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ABSTRACT 

At the end of 2019, a new coronavirus infection occurred in 
the People's Republic of China with an epicentre in the city of Wu-
han. On February 11th, 2020, the World Health Organization as-
signed the official name of the infection caused by the new coro-
navirus – COVID-19. COVID-19 has affected people from all 
over the world given that the infection was noted in 200 countries 
resulting in annunciation of the pandemic situation. Human co-
rona viruses cause mild to moderate respiratory infections. At the 
end of 2002, a new coronavirus appeared (SARS-CoV), the causal 
agent of atypical pneumonia, which caused acute respiratory dis-
tress syndrome (ARDS). The initial stage of COVID-19 infection 
is the penetration of SARS-CoV-2 into target cells that have angi-
otensin converting enzyme type II receptors. The virus enters the 
body through the respiratory tract and interacts primarily with 
toll-like receptors (TLRs). The events in SARS-Cov-2 induced in-
fection follow the next scenario: epithelial cells via TLRs recog-
nize and identify SARS-Cov-2, and after that the information is 
transmitted to the transcriptional NF-κB, which causes expres-
sion of the corresponding genes. Activated in this way, the epithe-
lial cells begin to synthesize various biologically active molecules. 
The results obtained on preclinical material indicate that ROS 
generation increases and the antioxidant protection decreases, 
which plays a major role in the pathogenesis of SARS-CoV, as 
well as in the progression and severity of this respiratory disease. 

Keywords: World Health Organization, coronavirus – 
COVID-19, respiratory infection, respiratory distress syndrome 

 

 

 

 

 
 

 

 

SAŽETAK

  Krajem  2019.  godine,  infekcija  novim  korona  virusom  se 
dogodila u Narodnoj Republici Kini sa središtem u gradu Vuanu. 
Jedanaestog februara, 2020. godine, Svetska Zdravstvena Organ- 
izacija  je dala  zvanično  ime  infekciji prourokovanoj novim  ko-
rona virusom – COVID-19. Od COVIDA-19 su oboleli ljudi širom
sveta uzimajući u obzir činjenicu da je infekcija zabeležena u 200
država što je imalo za posledicu objavu pandemije. Korona virusi 
od kojih oboljevaju ljudi prouzrokuju blage do umerene respira- 
torne infekcije. Krajem 2002. godine, pojavio se novi korona virus
(SARS-CoV), uzročnik atipične pneumonije koja je prouzrokovala
akutni respiratorni distres sindrom (ARDS). COVID-19 infekcija
počinje prodiranjem SARS-CoV-2 u ciljne ćelije koje imaju recep- 
tore angiotenzin konvertujućeg enzima 2. Virus ulazi u telo kroz 
respiratorni trakt i intereaguje prvenstveno sa Toll sličnim recep-
torima. Redosled dešavanja kod infekcije izazvane virusom SARS- 
Cov-2 je sledeći: epitelne ćelije preko TLR (eng.  Toll Like Recep- 
tors) sličnih  receptora  prepoznaju  i  identifikuju  SARS-Cov-2,  i 
posle toga se informacija prenosi do transkripcionog NF-kB koji
prouzrokuje  ekspresiju odgovarajućih gena.  Aktivirane na ovaj 
način, epitelne ćelije počinju da sintetišu različite biološki aktivne 
molekule.  Rezultati  dobijeni  na  prekliničkom  materijalu  nago- 
veštavaju da se stvaranje ROS povećava a antioksidativna zaštita
smanjuje što igra glavnu ulogu u patogenezi SARS-CoV, kao i u 
progresiji i težini ove respiratorne bolesti.

Ključne reči: Svetska zdravstvena organizacija, koronavirus
– KOVID-19, respiratorna infekcija, respiratorni distres sindrom
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CLASSIFICATION AND EPIDEMIOLOGICAL 
CHARACTERISTICS OF CORONAVIRUSES 

At the end of 2019, an outbreak of a new coronavirus in-
fection occurred in the People's Republic of China (PRC) 
with an epicentre in the city of Wuhan (Hubei province), the 
causative agent of which was given the temporary name 
2019-nCoV. On February 11th , 2020, the World Health Or-
ganization (WHO) assigned the official name of the infection 
caused by the new coronavirus – COVID-19 ("Coronavirus 
disease 2019").  The International Committee on virus taxon-
omy on February 11th , 2020, assigned the official name of 
the infectious agent-SARS-CoV-2 due to its high homology 
(approximately 80%) with SARS-CoV, which caused acute 
respiratory distress syndrome (ARDS) and high mortality 
during 2002-2003 (1). 

 COVID-19 has affected people from all over the world 
given that the infection was noted in 200 countries resulting 
in annunciation of the pandemic situation by WHO (2,3). 

