBOI 3aNeXHOCTI Ta HacniaKy
nepebiry Ljei xBopobu. BeraHoeneHi mexosi piBHi eNOS y cuposatui kpoBi xBopux Ha COVID-19 i3 nHeBMOHiE, L0 MatoTb
3HaYeHHs o0 NPOrHO3Y PU3MKY PO3BUTKY KVCHEBOI 3aNeXHOCTi Ta NeTanbHoro Hacniaky XBopobu.

In December 2019, a new coronavirus, SARS-CoV-2, was
detected, evolving into a pandemic with its own name
coronavirus disease-19 (COVID-19) [1]. It soon became
clear that the clinical manifestations of COVID-19 ranged
from asymptomatic and mild to severe and critical. The
main pathogenetic mechanism to explain severe and critical
disease courses was considered to be an excessive inflam-
matory immune response of cells, including endothelial
cells, to SARS-CoV-2 infection [2].

Convincing evidence that SARS-CoV-2 infects en-
dothelial cells lining both pulmonary and non-pulmonary
vessels is currently available [3,4]. Endothelial cells express
the angiotensin-converting enzyme 2 receptor on their
membrane, which is required by SARS-CoV-2 for binding
to the S1 subunit of the adhesion protein [3]. Morphological
examination on biopsies of various organs have shown
the expression of both angiotensin-converting enzyme 2
receptor and transmembrane serine protease 2 co-receptor
on the endothelial cell membrane, that leads to the virus
S-protein priming by proteases of target cells, fusion be-
tween the virus envelope and the cellular membrane and
virus entry into cells [5,6]. The results of electron microscopy
of the lung endothelium have demonstrated the presence
of SARS-CoV-2 intracellularly, also confirming the ability of
this virus to infect endothelial cells [7].

Today, there is mounting evidence to support the role
of endothelial dysfunction as one of the key pathogenetic
mechanisms of COVID-19 progression, including the de-
velopment of acute respiratory distress syndrome (ARDS)
SARS-CoV-2[8,9]. However, most studies on the pathogenetic
mechanisms of lung damage induced by COVID-19 have
focused on the respiratory epithelium, in particular alveolar type
Il cells, which are the primary target of the virus. Nowadays,
in the context of ongoing circulation of SARS-CoV-2, taking
into account its tropism to vascular endothelial cells, there is
a need to clarify the pathogenetic mechanisms of endothelial
dysfunction and the clinical significance of these changes,
especially in patients with SARS-CoV-2 pneumonia [10].

According to researchers [11], endothelial dysfunction
and the associated risk of thrombosis are the pathogenetic
basis of clinical and paraclinical manifestations of COVID-19.
The study on pathogenetic mechanisms and clinical sig-
nificance of endothelial dysfunction will help to develop
proper effective key elements of therapeutic management
of COVID-19 patients with pneumonia [11].

Aim
To examine the association between serum eNOS levels
and hemostatic parameters in COVID-19 patients with pneu-

monia and to determine its prognostic value in assessing
the risk of oxygen requirements and death.

Material and methods

Atotal of 123 patients with COVID-19 and pneumonia were
followed up. The diagnosis of COVID-19 in all the patients
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was confirmed by the detection of RNA-SARS-CoV-2 in
nasopharyngeal swab specimens by polymerase chain
reaction; pneumonia was diagnosed by chest X-ray or
computed tomography. All patients enrolled in the study
were hospitalized in Municipal Non-Profit Enterprise “Re-
gional Infectious Diseases Clinical Hospital” of Zaporizhzhia
Regional Council and received examination and treatment
in accordance with the Order of the Ministry of Health of
Ukraine No. 722 dated 28.03.2020 “Organization of Medical
Care for Patients with Coronavirus Disease (COVID-19)".
Informed consent was obtained from each patient before
the study.

Serum eNOS levels (Wuhan Fine Biotech Co., Ltd,
China) were determined by enzyme-linked immunosorbent
assay on the basis of the Training Medical and Laboratory
Center of Zaporizhzhia State Medical and Pharmaceutical
University (scientific adviser — PhD, DSc, Associate Profes-
sor R. O. Shcherbyna). To assess changes in eNOS levels,
acontrol group of 20 healthy individuals was formed and pa-
tients with COVID-19 pneumonia were divided into groups,
depending on the disease severity, oxygen requirements
and consequences: 32 patients with moderate disease
severity without oxygen requirements; 45 patients with
severe disease and oxygen requirements who recovered;
46 patients who died.

