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ABSTRACT

Life expectancy is a key indicator for assessing the population
health, as it includes an estimate of lifetime mortality rates from
various causes. Since 2019, coronavirus disease 2019 (COVID-19) has
become the main cause of increased mortality and decreased life
expectancy. This is mainly due to unfavorable outcomes of COVID-19
in the acute period. Currently, more and more data is accumulating
regarding the negative impact of an incurred COVID-19 on the aging
rates and the development of cardiovascular complications, which
persists for a long time after the pathogen is eliminated from the
body. It is believed that the development of systemic endotheliopathy
can be a key mechanism of such long-term outcomes. Despite the
widespread distribution of this infection in the population and the
large number of cases of prolonged COVID-19 syndrome, the results
on the long-term impact of COVID-19 on the development and course
of endotheliopathy are scattered and do not provide a comprehensive
understanding of risk factors and possible methods of prevention of
such endotheliopathies, that could be used for practical needs.
Therefore, our review summarized data on the pathogenetic
mechanism of development, course features and risk factors of
endotheliopathies in relation to COVID-19. We also presented
methods of prevention of systemic endotheliopathy in patients with a
history of COVID-19 with an emphasis on the dietary component and
included our own research results regarding this matter.
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prevention methods

Medical Research Archives | https://esmed.org/MRA /index.php /mra/article /view /3311 1



https://esmed.org/MRA/index.php/mra/article/view/3311
https://doi.org/10.18103/mra.v10i10.3311
https://doi.org/10.18103/mra.v10i10.3311
https://doi.org/10.18103/mra.v10i10.3311
https://doi.org/10.18103/mra.v10i10.3311
mailto:kolesnikova1973@gmail.com
https://esmed.org/MRA/mra
https://esmed.org/

Medical
Research
Archives

Introduction

COVID-19 as the main cause of life expectancy
reduction

Life expectancy is a key indicator for
assessing the population health, as it includes an
estimate of lifetime mortality rates from various
causes. Since 1900, the average life expectancy
worldwide has doubled and now exceeds 70 years.
Since 1870, life expectancy has increased
significantly around the world: from 34 to 79 years
in Europe, from 35 to 77 years in America, from
27.5 to 73.6 years in Asia, and from 26 years to
63 years in Africa
(https:/ /ourworldindata.org/life-expectancy). The
present improvement of diagnostic methods and
treatment and preventive measures and their broad
implementation among the population have become
the main factors that constantly contribute to the
increase in the life expectancy of people, and,
accordingly, the increase in the average expected
life expectancy. In the US, the leading causes of
death among adults, the rate of which even
increased between 2014 and 2018, were
accidents, medications, firearms, alcohol, suicide,
and chronic noncommunicable diseases (CNCDs),
namely stroke and diabetes. Mortality from
infectious  diseases, chronic lung diseases,
cardiovascular diseases and malignant neoplasms,
on the contrary, decreased during this period .

Coronavirus disease 2019 (COVID-19) has
become the main cause of increased mortality and
decreased life expectancy in patients with COVID-
19 since 2019. Thus, according to the results of
assessment of life tables in 29 countries (Aburto J.
M., 2022) COVID-19 led to a loss of life
expectancy at birth in 27 countries from 2019 to
2020, the largest of which — more than 1 year —
was found among women in 8 countries and men in
11 countries, mainly due to increased mortality
rates in the elderly age groups. For these countries,
it took an average of 5.6 years to increase their life
expectancy by 1 year and this progress was wiped
out during 2020 due to COVID-19. Losses in life
expectancy in Central and Eastern Europe in 2020
exceeded those seen since the collapse of the
Eastern Bloc (excluding Lithuania and Hungary),
while similar losses in Western Europe were last
seen during World War Il. Compared to recent
trends, women from 15 countries and men from 10
countries in 2020 had lower life expectancy at birth
than in 2015, when life expectancy was negatively
impacted by a particularly severe flu season 2.

Currently, the significant shortening of life
expectancy due to COVID-19 is associated
precisely with the acute course of the disease and
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advanced age. A retrospective review by Slater
and colleagues 3 demonstrates that the cause of
death in the vast majority of hospitalized patients
with  SARS-CoV-2 is a direct consequence of
COVID-19 infection. A study of mortality in 8
countries with a wide range of life expectancies,
around 20 years (between 60 and 80), showed that
approximately 65% of deaths from COVID-19
occurred above life expectancy in these countries,
that is, among the elderly, who usually suffer from
comorbid pathology, among which CVDs occupy an
important place “.