It was believed that the first outbreak of SARS-CoV-2 
occurred through the zoonosis transmission in the market of 
seafood in Wuhan, China. After some time, it was admitted 
that the transmission of virus among people played the main 
role (4).  

Corona virus belongs to coronaviridae family – it is a 
large family of RNA-containing viruses, 30 kb in size, which 
are capable of infecting humans and some animals (5). 

Currently it is known that there are four types of corona-
viruses (HCoV-229E, -OC43, -NL63 и -HKU1) circulating 
in human population. Human corona viruses, such as 229E 
and NL63, cause mild to moderate respiratory infections. Ac-
cording to serological and phylogenetic analysis, corona-
viruses are divided into four genera: Alphacoronavirus (Al-
pha-CoV), Betacoronavirus (Beta-CoV), Gammacoronavirus 
(Gamma-CoV) and Deltacoronavirus (Delta-CoV). Alpha-
CoV and Beta-CoV coronaviruses affect only mammals (6). 

Before 2002, coronavirus was recognized as a cause of 
mild respiratory infections that have been fatal very rarely. 
At the end of 2002, a new coronavirus appeared (SARS-
CoV), the causal agent of atypical pneumonia, which caused 
acute respiratory distress syndrome (ARDS). SARS-CoV be-
longs to the genus Beta-CoV. The natural reservoir of SARS-
CoV are bats, intermediate hosts are camels and Himalayan 
civets. In total, more than 8000 cases were registered in 37 
countries around the world during the epidemic period, of 
which 774 were fatal. No new cases of SARS-CoV-induced 
ARDS have been reported since 2004. In 2012, the world en-
countered a new MERS coronavirus (MERS-CoV), a patho-
gen of the Middle East respiratory syndrome, which also be-
longs to the genus Beta-CoV. The main natural reservoir of 
MERS-CoV coronaviruses are single-humped camels. From 
2012 to January 31st , 2020, 2519 cases of coronavirus infec-
tion caused by the MERS-CoV virus were registered, of 
which 866 were fatal. All cases were geographically 

associated with the Arabian Peninsula (82% of the cases are 
reported in Saudi Arabia). At the moment, MERS-CoV con-
tinues to circulate and causes new cases of the disease. The 
new SARS-CoV-2 coronavirus is classified as group II path-
ogenicity, as are some other members of this family (SARS-
CoV virus, MERS-CoV). SARS-CoV-2 coronavirus is be-
lieved to be a recombinant virus between a bat coronavirus 
and coronavirus of an unknown origin  

ROLES OF ACE2 AND TLR RECEPTORS IN 
SARS-COV-2 INFECTION  

The entrance gate of the pathogen is the epithelium of the 
upper respiratory tract and epithelial cells of the stomach and 
intestines. The initial stage of infection is the penetration of 
SARS-CoV-2 into target cells that have angiotensin convert-
ing enzyme type II (ACE2) receptors (7,8).  

ACE2 receptors exist in the population of endothelial 
cells in the respiratory tract, kidneys, oesophagus, bladder, 
ileum and central nervous system (CNS). ACE2 can be dis-
posed by two proteases, ADAM17 and TMPRSS2. It was 
shown that the cleavage of ACE2 by TMPRSS2 can facilitate 
the penetration of SARS-CoV-2 into cells, while the action 
of ADAM17 on ACE2 may have a protective effect (9). 

Virus (SARS-Cov2) → gets into the respiratory tract → 
interacts with Toll-like receptors of the bronchial epithe-
lium → activates NF-κB  (core factor of kappa В) → syn-
thesis of interferons→ activation of ACE2 (receptor of an-
giotensin converting enzyme) → penetration of SARS-
Cov2 into the cell (bronchial epithelial cell)→ replication 
of virus → damage of epithelial cell and its death 

The virus enters the body through the respiratory tract and 
interacts primarily with Toll-like receptors (TLRs). TLRs are 
the main specialized cellular structures that are able to recog-
nize various infectious agents, such as microbes, viruses, 
some protozoa (primarily their exotoxins and endotoxins) 
and initiate the expression of cytokines - biologically active 
substances that determine the formation and launch of mech-
anisms of non-specific resistance of the body. By recognizing 
the infectious aggression, TLRs immediately "sound the 
alarm", initiating the activation of anti-infectious protective 
and adaptive mechanisms of the body at the cellular level 
(Figure 1). 