The prognostic significance of eNOS levels was
assessed for hemostatic parameters in the development
of oxygen requirements by dividing patients into groups:
32 patients with moderate disease severity without
oxygen requirements; 91 patients with severe disease
and oxygen requirements. The prognostic significance
of eNOS levels in relation to hemostasis parameters in
the development of a lethal outcome was assessed by
dividing patients into groups: 77 patients who recovered;
46 patients who died.

An Excel database of patients enrolled in the study
was generated. Statistical processing of the data was
performed using the software Statistica for Windows 13
(StatSoft Inc., No. JPZ8041382130ARCN10-J). The data
were checked for normal distribution using the Shapi-
ro-Wilk test; non-parametric methods of statistical data
processing were used in cases of non-normal distribution.
The results of quantitative data were presented in the form
of median and interquartile ranges Me [Q25; Q75]. The
Mann-Whitney test was employed for analyzing differen-
ces between quantitative features in independent samples,
and the x? test was used to determine differences between
qualitative features. To identify diagnostic significance of
eNOS in predicting the risk of oxygen requirements and
death in COVID-19 with pneumonia, a ROC analysis was
performed to determine cut-offs. Spearman’s correlation
was calculated to assess whether the quantitative parame-
ters vary together. The gamma rank correlation coefficient
was used to detect the relationships between quantitative
and rank characteristics. Differences at a p value <0.05
were considered significant.
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Table 1. Serum eNOS levels in COVID-19 patients with pneumonia at the time of hospitalization depending on the clinical course of the disease,

Me [Q25; Q75]

Parameter, units of
measurement

eNOS, pg/ml

Healthy people,
n=20

2036.29 [1984.49; 2450.09] 883.12[596.32; 1148.39]'

recovered patients requiring
supplemental oxygen support,
n=45

595.24 [295.15; 759.74] 2

COVID-19 patients with pneumonia

without oxygen requirements,
n=32

patients requiring

supplemental oxygen who died,
n=46

155.08 [105.41; 562.27]'2

" significant differences compared to healthy people (p < 0.001); % compared to patients without oxygen requirements (p < 0.001); *: compared to recovered patients with the need for
supplemental oxygen (p < 0.001).

Table 2. Comparison of serum eNOS and hemostatic parameters in COVID-19 patients with pneumonia at the time of hospitalization depending on the

need for supplemental oxygen, Me [Q25; Q75]

Parameter, units of measurement

eNOS, pg/ml
Prothrombin index, %

International normalized ratio

Fibrinogen, g/l

Increased fibrinogen, abs. (%)

D-dimer, pg/ml

Increased D-dimer, % (abs.)

Thrombocytes, x10%n

Thrombocytopenia, abs. (%)

Thrombocytosis, abs. (%)

883.12 [596.32; 1148.39]
111.4 [102.5; 120.5]
0.94[0.88; 1.01]
44[38;5.7]

21(65.6 %)

0.7[0.1; 0.9]

60.0 (3 from 5)

205.0 [162.5; 243.0]

10 (31.3 %)

1(3.1%)

COVID-19 patients with pneumonia

without oxygen requirements, with oxygen requirements,
n=32 n=91

297.36 [157.89; 601.73]*
107.1[94.8; 123.9]
0.93[0.83; 1.05]
53[4.1; 6.4]

73 (80.2 %)

1.3[0.7; 2.2]*

81.5 (44 from 54)
209.0[175.0; 265.0]
25(27.5 %)

4 (4.4 %)

*: significant differences compared to patients without the need for supplemental oxygen (p < 0.05).
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Results

According to the study results, it has been found that the se-
rum eNOS level in patients with COVID-19 and pneumonia
was significantly lower (p < 0.001) than that in healthy control
subjects at the time of hospitalization on day 9.0 [7.0; 12.0]
of the disease.

The rate of serum eNOS decrease in COVID-19
patients with pneumonia clearly depended on the disease
severity, oxygen therapy requirements and the subsequent
disease outcome. The serum eNOS level in recovered
patients from severe disease with oxygen requirements
was lower (p < 0.001) than that in patients with moderate
disease without signs of oxygen requirements. The serum
eNOS level in patients who died was lower (p < 0.001)
than that in patients with moderate disease course without
signs of oxygen requirements and with severe disease
course requiring supplemental oxygen, who subsequently
recovered (Table 1).