The development of endotheliopathy after
COVID-19 as a possible mechanism for
accelerating aging rates

There is still not enough time to assess the
long-term effects of an incurred COVID-19 on the
reduction of life expectancy. However, the results
of recent studies already confirm the impact of the
incurred COVID-19 infection on the acceleration of
aging, which in the future may lead to an increase
in CNCDs and, consequently, a further increase in
mortality. Thus, Mongelli and colleagues 5 found
that COVID-19 survivors had a higher biological
age delta, calculated on the basis of methylation
results (10.45 £ 7.29 years vs 3.68 * 8.17 years),
more often had accelerated rates of aging (76.6%
vs 48.9%) and shorter telomeres (3.03 * 2.39 kb
vs 10.67 £ 11.69 kb) compared to COVID-free
patients. Patients <60 years of age were most
affected, which may increase the risk of
development of various pathological conditions in
young and middle age, and therefore the risk of
increased comorbidity in old age 5. Similar results
were obtained by Cao X. et al. (2022), namely
patients with severe COVID-19 compared to
patients with mild COVID-19 and patients with mild
COVID-19 compared to healthy individuals had a
significant acceleration of DNAm age according to
the Horvath, Hannum, and GrimAge clocks and a
significant DNAm telomere length attrition
acceleration ©.

In addition, there is already evidence in
favor of a future increase in the frequency of
pathological conditions and their complications
among COVID-19 convalescents, namely, an
increase in cardiovascular complications in patients
with acute COVID-19, the development and
persistence over many years of metabolic disorders
in SARS-CoV-1 convalescents and the development
of long COVID-19 in COVID-19 convalescents.
COVID-19 is a respiratory infectious disease, but it
also has a wide range of identified extrapulmonary
disorders and complications, which can persist for a
long time even after the elimination of the infectious
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agent from the patient's body. The most common
extrapulmonary disorders are CVDs. It is believed
that the development of endotheliopathies is one
of the key links in the emergence of vascular
complications in COVID-19, because the COVID-19
course is often associated with pulmonary and
extrapulmonary vascular inflammation at both the
macro- and microvascular level, and the subsequent
development of endothelial disorders.

Vascular  endothelium, consisting of a
monolayer of endothelial cells (EC), plays an
important role in the regulation of many important
functions in the human body, such as maintaining
normal rheological properties of blood, hemostasis,
angiogenesis, and also participates in the
development of inflammatory processes and
immune responses. As a result, damage to the
endothelium in patients with COVID-19 may be the
main reason for the acceleration of vascular aging
processes and the development of related systemic
pathologies.

Endothelial damage in patients with COVID-
19 is due to the fact that the virus, namely severe
acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), infects people by binding through the
angiotensin-converting enzyme 2 (ACE-2) receptor,
which is expressed not only by type 2 alveolar cells
and bronchial epithelial cells, but also significantly
by EC. The direct effect of SARS-CoV-2 (SARS-
CoV-2 replication) on EC is still not fully confirmed,
but it remains likely that viral components stimulate
the activation of EC 7, and the intracellular presence
of viral bodies in EC partially confirms the
participation of the virus in development of
endotheliopathy 8. On the other hand, development
of endotheliopathies is the result of release of
inflammatory mediators by infected cells and the
activation of immune reactions. Such mechanisms of
damage to the endothelium contribute to the
frequent occurrence of endotheliopathies in patients
with COVID-19, and the systemic nature of the
process determines the high risk of damage to those
systems and organs in which the endothelium is
present, which today is considered as an organ
weighing 1.5-1.8 kg (which can be compared with
the mass of the liver) or a continuous monolayer of
endothelial cells 7 km long; the surface area of the
endothelium is about 600 m2. That is, based on the
evidence that endothelial dysfunction (ED) is
associated with the risks of the development and
progression of atherosclerosis, hypertension,
coronary insufficiency, myocardial infarction,
diabetes and insulin resistance, renal failure,
dyslipidemia, endocrine disorders, etc., then it can
be assumed that in the coming decades, patients
with a history of COVID-19 will face the
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progression of all existing chronic diseases, in the
pathogenesis of which ED plays a leading role,
which will result in an increase in morbidity and
mortality, and, consequently, an acceleration of the
aging process, an increase in mortality due to
systemic  complications and  reduced life
expectancy.

Nowadays, plenty of results of studies
investigating the development and course of
endotheliopathies among COVID-19 patients are
available 8 10, However, despite the wide
distribution of this infection among the population
and a large number of cases of long-Covid
syndrome, the results regarding the impact of
incurred COVID-19 on the development and course
of endotheliopathies are quite limited.

The purpose of our review was to summarize
the results of modern scientific research on
pathogenetic mechanism of development, course
features, risk factors and possible prevention
methods of systemic endotheliopathy in patients
with a history of COVID-19. The obtained results
can become the basis for the future creation of
effective algorithms with the aim of prolonging the
life expectancy of patients with inccured COVID-
19.