It is noteworthy that Toll-like receptors are expressed not 
only on phagocytes (monocytes, tissue macrophages and 
neutrophils) and immune-competent cells (T and B lympho-
cytes), but also on many other types of cells - epithelial cells 
of the respiratory and urinary tracts, intestines, endothelial 
cells, keratocytes, microglial cells, that participate in the for-
mation of anti-infective resistance of the body. 
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Figure 1. Participation of Toll-like receptors in the formation 
of anti-infective non-specific resistance of the body 

The figure was taken with the permission of the authors from Bolevich SB, 
Voinov VA. Molecular mechanisms in hu-man pathology. Medical Infor-

mation Agency. 2012;208. (10) 

13 types of TLRs have been identified in humans so far: 
from TLR-1 to TLR-13, but it is speculated that there are 

probably more. The majority of TLRs are transmembrane 
receptors: TLR-1,-2,-4,-5,-6,-10,-11 (Figure 2).

Figure 2. The macrophage  
membrane-bound TLRs  

family and their main ligands 

The figure was taken with the permis-
sion of the authors from Bolevich SB, Voi-
nov VA. Molecular mechanisms in hu-man 
pathology. Medical Information Agency. 

2012;208. (10)

[Comment: Mal (or TIRAP), TRAM (or 
TICAM), TRIF (or TICAM-1), MyD88 – 
these are intracellular adapter proteins that 
belong to the TIR domain group-containing 
proteins and participate in the transmission 
of signals from Toll-like receptors. Among 
them, MyD88-adapter-like (myeloid differ-
entiated factor 88) is a universal adapter 
protein (almost all TLRs use MyD88 for 
their signal transduction) and, at the same 
time, - a specific protein for transmitting 
signals  from  TLR4  and  TLR5.  It  is  estab-

lished that TLR 5 mutations cause a predisposition to Legionnaire's disease (legionnaires), the cause of which is "Gram- 
negative flagellated bacteria" (pictured is an electronogram of Legionella pneumophila). Regarding the fact that flagellin is 
a strong adjuvant, it was found out that the mechanisms of its action at the cellular level can contribute to the creation of 
vaccine preparations for the prevention of Legionnaire's disease.]
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Transmembrane receptors usually consist of 2 domains – 
the extracellular, which provides direct interaction with lig-
ands of microorganisms or their products, and the intracellu-
lar (cytoplasmic), which initiates translation of signals of ac-
tivated TLR. After interacting with ligands, TLRs acquire the 
ability to bind intracellular adapter proteins that provide sub-
sequent signal transmission.  

  Detection of viruses (SARS-Cov-2) and other intracellu- 
lar microorganisms is the main goal of functioning of another 
family of TLRs, which are localized in the cytoplasm and on 
the internal structures of cells (Golgi apparatus). This small 
intracellular  family  combines  TLR-3,  TLR-7  and  TLR-9
(Figure 3).

Figure 3. The family of intracellular TLRs and their main ligands 

[Abbreviations: CpGDNA-cytosine phosphate 
guanosine containing the " motive " of DNA gram 
- (+) and gram - ( - ) bacteria; ssRNA viral-single-
stranded RNA, dsRNA viral double - double-
stranded RNA of viruses; IRAK1, IRAK4-
cytosolic enzymes of the group signal kinases; im-
idizoquinoline (imidizoquinoline) - synthetic anti-
viral drug; MyD88-myeloid differentiated factor
88; universal adapter protein; TRAF6-cytosolic
adapter protein associated with the tumor necrosis
factor receptor 6; TRAF3-cytosolic adaptive pro-
tein associated with the tumor necrosis factor re-
ceptor 3; MAP kinases-a cascade of enzymes that
performs regulatory phosphorylation nuclear tran-
scription factors; IKK is an inhibitor of the I-kB
kinase complex (NF-κB  inhibitor); TRIF or
TICAM-1-intracellular adapter protein, which be-
longs to the group of TIR domain-containing pro-
teins and participates in signal transmission from
toll-like receptors; TBK1-serotonin/threonine –
kinase involved in the cascade of signals that lead
to the activation transcription of NF-κB; TNF-
tumor necrosis factor, IFN - interferon]

Currently there are two variants of the molecular mecha-
nisms for transmitting signals from activated TLRs: 1) 
МуD88-dependent and 2) МуD88-independent. The second 
pathway involves other (non-MyD88) adapter molecules, 
their combinations with each other or with MyD88. In partic-
ular, MyD88-dependent signal translation leads, for example, 
to the activation of NF-κB  and MARK kinase (Figure 4). 

A landmark event in the studying of innate immunity was 
a detection of TLRs on endothelial cells and epithelial cells 
of the skin and mucous membranes. The traditional idea of 
the epithelial cover of the body as a passive mechanical bar-
rier to infection has been enriched by a fundamentally new 
position on the active participation of the epithelium in the 
formation of anti-infective resistance of the body. The epi-
thelium, recognizing an infectious factor with the help of 
TLRs, initiates immediate mobilization of mechanisms for its 
elimination by its own "forces" or by attracting the adaptive 
immune response elements. 