The role of eNOS in the progression of COVID-19 in
patients with pneumonia was confirmed by correlations
found between indicators of immune inflammation, hemo-
stasis and biochemical signs characterizing the onset of
multiple organ failure. Thus, we have found a relationship
between eNOS levels and the development of absolute
lymphopenia (gamma 0.29, p = 0.003) and the degree of
C-reactive protein increase (r =-0.39, p < 0.05), confirming
the role ofimmune inflammation in endothelial cell damage.
Correlations have been found between eNOS levels and
hyperfibrinogenemia (gamma 0.22, p = 0.04) and a de-
crease in the international normalized ratio (gamma 0.58,
p < 0.0001), reaffirming the role of endothelial dysfunction
to induce hypercoagulability. In addition, correlations be-
tween eNOS levels and a decrease in glomerular filtration
rate (gamma 0.34, p = 0.0001) and its severity (r = +0.34,

p <0.05) have been found, supporting the role of endothelial
dysfunction in acute kidney injury in COVID-19 patients
with pneumonia.

In the next section of our work, we compared serum
eNOS levels and hemostatic parameters of patients with
COVID-19 pneumonia with the onset of oxygen supplemen-
tation and determined the prognostic significance of eNOS
in assessing the risk of developing oxygen requirements. It
has been revealed that the need for supplemental oxygen
in COVID-19 patients with pneumonia was accompanied
by decreased serum eNOS levels (3-fold, p < 0.001), in-
dicating deteriorated symptoms of endothelial dysfunction
and procoagulant changes, as evidenced by higher levels
of fibrinogen (1.2-fold, p < 0.05) and D-dimer (1.9-fold,
p < 0.05) (Table 2).

Given the almost threefold lower serum eNOS levels
found in patients with COVID-19 pneumonia and oxygen
requirements, we performed a ROC analysis to assess the
prognostic significance of this indicator in the risk of the need
for supplemental oxygen at the time of hospitalization on
day 9.0[7.0; 12.0] of the disease. It has been found that the
threshold serum eNOS level £327.09 pg/ml (AUC = 0.861,
p < 0.001) showed a high probability of the need for sup-
plemental oxygen in patients with COVID-19 pneumonia
(sensitivity — 58.6 %, specificity — 100.0 %) (Fig. 1).

Comparison of serum eNOS levels and hemostatic
parameters in COVID-19 patients with pneumonia, con-
sidering the consequences of this disease, has revealed
significantly lower (4.5 times, p < 0.001) eNOS levels at
the time of hospitalization on day 9.0 [7.0; 12.0] of the
disease in patients who died, as compared to recovered
patients. Asignificant decrease in eNOS levels in COVID-19
patients with pneumonia who died was associated with a
higher level of D-dimer (p < 0.05) and a greater frequency
of its elevation (90.0 % vs 68.9 %, x*= 4.03, p = 0.04)
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Table 3. Comparison of serum eNOS and hemostatic parameters in COVID-19 patients with pneumonia at the time of hospitalization depending on the
disease outcome, Me [Q25; Q75]

Parameter, units of measurement

COVID-19 patients with pneumonia
recovered patients, n =77 patients who died, n = 46

eNOS, pg/ml 703.46 [327.09; 958.88] 155.08 [105.41; 562.27]*
Prothrombin index, % 110.0 [98.4; 124.0] 107.1[94.8; 123.6]
International normalized ratio 0.94[0.87; 1.04] 0.93[0.83; 1.03]
Fibrinogen, g/l 5.2[3.9;5.9] 5.6[4.3;6.3]
Increased fibrinogen, abs. (%) 56 (72.7 %) 38 (82.6 %)
D-dimer, pg/ml 0.9[0.5; 1.8] 1.3[0.9; 2.3]
Increased D-dimer, % (abs.) 68.9 (20 from 29) 90.0 (27 from 30)*
Thrombocytes, x10%/n 220.0[181.0; 287.0] 204.0[158.0; 251.0]
Thrombocytopenia, abs. (%) 19 (24.7 %) 16 (34.8 %)
Thrombocytosis, abs. (%) 4(5.2 %) 1(2.2 %)
*: significant differences compared to recovered patients (p < 0.05).
1
eNOS eNOS
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Fig. 1. Prognostic significance of serum eNOS levels in COVID-19 patients with pneumonia at the time of hospitalization in assessing the risk of oxygen requirements.

Fig. 2. Prognostic significance of serum eNOS levels in COVID-19 patients with pneumonia at the time of hospitalization in assessing the risk of death.

compared to patients who recovered, indicating not only
the presence of severe endothelial dysfunction but also
thrombosis (Table 3). It should be noted that the serum
eNOS level in COVID-19 patients with pneumonia was
strongly correlated not only with the lethal outcome of the
disease (gamma 0.79, p < 0.05), but also with thrombotic
complications (gamma 0.86, p < 0.05). In patients with fatal
COVID-19, thrombotic complications (pulmonary embolism,
ischemic stroke, myocardial infarction) were significantly
more common than in recovered COVID-19 patients with
pneumonia, namely 23.9 % (11 of 46) versus 1.3 % (1 of
77) (x2=16.72, p = 0.0001).