Endothelial changes in COVID-19 acute period
Persistent EC activation is a common
phenomenon during 10 weeks of acute SARS-CoV-
2 infection, so both pulmonary and extrapulmonary
endotheliopathies are highly prevalent disorders in
patients with COVID-19 1112, Currently available
studies show that SARS-CoV-2 can affect the
function of the endothelium in two ways: 1) by
directly affecting ECs and causing their damage,
death, detachment; 2) indirectly — as a result of the
induction of secretion of pro-inflammatory
cytokines, immune cells, activated platelets and the
development of type 3 hypersensitivity. Both
mechanisms of effect on the endothelium are
directly related to the severity of COVID-19, which
links the course of endotheliopathies with the course
of COVID-19 713, Damage to the endothelium
during a severe course of COVID-19 is usually
accompanied by disturbance of coagulation
processes, which may be one of the main factors in
increasing the frequency of thrombotic events in
these patients and increasing mortality 1415,
Among the consequences of the negative
impact of COVID-19 on the endothelium, we can
highlight a violation of the barrier function of the
endothelium, the system of hemostasis and vascular
tone. All of them are interrelated, because they
have common causes: disruption of intercellular tight
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junctions (presence and relative density along the
vascular tree), damage to the EC glycocalyx,
damage, apoptosis or detachment of EC, excessive
release of endothelial extracellular vesicles (EVs).
Disruption of tight junctions and glycocalyx is usually
caused by direct exposure to SARS-CoV-2, which
causes  significant changes in  endothelial
permeability 6. Damage to ECs and an increase in
the speed of their exfoliation also occurs under the
direct influence of the virus on ECs and reduces the
efficiency of EC regeneration. The consequence of
this, on the one hand, is a significant increase in
levels of circulating ECs and endothelial
extracellular vesicles (EVs) (exosomes, microvesicles,
and apoptotic bodies) in the bloodstream, and on
the other hand, a decrease in vascular reactivity
and disruption of the synthesis of hemostasis factors,
factors involved in the relaxation and contraction of
blood vessels 817, Apoptotic ECs detached from the
intima, as well as apoptotic ECs in the intima,
become procoagulants due to the increased
expression of phosphatidylserine and the loss of
anticoagulant components, which contributes to an
increase in systemic inflammation, blood rheology
disorders, and the emergence of endothelial
dysfunction 81819 The proportion of circulating EVs
secreted by ECs compared to EVs originating from
platelets and erythrocytes is relatively low under
physiological conditions, but there is a significant
increase in large EVs (100—-300 nm) and small EVs
(30-100 nm) in patients with COVID-19. In
addition, the type of EVs in patients with COVID-19
is strongly associated with D-dimer levels, and
elevated EV levels of prothrombotic/endothelial
damage factors and proteins associated with
cardiovascular pathology (MB, PRSS8, REN, HGF),
is related with the severity of a COVID-19 case,
which suggests that EVs play an important role in
the formation of thrombotic complications in patients
with COVID-19 10.20.21,

Increased cytokine synthesis during COVID-
19 may participate in the development of all of the
following consequences of endothelial damage. For
example, TNF-a can change the composition and
structure of tight junctions, reduce vasorelaxation,
induce contraction of arterial segments, accelerate
aging and induce oxidative stress in ECs by
reducing the degradation of asymmetric
dimethylarginine, and in high concentrations —
reduce the level of eNOS and thereby shorten the
half-life of NO; IL-6 affects the permeability of ECs
due to its influence on tight junctions, as well as on
remodeling of the structure and changes in actin
contractility, it modulates vascular function by
increasing the expression of angiotensin Il type 1
receptor mRNA, which subsequently leads to
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greater vasoconstriction, greater formation of free
oxygen radicals and the occurrence of ED; IL-1B
inhibits EC proliferation. Activation of ECs by
cytokines can activate NADPH oxidases, which
generate superoxide anions, contributing to local
oxidative stress, while under normal conditions, ECs,
on the contrary, reduce local oxidative stress: they
synthesize superoxide dismutases, which absorb
important active forms of oxygen O-2, glutathione
peroxidases, heme oxygenases. In severe COVID-
19 cases, the secretion of cytokines becomes
excessive and is called a cytokine storm, which
leads to an even greater violation of the integrity
and function of the ECs 89.14,15,22,23,

In  summary, the development of
endotheliopathies during the acute period of
COVID-19 occurs as a result of the direct
(replication of the virus in the ECs) and indirect
(development of a pro-inflammatory state,
oxidative stress, immune reactions) negative impact
of SARS-CoV-2. The consequences of such a lesion
are disturbance of the endothelial barrier,
homeostasis, an increase in apoptosis, the number
of circulating ECs and EVs associated with impaired
relaxation of the vessel wall, which collectively
leads to the formation of intravascular microthrombi
and an even greater deepening of the processes of
inflammation and thrombus formation.

Endotheliopathies in COVID-19 convalescents or
patients with prolonged COVID-19 syndrome
Endotheliopathy is very common among
convalescent COVID-19  patients.  Persistent
activation of ECs and dysregulation of angiogenesis
in COVID-19 convalescents (at least in 6 weeks
after an acute COVID-19 disease) was observed in
a recent study by Fogarty and colleagues 24. And
Sollini et al. 25 studied 10 patients with a mean age
of 52 years, associated symptoms persisting after
COVID-19 with the presence of vascular
inflammation, the marker of which was an increase
in the target-to-blood pool ratio in three vascular
regions (thoracic aorta, right iliac artery and
femoral artery) compared to the control. However,
despite the emergence of the hypothesis that
COVID-19, especially at late complicated stages, is
an endothelial disease, the exact mechanism
underlying the development of endotheliopathies
and their persistence among patients who have
recovered from SARS-CoV-2 is still unknown. It is
assumed to be related to a gradual decrease in the
inflammation level at late stages of the disease until
complete remission, however, the available study
results show that even after normalization of acute-
phase markers, endotheliopathy can persist in a
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patient for a long time after the disease resolution
11,13,23,26,