The events in SARS-Cov-2 induced infection follow the 
next scenario: epithelial cells via TLRs recognize and iden-
tify SARS-Cov-2, and after that the information is transmit-
ted to the transcriptional NF-κB, which causes  expression of 
the corresponding genes. Activated in this way, the epithelial 
cells begin to synthesize various biologically active mole-
cules, including chemokines (cytokines with a chemoattract-
ing effect), resulting in the attraction of macrophages and 
polymorphic-nuclear leukocytes (neutrophils, basophils, eo-
sinophils) to the site of infection. The activated macrophages 
and polymorphic-nuclear leukocytes result in phagocytosis 
of the infectious factor and allocation of their own set of pro-
inflammatory mediators. 

Thus, the intracellular infectious factors (viruses, such as 
SARS-Cov-2), and a number of other infectious agents (path-
ogens of syphilis, tuberculosis, leprosy, etc.) are recognized 
by TLRs localized on the internal structures of cells. Due to 
this, it can be assumed that BCG vaccination protects the 
body from the pathogenic effects of COVID-19. Apparently, 
due to this, children are in the low-risk zone of COVID-19 
(10). 
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Figure 4. Intracellular mechanisms of the activation of cytokine synthesis during stimulation 
of the TLRs receptor families 

[Comment: I. Pathogenic ligand recog-
nized by the TLR receptor family includes 
MyD88 or TRIF adapter proteins. MyD88 
interacts with members of the IRAK fam-
ily that mobilizes TRAF6, which transmits 
the signal to the IKK - complex. Then fol-
lows the activation of NF-κB(RelA-p50), 
its penetration into the nucleus and subse-
quent activation of proinflammatory cyto-
kine genes. There is possible MyD88 inde-
pendent signal transmission path via TRIF 
adapter protein, which transmits a signal to 
the TBK1 and IKK kinases that are in com-
munication with TRAF3. The subsequent 
activation of IRF3 and IRF7 leads to their 
penetration into the nucleus and stimula-
tion of the synthesis of anti-inflammatory 
cytokines: type I interferons -IFN and 
IFNβ; interleukins: IL-10, etc.. Specifi-
cally launched response to the activation of 
TLR3 synthesis of type I interferons 
strengthens the antivirus protection. In ad-
dition, TLR3 activation causes differentia-
tion and maturation of dendritic cells and 
thus initiates the adaptive immune re-
sponses.  II. MyD88-myeloid differenti-
ated factor 88; universal adapter protein; 
TBK1-serotonin / threonine-kinase is in-
volved in the cascade transmission of sig-
nals that lead to the activation of NF-κB 
transcription. It was found out, that the 
TBK-1 protein is, on the one hand, an anti-
viral factor, and with the other is involved 

in maintaining the viability of tumor cells. Exposure to this protein by substances which block TBK-1 activity may be a fairly 
promising component of the antiblastomic therapy, however, it has to be taken into account that the inactivation of TBK-1 
reduces the body's ability to resist viral infections infections; TRAF6 is a cytosolic adapter protein associated with the recep-
tor of tumor necrosis factor 6; IRAK1, IRAK4 - cytosolic enzymes of the group of signal kinases [ IRAK4 is the most 
important kinase in its family; its insufficiency leads to a violation of the immune response to bacterial infection due to the 
blockage of the TLR4 receptor signaling pathway; mutations in IRAK4 were found in children suffering from persistent 
pyogenic bacterial infections. The main threat to these patients is Gram-positive bacteria (Staphylococcus aureus, Strepto-
coccus pneumoniae)]; IKKa, IKKβ, IKKy - are inhibitors of the I-kB kinase complex; phosphorylating I-kB destroys it and 
thus releases NF-κB  and allows it to translocate to the nucleus to activate transcription; TBK1-TANK-is a binding kinase; 
this is an IKK-related kinase that forms complexes with TRAF2...and activating transcription factor...; TRIF is an adapter 
protein, which belongs to the group of TIR domain-containing proteins and participates in signal transmission from Toll-like 
receptors; IRF-transcription factor, which is activated in cells when they are affected by type I interferons: IFN and IFNß; 
IRF "turns on" the transcription of genes that encode synthesis antiviral proteins; PKR-dcRNA (double-stranded RNA) is a 
dependent protein kinase, induced by interferon, performs at least three functions in the interferon system: participates in 
providing the antiviral interferon effect; is a mediator of the NF-κB  dependent signaling transduction when activating the 
transcription of the IFN-beta gene; is one of the factors of IFN-dependent inhibition of cell proliferation. A new method of 
treatment of tumor neoplasms is being developed on the basis of the use of medications that activate protein kinase PKR.]