Based on the almost 4.5-fold lower serum eNOS le-
vels detected at the time of hospitalization in patients with
COVID-19 pneumonia who died, we conducted a ROC
analysis to assess the prognostic significance of this indica-
tor in the risk of death. It has been found that the threshold
serum eNOS level £201.75 pg/ml (AUC = 0.892, p <0.001)
indicated a high probability of death from COVID-19 in
patients with pneumonia (sensitivity — 71.4 %, specificity
-96.3 %) (Fig. 2).
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Discussion

The endothelial barrier integrity is known to be particularly
important for the functioning of any organ and strictly
regulated to ensure a controlled exchange of oxygen and
substances between the circulatory system and tissues
[10]. Under physiological conditions, the endothelium has
anticoagulant, anti-inflammatory and antioxidant properties.
A transition from functional endothelium to dysfunctional
one, when the endothelium is rapidly getting prothrombotic,
proinflammatory and prooxidant properties, occurs in the
development of many pathological conditions. However, a
considerable period of time is required to restore endothe-
lial functions in the future [12]. Endothelial cell damage
in COVID-19 occurs not only due to the direct effect of
SARS-CoV-2, but also due to the development of immune
disorders, in particular, a “cytokine storm” [13].

According to the study results, endothelial dysfunction
has been revealed in COVID-19 patients with pneumo-
nia in all clinical variants, as evidenced by significantly
lower serum eNOS levels compared to healthy people
(p<0.001). It should be noted that decreased eNOS levels
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were associated with increased severity of COVID-19 with
pneumonia, the development of oxygen requirements and
further adverse outcomes of the disease. At the time of hos-
pitalization, serum eNOS levels were the lowest in patients
who died (p < 0.001). The informative value of endothelial
assessment in predicting the course of COVID-19 is also
evidenced by the results of other researchers. For example,
faster detachment of SARS-CoV-2-infected endothelial
cells without effective regeneration has been shown [12]. A
decrease in the number of endothelial cells on the vascular
lumen surface led to a decreased NO production due to a
decrease in eNOS, that consequently impaired endotheli-
um-dependent vasodilation [12].

A study [14] has demonstrated that an increase in the
number of circulating endothelial cells was an informative
predictor of severe COVID-19. Another study has shown
the prognostic value of endothelial glycocalyx assessment
by the perfusion border region in COVID-19 patients [15].
In patients with critical COVID-19 who were mechanically
ventilated, severe glycocalyx damage was detected, and
it was the degree of glycocalyx thinning that showed the
highest informative value in predicting 60-day mortality in
this category of COVID-19 patients [16]. It is believed that
shear-induced NO production is largely absent in endothelial
cells lacking glycocalyx [17].

Multiorgan failure occurrence in the context of severe
and critical COVID-19 is worthy of note. Anumber of studies
have demonstrated immunohistochemical evidence of direct
SARS-CoV-2 viral infection of endothelial cells in various
locations, including kidney [16] and liver [18]. According
to the results of our correlation analysis, we have found
a relationship between eNOS levels and a decrease in
glomerular filtration rate (gamma 0.34, p = 0.0001) and
its severity (r = +0.34, p < 0.05), confirming the role of en-
dothelial dysfunction in acute kidney injury in patients with
COVID-19 and pneumonia.

The results of our study have shown that the need
for supplemental oxygen in patients with COVID-19
pneumonia, which reflected the progression of ARDS,
was accompanied by decreased serum eNOS levels
(3-fold, p < 0.001), indicating a worsening of endothelial
dysfunction and procoagulant changes, as indicated by
higher levels of fibrinogen (1.2-fold, p < 0.05) and D-dimer
(1.9-fold, p < 0.05). It is known that eNOS expression is
clearly dependent on an increase in the pool of L-arginine,
which is synthesized from L-citrulline in the citrulline-NO
cycle. The eNOS synthesis cycle is characterized by the
presence of arginosuccinate synthase enzyme, which li-
mits the rate of reactions in this cycle and allows controlling
NO synthesis induced by eNOS [19]. In the context of
ARDS, the availability of L-arginine decreases, which can
lead to the cleavage of eNOS, causing oxidative damage
to both the pulmonary endothelium and epithelium [2].
The ARDS severity is known to reflect the degree of hy-
poxemia caused by a mismatch between ventilation and
perfusion rates, which is primarily the result of changes
in the pulmonary vessels [20].