Endotheliopathy is believed to underlie the
development of long-Covid syndrome, so it is not
surprising that the risk factors for these two
pathologies are the same. In addition to a number
of authors who found a relationship between
symptoms and markers of endotheliopathy, this is
also supported by the results of Whitaker et al.,
who found that in patients who suffered from
COVID-19 a year ago, the frequency of some
systemic symptoms (diarrhea, skin redness and
itching, nausea/vomiting, chest pain) even
increased, which may be a consequence of the long-
term persistence of endotheliopathy 27, The
presence of symptoms of long-Covid syndrome in
patients after incurred COVID-19 can be
considered not as a risk factor for endotheliopathy,
but rather as an indicator of this pathology. In a
study by Tong et al. 28, serum levels of VCAM-1,
ICAM-1, P-selectin, and fractalkine were not
significantly different between 345 individuals with
COVID-19 in one year after hospital discharge and
healthy controls. However, considering the
proportion of symptomatic patients after an
incurred COVID-19 (39% of those who recovered
had post-Covid syndrome), it can be assumed that
the obtained results are due to the low proportion
of symptomatic patients among the convalescents.

Risk groups for the development of
endotheliopathies among COVID-19 patients

Which patient categories are more prone to
the risk of developing endotheliopathies after
suffering from COVID-192 Based on conducted
studies, these include:

e Female gender;

o Elderly age;

® Presence of cardiovascular risk factors
(CVR), including increased body mass index,
smoking, etc.;

e Presence of 2 or more comorbid
pathologies;

® Hospitalization during the COVID-19 acute
phase.

Thus, women have a higher probability of
developing endotheliopathies and have 1.5 times
more symptoms associated with long-Covid
syndrome 11.27.29,

The relation of endotheliopathies with
increasing age, especially >50 years, is probably
due, on the one hand, to a decrease in
compensatory mechanisms, the rate of damage
elimination, regeneration, and on the other hand, to
an increased intensity of the main mechanisms of
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aging, such as inflammation and violation of redox
balance, which have already undergone significant
changes as a result of COVID-19, that causes a
broad range of further complications 11.27.29,
However, it cannot be said that age is a limiting
factor in the development of endotheliopathies.
Even in young patients, according to the results of a
number of studies, systemic disorders of the
endothelial functions developed. Ratchford et al. 3°
conducted a cross-sectional analysis of healthy
young adults and young adults (mean age
20.2 1.1 years) who tested positive for SARS-
CoV-2 3-4 weeks prior to testing to identify
potential systemic effects of SARS-CoV-2 on the
vascular system. The index of brachial artery flow-
mediated vasodilatation (FMD) in the arm and
single passive leg movement (sPLM) were lower in
the  SARS-CoV-2  group, suggesting the
development of ED in these patients. Similar data
were obtained by Nandadeva et al. 3! in a study
of 16 young adults at least 4 weeks after a
diagnosis of COVID-19: FMD and peak velocity
after cuff removal were significantly reduced in
young adults who were still symptomatic.
Interestingly, the asymptomatic subjects had similar
vascular function compared to the control group.
Such results  further  confirm  that
endotheliopathy is a key mechanism for the
resolution and persistence of symptoms after
recovery from COVID-19 31, Attention is also drawn
to the fact that functional disorders were observed
in young patients in the absence of detected
prothrombotic changes, while the authors of studies
involving older patients after incurred COVID-19
emphasize changes in coagulation processes and
the risk of developing thrombotic complications.
Thus, von Meijenfeldt et al. 32 associated vascular
damage with systemic hypercoagulation and a
hypofibrinolytic  state. In 52 COVID-19
convalescents (mean age 59 years), persistent
prothrombotic changes (increased ability to
generate thrombin and decreased fibrinolytic
potential of plasma) were observed during a 4-
month follow-up compared to healthy controls,
although PT, V factor, VWF, fibrinogen, D-dimer
and thrombin-antithrombin levels normalized after
4 months of follow-up to levels similar to those found
in healthy controls. The prothrombotic state was
significantly worse (as measured by reduced
thrombin generation time, increased endogenous
thrombin potential, and peak thrombin level) in
COVID-19 convalescents (=50, mean age 50 *
17 years) up to 10 weeks after acute SARS-CoV-2
infection (median follow-up 68 days), compared to
controls in the study by Fogarty et al.'l It is
interesting that the authors of the study suggested
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that prothrombotic changes may contribute to the
further loss of normal EC rest 1. In their subsequent
study, these authors added that EC activation and
plasma hypercoagulability, as assessed by
thrombin generation assays, persisted up to 8
months after hospital discharge and normalized in
1 year, while the hyperfibrinolytic state persisted
even after 12 months. That is, in patients >50 years
of age, in one year after an incurred COVID-19,
the fibrin level can be one of the effective indirect
markers of endotheliopathy 33.