As previously mentioned, the activated TLRs activate the 
transcription nuclear factor NF-κB. NF-κB in an inactive 
state is linked with a specific inhibitor in the cytoplasm of 
many cell types, but its expression can be increased due to 
the response of various stimuli: cytokines, acute phase 

proteins, regulators of apoptosis and cell proliferation, bacte-
rial toxins, viruses, DNA damage, oxidative stress, and many 
other factors. The stimulated NF-κB acquires the ability to 
move to the nucleus and cause changes in the activity of a 
large number (more than 150) of a wide variety of target 
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genes, which can be involved in the formation of numerous 
physiological and pathological processes - immune, inflam-
matory, proliferative, programmed cell death (apoptosis), etc. 
The activated NF-κB causes the increase of expression of 
genes that determine the synthesis of pro-inflammatory cyto-
kines (interleukin(IL)-1β, IL-2, IL-6, IL-12, IL-18, tumor ne-
crosis factor (TNF)-α, TNF-β, lymphotoxin alpha (LT-α), 
lymphotoxin beta (LT-β), granulocyte colony-stimulating 
factor (G-CSF)), as well as interferons (β and γ). SARS-CoV-
2 penetrates the cell using the ACE2 receptor (11,12) and en-
zyme TMPRSS2. But the most unusual thing was that the 
ACE2 gene, which encodes the receptor used by SARS-CoV-
2 to enter human cells, is stimulated by interferon — one of 
the body's main defence forces when detecting the virus. In-
terferon actually turns on the ACE2 receptor at higher levels, 
giving the virus new "portals" to penetrate. Thus, the use of 
interferon at the stage when the virus actively penetrates hu-
man cells can further worsen its condition (13). 

The life cycle of a virus with a host consists of the fol-
lowing 5 stages: attachment, penetration, biosynthesis, mat-
uration and release. Once the virus binds to host receptors 
(attachment), they enter host cells through endocytosis or 
membrane fusion (penetration). As soon as the viral content 
is released inside the host cells, the viral RNA enters the nu-
cleus for replication. The viral mRNA is used to create the 
viral proteins (biosynthesis). Then new viral particles are cre-
ated (maturation) and released (14). 

Coronavirus consists of four structural proteins: spike, 
membrane, envelop and nucleocapsid (15). 

The spike consists of two functional subunits, the S1 sub-
unit is responsible for binding to the host cell's receptor, and 
the S2 subunit is responsible for merging viral and cell mem-
branes. ACE2 has been identified as a functional receptor for 
SARS-CoV (16). The structural and functional research has 
shown that the outbreak of SARS-CoV-2 is also connected 
with ACE2 (5,11-13). 

The expression of ACE2 is high in lungs, heart, ileum, 
kidneys, endotheliacytes and bladder (17). In the lungs, 
ACE2 is highly expressed in the epithelial cells of bronchi. It 
was  shown, that upon the binding of the SARS spike protein 
to the ACE2 receptor, the whole unit is undergoing proteoly-
sis by TMPRSS2, which leads to the ACE2 cleavage and ac-
tivation of spike protein (18,19) resulting in penetration of 
the virus into the target cell. Thus, the cells which express 
both ACE2 and TMPRSS2 are mostly affected by SARS-
CoV (20). It was shown that SARS-CoV-2 also needs ACE2 
and TMPRSS2 to entry a cell (21). The unique characteristics 
of SARS-CoV-2 among coronaviruses are the presence of a 
furin cleavage site at the S1/S2 site. The S1/S2 site was com-
pletely cleaved during biosynthesis in sharp contrast to the 
SARS-CoV spike that was incorporated into the assembly 
without cleavage, making this virus very pathogenic 
(11,18,19,22). 

Because ACE2 is highly expressed at the apical side of 
epithelial cells of the lungs in the alveolar space (23), this 
virus can penetrate inside and destroy them (Figure 5).  

Virus (SARS-Cov2) → enters the pulmonary tract → in-
teracts with Toll-like receptors in aleovocytes → activa-
tion of NF-κB  (nuclear factor kappa В) → interferon syn-
thesis → activation of ACE2 (receptor of angiotensin con-
verting enzyme) → penetration of SARS-Cov2 into a cell 
(pneumocyte II type)→replication of the virus → damage 
of pneumocyte type II and its death → disruption of sur-
factant’s synthesis → scarring of the alveoli → acute res-
piratory distress syndrome → acute respiratory failure 