By results of our study, a comparison of serum eNOS
levels and hemostatic parameters in COVID-19 patients with
pneumonia depending on the disease outcomes, has shown
that at the time of hospitalization, eNOS levels in patients who
died were 4.5 times lower (p < 0.001) than that in patients who

recovered. Significantly decreased eNOS levels in COVID-19
patients with pneumonia who died was associated with a
higher level of D-dimer (p < 0.05) and a greater frequency
of its elevation (90.0 % vs. 68.9 %, p = 0.04) compared to
patients who recovered, indicating not only the presence of
severe endothelial dysfunction but also thrombosis. As is
commonly known, diffuse pulmonary inflammation, which
occurs in the context of ARDS, stimulates an increase in
arginase activity in endothelial cells reducing the L-arginine
availability and, accordingly, causing the eNOS destruction
and contributing to endothelial dysfunction. These changes
explain the formation of an intrapulmonary shunt to areas
where gas exchange is compromised, further worsening the
mismatch between ventilation and perfusion rates, leading
to progressive hypoxemia [2,21].

The results of a study [22] have shown that mortality
from COVID-19 may be associated with a decrease in
the production and bioavailability of endothelial NO. In
addition, vasoconstriction, which progresses as a result of
decreased eNOS activity and reduced NO bioavailability,
has a certain contribution to thrombotic complications
[23]. Based on our study results, the serum eNOS levels
in COVID-19 patients with pneumonia were strongly corre-
lated not only with fatal outcomes of the disease (gamma
0.79, p < 0.05), but also with thrombotic complications
(gamma 0.86, p < 0.05). In patients with fatal outcome,
thrombotic complications (pulmonary embolism, ischemic
stroke, myocardial infarction) were significantly more
common than in COVID-19 patients with pneumonia who
recovered (23.9 % vs. 1.3 %, p = 0.0001).

NO deficiency and reduced eNOS are valuable indi-
cators of endothelial dysfunction and thrombotic events
in various pathological conditions [24]. Since endothelial
dysfunction causes a deterioration in the endogenous
NO availability due to decreased production or increased
breakdown, some researchers have suggested that exo-
genous inhalation of NO can compensate for its deficiency
by providing pulmonary vasodilation, direct antiviral action,
and antithrombotic effects [25]. ARDS during the epidemic
caused by SARS-CoV in 2002-2003, inhaled NO was
tested in 6 critically ill patients. The results of the treatment
showed a number of positive effects, including a reduction
in pulmonary hypertension, improved arterial oxygenation,
and a decrease in the intensity of infiltrative changes in
the lung parenchyma [26]. Inhaled NO therapy for patients
with COVID-19 is currently being investigated in a range
of clinical trials [11].

Conclusions

1. The serum eNOS levels in COVID-19 patients
with pneumonia at the time of hospitalization on day 9.0
[7.0; 12.0] was lower (p < 0.001) than in healthy individu-
als, and their degree of decrease depends on the disease
severity, oxygen requirements and subsequent outcomes
of the disease. The role of eNOS in the progression of
COVID-19 in patients with pneumonia has been con-
firmed by correlations (p < 0.05) between eNOS levels
and the development of absolute lymphopenia, C-re-
active protein levels, hyperfibrinogenemia, decreased
international normalized ratio, glomerular filtration rate
and its severity.
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2. The need for supplemental oxygen in COVID-19
patients with pneumonia was accompanied by worsening
of endothelial dysfunction and procoagulant changes,
confirmed by decreased serum eNOS levels (p < 0.001),
increased levels of fibrinogen (p < 0.05) and D-dimer
(p < 0.05). The threshold serum level of eNOS <327.09
pg/ml (AUC = 0.861, p < 0.001) was predictive of oxygen
requirements in patients with COVID-19 pneumonia.

3. In patients with COVID-19 pneumonia who died,
the admission eNOS levels were lower (p < 0.001) than in
recovered patients, that was associated with higher levels
of D-dimer (p < 0.05) and a greater frequency of its eleva-
tion (p = 0.04) compared to recovered patients. The eNOS
levels were strongly correlated not only with the lethal out-
come of the disease (gamma 0.79, p < 0.05), but also with
thrombotic complications (gamma 0.86, p < 0.05), which
occurred more often in patients with unfavorable outcome
(23.9 % vs. 1.3 %, p = 0.0001). The threshold serum level
of eNOS £201.75 pg/ml (AUC = 0.892, p < 0.001) indicated
a high probability of death from COVID-19 in patients with
pneumonia.