As for cardiovascular risk factors, it has been
proven that they, along with cardio-metabolic
factors, are significantly associated with the
development, course and duration of systemic
endotheliopathy. Thus, Chioh et al. 34 demonstrated
that in patients who had incurred COVID-19,
endothelial disorders increased with the growth of
CVR, and in the presence of a similar CVR factor
with patients in the control group, these disorders
were more pronounced in patients with incurred
COVID-19 and pre-existing diseases (arterial
hypertension, diabetes mellitus).

Hospitalization during the acute phase of
COVID-19 is another, but no less important, risk
factor for endotheliopathy. Santoro et al. 35
followed up 658 patients with COVID-19 three
months after a negative SARS-CoV-2 molecular test
and found an association between the risk of ED
and the severity of COVID-19. A significant
decrease in FMD was observed with increasing
severity of COVID-19, and ED was more common
among patients who were hospitalized during the
acute period of illness compared to those treated
at home (78.3% vs 21.7%).

Hospitalization due to COVID-19 as a risk
factor is likely due to the fact that such patients have
a significantly increased pro-inflammatory state
(including the development of a cytokine storm) and
usually a significantly higher viral load. A significant
number of viral particles and proteins causes, first
of all, more pronounced damage to the glycocalyx
and negatively affects the tight junctions of the ECs.
Pronounced inflammation causes  significant
damage to the endothelium during the acute period
of COVID-19 and adversely affects the state and
function of the endothelium until these levels
normalize. Chioh and colleagues 34 identified
increased levels of pro-inflammatory cytokines such
as IL-1B, IL-17A, IL-2, and RANTES in the early
phase of recovery from COVID-19, which was
associated with increased levels of circulating ECs.
The obtained data indicate the development of
cytokine-driven endothelial disorders in patients
who have incurred COVID-19. Fan et al. 3¢

evaluated 39 patients (mean age 43 years) in
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12.7 £ 3.6 months after recovery from COVID-19
and found that hypercoagulation, ED, and
inflammation were still detectable in some patients
approximately 1 year after recovery from COVID-
19. Increased levels of D-dimer, factor VI levels,
IL-6, vWF:Ag and ICAM-1 levels were detected in
17.9%, 48.7%, 35.9%, 17.9% aond 7.7% of
patients, respectively, with higher mean levels
compared to the control group. Thrombin
generation (thromboscreening) showed higher mean
endogenous thrombin potential (ETP) and higher
mean peak height and delayed retention time
compared to controls. Interestingly, the persistence
of elevated D-dimer levels is not always
accompanied by endothelial dysfunction among
elderly patients. In a study by Townsend and
colleagues 37, D-dimer levels (>500 ng/ml) were
observed in 25.3% of 150 subjects (mean age 47.3
years) for up to 4 months after SARS-CoV-2
infection and were associated with a more severe
course and elderly age. However, markers of
coagulation and inflammation that may be
associated  with  endothelial damage and
dysfunction (namely prothrombin time, activated
partial thromboplastin time, fibrinogen, platelet
count, C-reactive protein, IL-6, and sCD25)
normalized in 90% patients within 80.5 (range 44—
155) days after initial diagnosis.

Also important is the fact that an elevated
level of acute phase markers is not a mandatory
phenomenon during screening in patients with a
history of COVID-19. Disturbance of inflammatory
processes in the acute period can cause the
emergence of endotheliopathy, which will persist
even after the normalization of inflammatory
markers in COVID-19 convalescents. For example,
in the above study, markers of endotheliopathy
(anti-von  Willebrand  factor (VWF), VWF
propeptide, factor VI, plasma levels of soluble
thrombomodulin) were significantly elevated in
COVID-19 convalescents compared to controls, but
long-term endotheliopathy in these convalescent
COVID-19 patients did not depend on the acute
phase response or active NETosis (this is a unique
form of cell death characterized by the release of
decondensed chromatin and granular contents into
the extracellular space) ''. Moreover, endothelial
damage caused by COVID-19 may even increase
in the post-infection period as measured by the
logarithmic index of reactive hyperemia, an
indicator of endothelium-mediated dilatation of
peripheral arteries (FMD), which was confirmed in a
study by Mejia-Renteria et al. 38,

It is still unclear whether there is a relationship
between certain markers of endothelial damage or
dysfunction at different time intervals after the
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infection. In addition, no studies were found that
compared patients with existing endotheliopathies
with/without a history of COVID-19.

In  summary, the development and
progression of systemic endotheliopathies in
patients after an incurred COVID-19 depends on a
number of risk factors associated with both the
acute period of COVID-19 and the recovery
period. Gender, elderly age, the severity of
COVID-19 acute period, and the presence of
comorbid pathology can be distinguished among
unmodified risk factors. Cardiovascular risk factors
are among the only modifiable risk factors for the
development of endotheliopathies. Therefore, their
correction is an effective means of both the
prevention of endotheliopathy in patients with
COVID-19 and the treatment of convalescent
patients. The best studied among the
endotheliopathy markers in young patients are
functional ones (flow-mediated dilation, single
passive limb movement, peak blood velocity
following cuff release), while in elderly patients,
screening for markers of prothrombotic changes
(thrombin-generating capacity, plasma fibrinolytic
potential, endogenous thrombin potential, peak
thrombin, fibrin level) prevails. An additional
indicator of endotheliopathy can be the presence of
long-Covid syndrome symptoms.