LUNG TISSUE DAMAGE CAUSED BY 
COVID-19 

SARS-CoV-2 spreads very fast and migrates down the 
respiratory tract. Unfortunately, around 20% of the infected 
patients develop pulmonary infiltrates, and some of them de-
velop a very serious condition (24). Not only SARS-CoV and 
flu virus, but also SARS-Cov-2 mainly infect pneumocytes 
type 2 (25,26). The infected pneumocytes typemainlyhave 
peripheral and subpleural localization (27). SARS-CoV mul-
tiplies in pneumocytes type 2, releases a large number of viral 
particles, and the cells undergo apoptosis and die (28), result-
ing in reduction of synthesis of surfactant. With a deficiency 
of surfactant, the declination (atelectasis) of some alveoli and 
overtension of other alveoli with their subsequent rupture oc-
cur. This situation is determined by the heterogeneity of the 
lungs and, consequently, by the different degree of severity 
of the deficiency of cells-producers of the lungs surfactant 
(surface-active agent) that occurs in the multiple organ dys-
function syndrome (MODS). The surfactant deficiency also 
leads to the development of obstructive alveolar hypoventi-
lation due to a decrease in the patency of the lower respiratory 
tract: their decline, and then - compression (the result of in-
creased transpulmonal pressure due to the need to perform 
active exhalations to overcome the increased resistance to air 
flow in the sleeping lower respiratory tract). When surfactant 
is deficient in the lungs, Laplace's law shows its effect: the 
smaller the diameter of the vesicle (i.e., the larger the diame-
ter of the alveoli, etc.), the greater the surface tension of the 
liquid and, consequently, the air pressure in this bubble. If 
there is a capacity between the bubbles, the air will move 
along the pressure gradient to the large-diameter bubbles 
from the small-diameter bubbles until they disappear. The 
products of lipooxygenase collapse of the phospholipid com-
ponents of the surface-active agent– leukotrienes are power-
ful constrictors of the bronchial tubes. Their excessive for-
mation causes bronchiolospasm, which exacerbates the de-
velopment of obstructive alveolar hypoventilation. In addi-
tion, when surfactant is deficient, recovery of the alveoli and 
lower respiratory tract is disrupted (for instance, the move-
ment of mucus to the zone of mucociliary transport due to a 
decrease in the longitudinal gradient of surface pressure). 
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Figure 5. The mechanism of penetration of the virus 
(SARS CoV2) into the cell 

[Comment: (A) Spike proteins on the surface of the corona-
virus bind to angiotensin-converting enzyme 2 (ACE-2) re-
ceptors on the surface of the target cell; (B) Transmembrane 
serine protease type II (TMPRSS2) binds and cleaves the 
ACE-2 receptor. In the process, the spike protein is activated; 
(C) Splited ACE-2 and activated spike protein help the virus
to entry. TMPRSS2 expression increases the cellular uptake
of the coronavirus]

Also, under the influence of SARS-CoV-2, the forces of 
surface tension can cause not only the decline of the alveoli 
diameter, but also the suction of liquid from the capillaries 
into the alveoli. The forces of molecular interaction at the 

liquid/air phase section (water molecules more easily over-
come the interphase section) can contribute to fluid retention 
in the alveoli, resulting in the development of alveolar edema. 
Thus, the surfactant deficiency is a sufficient factor that leads 
to the inclusion of all known pathogenetic mechanisms of 
ARDS. 

Virus (SARS-Cov2) → enters the respiratory tract → 
damages  the type II pneumocytes → activation of the type 
I pneumocytes → formation of fibrosis between the alve-
oli and blood vess els → acute respiratory failure  

Pneumocytes type 2 are the progenitor cells for pneumo-
cytes type 1 (29). The accumulation of fibrin in the lung 
blood vessels is facilitated by a decrease in the content of fi-
brinolysis activators in the pulmonary endothelium. Fibrin 
can enter the interstitium and lead to the formation of scle-
rosing alveolitis. The output of fibrin in the lumen of the al-
veoli is favoured by the increasing defeat of pneumocytes 
type 2. Extravasates of fibrin in the alveoli cause the for-
mation of hyaline membranes, which are one of the main 
signs of ARDS. 

Thus, the pathologic result of SARS and COVID-19 is a 
diffused damage of the alveoli with hyaline membranes en-
riched with fibrin and few multinuclear gigantic cells (30,31). 
The aberrant wound healing can lead to more severe scarring 
and fibrosis than the other forms of ARDS. 