Prospects for further research. Prospects for further
research in this area, in our opinion, are to determine the
diagnostic significance of eNOS levels in assessing the
effectiveness of treatment for patients with oxygen re-
quirements and to develop ways of correcting endothelial
dysfunction in patients with COVID-19 pneumonia.

Conflicts of interest: authors have no conflict of interest to declare.
KoHAIKT iHTepeciB: BiACyTHIl.

Hapinwnaa po pepakuii / Received: 20.08.2024
Micas poonpautoBaHHs / Revised: 10.09.2024
CxBaneHo A0 Apyky / Accepted: 23.09.2024

Information about authors:

Riabokon 0. V., MD, PhD, DSc, Professor, Head of the Department
of Infectious Diseases, Zaporizhzhia State Medical and
Pharmaceutical University, Ukraine.

ORCID ID: 0000-0002-7394-4649

Kuliesh 1. 0., MD, Graduate student of the Department

of Infectious Diseases, Zaporizhzhia State Medical and
Pharmaceutical University, Ukraine.

ORCID ID: 0000-0001-5575-9901

Bielenichev I. F., PhD, DSc, Professor, Head of the Department of
Pharmacology and Medical Formulation with Course of Normal
Physiology, Zaporizhzhia State Medical and Pharmaceutical
University, Ukraine.

ORCID ID: 0000-0003-1273-5314

Riabokon Yu. Yu., MD, PhD, DSc, Professor of the Department

of Children Infectious Diseases, Zaporizhzhia State Medical and
Pharmaceutical University, Ukraine.

ORCID ID: 0000-0002-2273-8511

BipomocrTi npo aBTOpiB:

PsabokoHb O. B., A-p Mea. Hayk, Npodecop, 3aB. kad. IHOEKLIHKX
XBOP0O, 3anopisbkuii AepXaBHUI MEANKO-GaPMaALEBTUHYHMIA
yHiBepcuTeT, YkpaiHa.

Kyaew 1. 0., acnipaHT kad. iHGeKLUIiH1X XBOPoO, 3anopisbkuit
AEPXaBHWIA MeAUKO-DapMaLIeBTUUHUI YHIBEPCUTET, YKpaia.
BeneHiues I. ®., A-p 6ioa. Hayk, npodecop, 3aB. kad. dapmMakonorii
Ta MEAMYHOT PELENTYPU 3 KyPCOM HOPMaAbHOT isionorii,
3anopi3bk1i AepXaBHUIA MeAUKO-GapMaLeBTUYHWI YHIBEPCUTET,
YkpaiHa.

PsabokoHsb t0. 0., A-p Mea. Hayk, npodecop Kad. AUTAUMX
HOEKLIMHUX XBOPOO, 3anopi3bkuit AepXaBHUI MEAUKO-
dapmaLEeBTUYHUI yHiBEPCHUTET, YKpaiHa.

3anopisbkuint MeguaHnii xxypHan. Tom 26, Ne 6(147), nuctonag — rpyaeHs 2024 p.

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Lu R, Zhao X, Li J, Niu P, Yang B, Wu H, et al. Genomic character-
isation and epidemiology of 2019 novel coronavirus: implications for
virus origins and receptor binding. Lancet. 2020;395(10224):565-74.
doi: 10.1016/S0140-6736(20)30251-8

Guimarées LM, Rossini CV, Lameu C. Implications of SARS-Cov-2
infection on eNOS and iNOS activity: Consequences for the respiratory
and vascular systems. Nitric Oxide. 2021;111-112:64-71. doi: 10.1016/}.
niox.2021.04.003

Colmenero |, Santonja C, Alonso-Riafio M, Noguera-Morel L, Hernan-
dez-Martin A, Andina D, et al. SARS-CoV-2 endothelial infection
causes COVID-19 chilblains: histopathological, immunohistochemical
and ultrastructural study of seven paediatric cases. Br J Dermatol.
2020;183(4):729-37. doi: 10.1111/bjd. 19327

Puelles VG, Litgehetmann M, Lindenmeyer MT, Sperhake JP, Wong
MN, Allweiss L, et al. Multiorgan and Renal Tropism of SARS-CoV-2. N
Engl J Med. 2020;383(6):590-2. doi: 10.1056/NEJMc2011400

Shang J, Wan Y, Luo C, Ye G, Geng Q, Auerbach A, et al. Cell
entry mechanisms of SARS-CoV-2. Proc Natl Acad Sci U S A.
2020;117(21):11727-34. doi: 10.1073/pnas.2003138117

Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger N, Herrler T,
Erichsen S, et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TM-
PRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell.
2020;181(2):271-80.€8. doi: 10.1016/}.cell.2020.02.052

Ackermann M, Verleden SE, Kuehnel M, Haverich A, Welte T, Laenger
F, et al. Pulmonary Vascular Endothelialitis, Thrombosis, and Angio-
genesis in Covid-19. N Engl J Med. 2020;383(2):120-8. doi: 10.1056/
NEJMoa2015432

Ambrosino P, Calcaterra IL, Mosella M, Formisano R, D’Anna SE,
Bachetti T, et al. Endothelial Dysfunction in COVID-19: A Unifying
Mechanism and a Potential Therapeutic Target. Biomedicines.
2022;10(4):812. doi: 10.3390/biomedicines10040812

de Rooij LPMH, Becker LM, Carmeliet P. A Role for the Vascular En-
dothelium in Post-Acute COVID-19? Circulation. 2022;145(20):1503-5.
doi: 10.1161/CIRCULATIONAHA.122.059231

Latreille E, Lee WL. Interactions of Influenza and SARS-CoV-2 with
the Lung Endothelium: Similarities, Differences, and Implications for
Therapy. Viruses. 2021;13(2):161. doi: 10.3390/v13020161
Elyaspour Z, Zibaeenezhad MJ, Razmkhah M, Razeghian-Jahro-
mi I. Is It All About Endothelial Dysfunction and Thrombosis
Formation? The Secret of COVID-19. Clin Appl Thromb Hemost.
2021;27:10760296211042940. doi: 10.1177/10760296211042940
Six |, Guillaume N, Jacob V, Mentaverri R, Kamel S, Boullier A, et
al. The Endothelium and COVID-19: An Increasingly Clear Link Brief
Title: Endotheliopathy in COVID-19. Int J Mol Sci. 2022;23(11):6196.
doi: 10.3390/jms23116196

Chen X, Zhao B, Qu Y, Chen Y, Xiong J, Feng Y, et al. Detectable
Serum Severe Acute Respiratory Syndrome Coronavirus 2 Viral Load
(RNAemia) Is Closely Correlated With Drastically Elevated Interleukin
6 Level in Critically Il Patients With Coronavirus Disease 2019. Clin
Infect Dis. 2020;71(8):1937-42. doi: 10.1093/cid/ciaa449

Guervilly C, Burtey S, Sabatier F, Cauchois R, Lano G, Abdili E, et
al. Circulating Endothelial Cells as a Marker of Endothelial Injury in
Severe COVID -19. J Infect Dis. 2020;222(11):1789-93. doi: 10.1093/
infdis/jiaa528

Rovas A, Osiaevi |, Buscher K, Sackarnd J, Tepasse PR, Fobker M,
et al. Microvascular dysfunction in COVID-19: the MYSTIC study.
Angiogenesis. 2021;24(1):145-57. doi: 10.1007/s10456-020-09753-7
Varga Z, Flammer AJ, Steiger P, Haberecker M, Andermatt R, Zinker-
nagel AS, et al. Endothelial cell infection and endotheliitis in COVID-19.
Lancet. 2020;395(10234):1417-8. doi: 10.1016/S0140-6736(20)30937-5
Pahakis MY, Kosky JR, Dull RO, Tarbell JM. The role of endothelial
glycocalyx components in mechanotransduction of fluid shear stress.
Biochem Biophys Res Commun. 2007;355(1):228-33. doi: 10.1016/j.
bbrc.2007.01.137

Kondo 'Y, Larabee JL, Gao L, ShiH, Shao B, Hoover CM, et al. L-SIGN
is a receptor on liver sinusoidal endothelial cells for SARS-CoV-2
virus. JCI Insight. 2021;6(14):e148999. doi: 10.1172/jci.insight.148999
Flam BR, Eichler DC, Solomonson LP. Endothelial nitric oxide produc-
tion i tightly coupled to the citrulline-NO cycle. Nitric Oxide. 2007;17(3-
4):115-21. doi: 10.1016/).niox.2007.07.001

Marini JJ, Gattinoni L. Management of COVID-19 respiratory distress.
JAMA. 2020;323(22):2329-30. doi: 10.1001/jama.2020.6825
Monticelli LA, Buck MD, Flamar AL, Saenz SA, Tait Wojno ED,
Yudanin NA, et al. Arginase 1 is an innate lymphoid-cell-intrinsic
metabolic checkpoint controlling type 2 inflammation. Nat Immunol.
2016;17(6):656-65. doi: 10.1038/ni.3421