Prevention of endotheliopathies in COVID-19
patients

There is still no recommended list of
prophylactic measures to prevent endotheliopathies
not only in patients with COVID-19, but also in
general cases. However, taking into account the
above risk factors for the development and
progression of endotheliopathies in patients with
COVID-19 or COVID-19 convalescents, it can be
argued that effective methods of prevention in this
category of patients primarily include lifestyle
correction and the prescription of "metabolic
protectors”" in order to eliminate or reduce
cardiometabolic risks. Given the relationship
between inflammatory markers and endothelial
damage during the COVID-19 acute period, it can
be assumed based on available studies that timely
anti-inflammatory therapy can also be an effective
prophylaxis of the development of
endotheliopathies.

It can also be assumed that both in
convalescents and in patients with acute COVID-19,
nutritional correction with the prescription of
vitamins and a certain number of amino acids can
be extremely effective in preventing damage to the
endothelium and its dysfunction even before the
initial screening of endotheliopathies with patients'

Life Expectancy and COVID-19 in Relation to Systemic Endotheliopathy

concomitant therapy. At the same ftime, the
prescription of medicamental anti-inflammatory or
antioxidant therapy, which is used to correct
endothelial dysfunction, may be ineffective without
prior evaluation.

There are many studies that support the role
of deficiencies of vitamins D and B, as well as C and
A with anfioxidant properties in patients with
COVID-19 in the development of ED. In addition,
the prescription of vitamin therapy as a preventive
measure is widespread both in healthy individuals
and in patients with various infectious and non-
infectious diseases, while the use of amino acids for
this purpose is not common. There are currently no
studies examining the effect of prescribing amino
acids in COVID-19 patients or convalescents with
the aim of influencing the development of
endothelial dysfunction. Therefore, the efficacy of
such therapy can be asserted on the basis of
general data regarding the prescription of amino
acids and data regarding the effect on the ED
development in healthy individuals or patients with
non-infectious diseases and elderly patients,
because they belong to the risk category for the
development of endotheliopathies.

Thus, for patients who are COVID-19
convalescents or who belong to the group with the
long-term COVID-19 course and have existing risk
factors for endotheliopathies, it is especially
important to understand exactly which amino acid
doses are recommended for healthy individuals, the
decrease of which amino acid levels may be
associated with the development of
endotheliopathy, as well as which products and in
what quantity can be useful for consumption in this
case.

For a general assessment of the amount of
amino acids necessary for the human body, three
separate terms should be distinguished: 1)
"metabolic need" is a magnitude of protein
deposition, which uses dietary amino acids; 2)
"dietary need" determines the amount of protein
that must be taken to support metabolic needs; and
3) “recommended dietary intake (safe level)”
corresponds to the dietary requirement plus 2SD,
i.e., the intake that would meet the metabolic needs
of 97.5% of the population.

Usually, the metabolic need for amino acids
is determined based on the assessment of the
magnitude of net protein synthesis, nitrogen
balance and amino acid oxidation. The metabolic
need for amino acids is not a constant value, it
depends on age (which reflects the stage of
development and reproductive state), gender and
the state of the body itself. Therefore, the lifestyle
(sedentary, active) and the presence of chronic
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conditions directly affect changes in the body's
metabolic needs.

The dietary need, which is necessary to
support the metabolic need, is influenced by the
digestibility of amino acids (due to the processes of
digestion and absorption) and the amino acid
pattern of the dietary protein. Therefore, aging
processes, human genotype and various diseases
that change the efficacy of absorption and the rate
of metabolism of amino acids also affect the
dietary need for amino acids. In order to eliminate
significant differences in dietary and metabolic
needs, the recommended level of daily acid
consumption is established experimentally and
usually among healthy individuals, while for all
others it is necessary to independently take into
account changes in the amino acid needs due to
age, pathological processes and hereditary factors.

The best known recommendations regarding
the required amount of amino acids in the diet are
the recommendations of the Food and Nutrition
Board (FNB) and the Institute of Medicine (IOM) 39.

Among amino acids, the purpose of which can
have a positive effect on the endothelium, we can
highlight arginine, betaine, glutamine, glycine,
histidine, acetate, carnitine. Arginine and glutamine
are the main amino acids that are necessary to
support proliferative and vasodilatory functions of
EC. Therefore, their additional consumption can
improve the endothelial function and prevent the
development of endotheliopathies. Arginine, a
substrate of eNOS, is necessary for the production
of vasoprotective NO 4041, One study found a low
arginine to ornithine ratio in patients with Covid-19,
further suggesting a possible benefit of arginine
intake among patients suffering from Covid-19 42,
The use of L-citrulline (substrate for recycling I-
arginine) can contribute to the improvement of
endothelial dysfunction due to the ability to
increase the level of L-arginine, which indicates
characteristics for the prevention of
endotheliopathies 43,

One of the possible mechanisms of the
development of endothelial dysfunction in CNCD
may be an increase in the level of asymmetric
dimethylarginine (ADMA), an endogenous inhibitor
of NO-synthase. ADMA, being an endogenous
structural analogue of L-arginine, inhibits the
activity of NO synthase in vitro and in vivo, leading
to a decrease in NO production and an increase in
the risk of developing cardiovascular diseases.
ADMA is released during proteolysis of proteins
methylated on arginine residues. Methylation is
catalyzed by the enzyme protein-arginine N-
methyltransferase (PAMT) 1. ADMA can be
excreted in an unchanged form by the kidneys, but
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the main route of ADMA catabolism is hydrolysis.
About 80% of ADMA is hydrolyzed by the enzyme
dimethylarginine dimethylaminohydrolase (DDAG)
to form citrulline.