Virus (SARS-Cov2) → enters the respiratory tract → in-
teracts with Toll receptors of epithelial cells of the bron-
chi → activation of NF-κB  → synthesis of chemokines 
→ attraction of macrophages and neutrophils to the sub-
mucosa of the bronchi

INFLAMMATORY RESPONSE TO COVID-19 
INFECTION 

Epithelial cells firstly use TLRs to recognize and identify 
SARS-CoV-2. The resulting information is transmitted to the 
transcriptional nuclear factor NF-κB, which causes the ex-
pression of the corresponding genes. Activated in this way, 
epithelial cells begin to synthesize various biologically active 
molecules, including chemokines: the growth regulatory on-
cogenes - GROα, GROβ, GROγ, IL-8 (CXCL8), interferon-
γ (IFN-γ), MIP-1α (macrophage inflammatory protein-1α), 
MIP-1β (macrophage inflammatory protein-1β), a regulator 
of activation of normal T-cell expression and secretion 
(RANTES, CCL5). These cytokines, having a chemoattract-
ing effect, attract macrophages and polymorphonuclear leu-
kocytes to the site of infection. 

In addition, epithelial cells produce G-CSF and granulo-
cyte-macrophage colony-stimulating factor (GM-CSF). 
These colony-stimulating factors induce differentiation of 
cells of myeloid origin: G-CSF enhances differentiation and 
proliferation of neutrophils, while GM-CSF stimulates 
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proliferation and differentiation of various types of immune 
progenitor cells. In the lung tissue, GM-CSF causes prolifer-
ation and activation of the pulmonary dendritic cells and 
macrophages. Mice with GM-CSF deficiency are highly sen-
sitive to respiratory viruses. The CXCL8 chemokine pur-
posefully recruits neutrophils to the lung lesion (32,33). 

Hyperproduction of cytokines of CXCL8 Chemokines 
causes recruitment of neutrophils in the affected tissues. 
Many mediators released by neutrophils themselves are neu-
trophil chemoattractants, so neutrophils can recruit other neu-
trophils. In turn, neutrophils produce proinflammatory cyto-
kines and chemokines, and recruit monocytes. High levels of 
neutrophils in the peripheral blood are associated with an un-
favorable prognosis of COVID-19 infection (34). Neutro-
phils are characterized by a rapid rate of phagocytosis and 
higher intensity of generation of reactive oxygen species 
(ROS). Granules of neutrophils contain a fairly wide range of 
enzymes that are secreted into the extracellular space and can 
cause tissue destruction (35). Despite the presence of neutro-
phils in tissues infected with SARS-Cov-2, their role in the 
clearance of coronaviruses remains unknown. 

Epithelial cells, alveolar macrophages, and dendritic cells 
(DC) are three main components of the innate respiratory im-
munity (36). DC are located under the epithelium. Macro-
phages are located on the apical side of the epithelium. DC
and macrophages are innate immune cells for fighting vi-
ruses, as long as the adaptive immunity is not involved.

Responses mediated by T cells against coronaviruses 
were previously considered (5).  

DC and macrophages can phagocyte apoptotic cells 
infected with the virus (37). For example, apoptotic epithelial 
cells infected with the virus can be phagocytised by DC and 
macrophages, which leads to presentation of the antigen to T 
cells and their infection. Or DC and macrophages may be in-
fected with the virus in the first place. This requires future 
research. 

Virus (SARS-Cov2) →interacts with Toll-receptors of ep-
ithelial cells of bronchi, macrophages, neutrophils →acti-
vation of NF-κB  (nuclear factor Kappa B)→violation of 
inhibition of cytokine synthesis by the feedback principle 
→synthesis of proinflammatory cytokines in large quanti-
ties →cytokine "storm" ("storm»)

The processes of biosynthesis of different types of cyto-
kines are carried out according to a single scenario, despite 
some differences in its implementation. The receptor-medi-
ated effect on cytokine-producing cells of various signals: 
exo and endogenous factors of infectious and non-infectious 
nature (including cytokines) initiates the activation of intra-
cellular (cytosolic) mechanisms of their transmission, lead-
ing to the activation of transcription factors and, ultimately, 
changes in the genetic information that cause the expression 
of biologically active molecules. 

The typical process of cytokine biosynthesis and devel-
opment of the subsequent "cytokine storm" caused by them 
includes the following consistently implemented mecha-
nisms (Figure 6): 

1. Activation of TLRs by SARS-CoV-2.
2. Stimulation of a nuclear transcription factor located in

the cytoplasm in combination with its inhibitor. The sig-
nal from the activated TLR activates the mechanism of
degradation of such an inhibitor, which leads to the re-
lease of a transcription factor from its blocking complex.

3. Transcription (this is the first stage of the process of im-
plementing the genetic information). The stimulated
transcription factor penetrates the nucleus and binds to
specific parts of DNA, which determines the transfer of
information from the DNA molecule to the structure of
the matrix RNA.

4. Translation is the next stage in the process of implement-
ing the genetic information, during which the synthesis
of proteins occurs: cytokines and other biologically ac-
tive molecules.

5. Release (exocytosis) of formed cytokines from produc-
ing cells into the intercellular space and blood vessels.

6. Receptor-mediated effects of newly formed cytokines
and other molecules on target cells.

7. Synthesis and isolation of cytokines and other expressed
biologically active substances by the activated target
cells, which then cause the "phenotypic (target) effects".