Ozdemir B, Yazici A. Could the decrease in the endothelial nitric
oxide (NO) production and NO bioavailability be the crucial cause
of COVID-19 related deaths? Med Hypotheses. 2020;144:109970.
doi: 10.1016/.mehy.2020.109970

ISSN 2306-4145  http://zmj.zsmu.edu.ua 455


https://orcid.org/0000-0002-7394-4649
https://orcid.org/0000-0001-5575-9901
https://orcid.org/0000-0003-1273-5314
https://orcid.org/0000-0002-2273-8511
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.1016/j.niox.2021.04.003
https://doi.org/10.1016/j.niox.2021.04.003
https://doi.org/10.1111/bjd.19327
https://doi.org/10.1056/NEJMc2011400
https://doi.org/10.1073/pnas.2003138117
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1056/NEJMoa2015432
https://doi.org/10.1056/NEJMoa2015432
https://doi.org/10.3390/biomedicines10040812
https://doi.org/10.1161/CIRCULATIONAHA.122.059231
https://doi.org/10.3390/v13020161
https://doi.org/10.1177/10760296211042940
https://doi.org/10.3390/ijms23116196
https://doi.org/10.1093/cid/ciaa449
https://doi.org/10.1093/infdis/jiaa528
https://doi.org/10.1093/infdis/jiaa528
https://doi.org/10.1007/s10456-020-09753-7
https://doi.org/10.1016/S0140-6736(20)30937-5
https://doi.org/10.1016/j.bbrc.2007.01.137
https://doi.org/10.1016/j.bbrc.2007.01.137
https://doi.org/10.1172/jci.insight.148999
https://doi.org/10.1016/j.niox.2007.07.001
https://doi.org/10.1001/jama.2020.6825
https://doi.org/10.1038/ni.3421
https://doi.org/10.1016/j.mehy.2020.109970

Original research

23. Gresele P, Momi S, Guglielmini G. Nitric oxide-enhancing or -releasing
agents as antithrombotic drugs. Biochem Pharmacol. 2019;166:300-12.
doi: 10.1016/j.bcp.2019.05.030

24. Tousoulis D, Kampoli AM, Tentolouris C, Papageorgiou N, Stefanadis
C. The role of nitric oxide on endothelial function. Curr Vasc Pharmacol.
2012;10(1):4-18. doi: 10.2174/157016112798829760

25. Martel J, Ko YF, Young JD, Ojcius DM. Could nasal nitric oxide help to
mitigate the severity of COVID-19? Microbes Infect. 2020;22(4-5):168-
71. doi: 10.1016/).micinf.2020.05.002

26. ChenlL, LiuP, Gao H, Sun B, Chao D, Wang F, et al. Inhalation of nitric
oxide in the treatment of severe acute respiratory syndrome: a rescue
trial in Beijing. Clin Infect Dis. 2004;39(10):1531-5. doi: 10.1086/425357

456 ISSN 2306-4145 http://zmj.zsmu.edu.ua Zaporozhye Medical Journal. Volume 26. No. 6, November — December 2024


https://doi.org/10.1016/j.bcp.2019.05.030
https://doi.org/10.2174/157016112798829760
https://doi.org/10.1016/j.micinf.2020.05.002
https://doi.org/10.1086/425357

	Riabokon O. V., Kuliesh I. O., Bielenichev I. F., Riabokon Yu. Yu. [The endothelial NO synthase content in the blood serum of patients with coronavirus disease (COVID-19) with pneumonia in association with hemostatic parameters depending on the clinical course and its prognostic significance]
	Article info
	UDC
	DOI
	Key words
	*E-mail

	Introduction

	Aim
	Material and methods
	Results 
	Conclusions 
	Prospects for further research
	Conflicts of interest
	Information about authors
	Відомості про авторів

	References
	Tables
	Table 1. Serum eNOS levels in COVID-19 patients with pneumonia at the time of hospitalization depending on the clinical course of the disease, Me [Q25; Q75]
	Table 2. Comparison of serum eNOS and hemostatic parameters in COVID-19 patients with pneumonia at the time of hospitalization depending on the need for supplemental oxygen, Me [Q25; Q75]
	Table 3. Comparison of serum eNOS and hemostatic parameters in COVID-19 patients with pneumonia at the time of hospitalization depending on the disease outcome, Me [Q25; Q75]

	Figures
	Fig. 1. Prognostic significance of serum eNOS levels in COVID-19 patients with pneumonia at the time of hospitalization in assessing the risk of oxygen requirements.
	Fig. 2. Prognostic significance of serum eNOS levels in COVID-19 patients with pneumonia at the time of hospitalization in assessing the risk of death.