Elevated ADMA levels have been shown to
be an independent risk factor for both
cardiovascular events and all-cause mortality in
patients with CNCD. Exogenous arginine can
increase  NO production even when NOS s
oversaturated, a phenomenon known as the
arginine paradox. This may be due to the presence
of the NOS inhibitor, ADMA, which competitively
binds NOS. Adding arginine further increases its
concentration in the body due to the increased rate
of arginine binding to NOS. Therefore, based on
this phenomenon, arginine supplementation may be
a potential therapeutic approach for the treatment
of age-related vascular diseases.

However, the inconsistency of the existing
data is probably related to heterogeneous cohorts
of the study subjects in terms of age, the number of
CNCDs they have, and the dosage of arginine. All
this, of course, requires additional studies.

Today, there is indisputable evidence of the
adverse effect of ADMA on a number of
pathological conditions, which are associated with
both blood vessels and age: elevated ADMA
plasma levels are positively correlated with risk
factors for the development of atherosclerosis; the
positive correlation of ADMA with age in individuals
without coronary or peripheral artery symptoms is
confirmed 44,

It has been suggested that high ADMA levels
may accelerate the loss of telomerase activity,
enhance cellular senescence, and induce ED. This is
a new mechanism to explain the association of
ADMA and ED with an increased risk of
cardiovascular events. In addition, Celermaier et al.
45 demonstrated that aging is associated with
progressive ED in the absence of disease. Aging of
the endothelium is associated with a decrease in the
eNOS expression and activity, as well as with
increased adhesion of the endothelium to
monocytes. These effects can be prevented by
stable transfection of endothelial cells of human
telomerase.

Amino acids that can prevent damage to the
endothelium can also include those that reduce the
severity of inflammatory processes. It is known that
endothelial dysfunction, as well as arterial stiffness,
does not fully normalize in COVID-19 patients, but
partially decreases in 48 weeks after the onset of
the COVID-19 disease, and this decrease depends
on the level of C-reactive protein at the time of
hospitalization of COVID-19 patients 46. Therefore,
the impact on inflammatory markers in patients with
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COVID-19, both in the acute period, in convalescent
patients, and in long-term COVID-19, may be
important for the prevention of the development of
endotheliopathies.

Betaine is an amino acid that can be safely
used for this purpose. It is known as trimethylglycine
and is a stable and nontoxic natural substance that
can be accumulated in large quantities in the cell
without affecting its functions. The anti-inflammatory
mechanism of betaine is realized through the
inhibition of NF-kB and NLRP3 inflammasome
activity 47. In a study of 29 relatively healthy
individuals, mean age 15.5 £ 0.3 years, 14 weeks
of betaine intake prevented the increase of pro-
inflammatory cytokines (TNF-a and IL-6) levels. This
fact may be useful to consider this effect for
patients with COVID-19 in terms of endotheliopathy
prevention and life expectancy 48. Carnitine can
also be effective for the prevention of
endotheliopathies due to its positive effect on the
general functional and organic condition of
patients, especially the elderly. This is supported by
the results of studies on the reduced level of
carnitine in elderly patients with frailty syndrome
and the positive effect of carnitine administration on
the course of this syndrome 4959, A study in men with
frailty syndrome (asthenia) found that the frailty
phenotype  was characterized by lower
concentrations of isovalerylcarnitine, higher levels
of octanoyl-L-carnitine, decanoyl-L-carnitine,
dodecanoyl-L-carnitine, and  tetradecanoyl-L-
carnitine. Metabolic profiles with measurement of
glycine and tryptophan levels can distinguish
elderly men with frailty from people without frailty
51, Similar results on the increased risk of
developing frailty syndrome in the event of
carnitine metabolism disorders were obtained in
another study 0. A high level of carnitine had a
beneficial effect on functional status and
contributed to the treatment of frailty syndrome in
elderly patients 49,

The presented studies confirm the relationship
between endothelial dysfunction parameters and a
number of amino acids. However, it is still unknown
which doses of amino acids and during which time
period can and should be prescribed for the
purpose of prevention of endotheliopathies.

* For L-arginine, the dose is up to 20 g/day,
and several short-term studies indicate no serious
side effects even when taking higher doses. The
longest duration of use for the purpose of ED
correction in studies was 18 months with a dosage
of 6.4 g/day, and the highest dosage administered
within a long time was 20 g/day for 28 days
(however, in this case, no results of a significant
effect on endothelial function were found);
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* L-glutamine — up to 20 g/day

* Betaine — there is no maximum and daily
standard; usually, the dose of 0.324 to 3 g/day is
used

* L-carnitine — up to 6 g/day.

The fact that the pace of life of modern
people, their lifestyle with typically limited physical
activity allows to compensate for the need for
amino acids with food in order to maintain health
and prevent vascular aging is doubtful.

It is very important to understand what causes
the development of endotheliopathy — whether it is
a result of an incurred COVID-19 infection, of or it
has already formed in a patient with age, or as a
result of existing CNVDs.

Therefore, we present our own data of a
substudy evaluating the efficacy of using Betargin
in patients with mild arterial hypertension who
suffered a mild form of COVID-19 infection.

A total of 18 patients with mild hypertension
and a history of COVID-19 (no more than 0.5 years
since the disease resolution) were examined. The
median age was 54.5 [47.5; 67] vyears, the
patients, in addition to the diet and the use of one
antihypertensive drug (perindopril or ramipril), took
L-Betargin, 1 stick x 3 times/day for é weeks.
Inflammatory markers C-reactive protein (CRP) and
tumor necrosis factor-alpha (TNF-a) were measured
and evaluated, as well as aging markers —
percentage (%) of DNA methylation based on
measurement of 5-methylcytosine (5-MC) and
telomere length (TL) in the blood.

At the beginning of the study, the levels of
evaluated parameters were as follows: CRP 5.91
[1.5; 6.77] mg/| versus the control 1.2 [0.8; 1.7]
mg/l, p<0.001; TNF-a 4.26 [1.96; 8.03] pg/ml
versus the control 2.10 [1.54; 2.63] pg/ml,
p<0.001; 5-MC 1.36 [1.05; 2.66] % versus the
control 3.10 [1.87; 4.62] %, p<0.001; TL 0.89
[0.64; 1.11] versus the control 0.95 [0.75; 1.48],
p<0.01. That is, an increase was noted in 6 months
after incurred COVID-19 in the absence of any
somatic pathology except hypertension, and in the
absence of complaints, except for general
weakness, confirmed increase in inflammatory
markers, the presence of hypomethylation
processes and a reduction in TL — the latter may
indicate the initiation of accelerated aging
processes.

After 6 weeks of administration of the
relevant medicines, CRP level decreased by 1.75 [-
0.69; 5.69]1 mg/I, and TNF level decreased by 0.24
[-1.5; 0.92] pg/ml; 5-MC % and TL levels remained
unchanged.

After 3 months from the start of taking the
medicines, significant changes occurred: CRP level
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decreased by -3.05 [-5.09; 0.95] mg/I, TNF
decreased by -2.14 [-4.10; 0.78] pg/ml, 5-MC
indicators, %, decreased by - 2.48 [1.12; 3.05] %
versus 1.36 [1.05; 2.66]%), and TL level decreased
by - 0.92 [0.78; 1.24] versus 0.89 [0.64; 1,11]) —
a tendency to improvement was demonstrated,
which indicates, in our opinion, the beginning of the
formation of a "healthy phenotype".

Therefore, the obtained data allow us to
assume that the addition of the amino acids betaine,
arginine and carnitine due to anti-inflammatory,
antihypoxic, and detoxifying effects reduces the
severity of inflammatory processes in patients with
COVID-19 and can probably prevent damage to
the endothelium, which requires additional studies in
the future with the involvement of the majority of
patients with the assessment of biological age
indicators, ED and vascular stiffness. The use of
Betargin (arginine, betaine, carnitine) in patients
who suffered from COVID-19 demonstrated an
existing anti-inflammatory effect that was realized
over time, which, in our opinion, is important for the
prevention of the development of
endotheliopathies, and changes in age indicators
confirm its metabolic protective effect.

Conclusions:

1) An incurred COVID-19 infection increases the
risk of various pathological conditions in young
and middle age, as well as the risk of increased
comorbidity in the elderly, separately affecting
the acceleration of aging, which in the future
may lead to an increase in CNCDs and, as a
result, further increase in mortality rates.

2) The development of endotheliopathy can
explain the development of complications

Life Expectancy and COVID-19 in Relation to Systemic Endotheliopathy

among COVID-19 patients and manifest itself
in blood rheology disorders, namely, changes in
coagulation processes and the development of
endothelial dysfunction, which implies the
development and progression of pathological
conditions, and on the other hand, directly
affect the reduction of life expectancy among
the population.

3) Female gender, elderly age, the presence of
cardiovascular  risks  and  comorbidities,
hospitalization due to COVID-19 are risk

factors for the development of
endotheliopathy.
4) The presence of long-Covid syndrome

symptoms can be one of the indicators of
existing endotheliopathy.

5) Along with the correction of existing
cardiometabolic risk factors in COVID-19
patients and convalescents, timely
supplementation of vitamins (A, B, C, D) and
amino acids (arginine, betaine, carnitine) is
necessary for the prevention of
endotheliopathies and probably can have a
positive effect on increasing disease-free life
expectancy, i.e. healthy longevity.
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