Figure 6. Mechanism of cytokine storm development

The figure was taken with the permission of the authors 
from Bolevich SB, Voinov VA. Molecular mechanisms in hu-
man pathology. Medical Information Agency.2012;208. (10) 

[Comment: TNFs (tumor necrosis factor superfamily); pos-
sible without an exaggeration to say that any pathological 
process and any disease do not develop without the partici-
pation of members of this superfamily, which consists of two 
dozen of cytokines and three dozen of receptors to them. A 
representative of this TNF family, with a wide range of ac-
tions, affects the functional activity of immunocompetent 
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cells; is the most important mediator of inflammatory and tu-
mor processes, etc. The introduction of inhibitors of this cy-
tokine into clinical practice is considered as one of the the 
most important achievements of modern medical science and 
practice. PPARs (peroxisome family of proliferator-activat-
ing receptors); these recently discovered receptors play an 
important role in lipid metabolism and carbohydrates, present 
a new explanation of the pathogenesis of obesity, insulin- re-
sistance, as well as-many clinical effects of medications, used 
for the treatment of dyslipidemia, reducing the risk of cardi-
ovascular diseases and their complications in the develop-
ment of metabolic syndrome. NF-κB  (Kappa B nuclear tran-
scription factor) is a key transcription factor for various nu-
merous cytokine and immuno-regulatory genes that deter-
mine the development of the broadest spectrum of immune 
and inflammatory, gerontological diseases, tumors, viral in-
fections, etc. In combination with its inhibitor, NF-κB  is at 
the intersection of a number of important cascades of bio-
chemical events that lead to the cell activation. TLRs (family 
of toll-like receptors); the discovery of these receptors has led 
to the fundamental changes in the perception of the role and 
mechanisms of formation of the innate immunity, its connec-
tion with the adaptive (acquired) immunity, microbiocenosis 
of the body; has designated prospects for development of 
more effective prevention and treatment methods of chronic 
inflammatory and allergic diseases. Endothelial dysfunction 
is one of the independent risk factors of almost all cardiovas-
cular diseases, including ischemia, atherosclerosis, primary 
arterial hypertension, as well as diabetes, inflammatory, au-
toimmune and tumor diseases]. 
 

Among many known transcription factors, NF-κB has re-
ceived most attention in the medical world. To date, it has 
been established that NF-κB is a key transcription factor for 
genes that determine the development of a wide range of dis-
eases – immune and inflammatory diseases, gerontological 
diseases, tumors, viral infections, etc. 

Up to date, it has been established that NF-κB is not a 
single factor, but the whole family of transcription factors 
that differ in  specificity of the DNA-binding and transcrip-
tional activity. This family of NF-κB includes 5 Rel proteins: 
RelA (or p65), c-Rel, RelB, Nfkb1 (or p50), and Nfkb2 (or 
p52). All proteins in the NF-κB family are homologous to the 
retroviral cancer protein v-Rel and are therefore classified as 
NF-κB/Rel proteins. Rel proteins are responsible for the in-
teraction of each representative of NF-κBs with its inhibitor 
IκB and binding to DNA. The heterogeneity of the NF-κBs 
family allows the cell to subtly regulate the expression of tar-
get genes. In the cytoplasm, NF-κBs are in an inactive state, 
which is due to the binding of Rel proteins with inhibitory 
proteins belonging to the IκBs family (NF-κBs inhibitors). 
Usually, inactive NF-κB is associated with one of seven in-
hibitors: IκBα, IκBβ, IκBε, IκBγ, Bcl3, p105, and p100. Each 
member of the IκBs family has its own specificity for a par-
ticular representative of the NF-κB family. The combination 
of NF-κB with IκB forms an IKK (inhibitor kinase complex 
NFκB). The activation of the IKK kinase family is necessary 
for the release (activation) of NF-κB: IKK phosphorylates 

IκB.  NF-κB released due to degradation of IκB is translo-
cated to the nucleus. By entering the nucleus, NF-κB stimu-
lates the expression of its IκB. Then, this newly synthesized 
(expressed) IκB molecule translocates into the nucleus and 
prevents further interaction of NF-κB with regulatory DNA 
sites. In other words, there is a negative feedback loop that 
restricts the activity of NF-κB by the mechanism of autoreg-
ulation. 

It can be assumed that SARS-Cov-2 violates the interac-
tion of NF-κB with IκB. It inhibits the expression of IκB and 
thus does not prevent further interaction of NF-κB with reg-
ulatory DNA sites. This leads to the uncontrolled formation 
of pro-inflammatory cytokines. 

As it turned out, the functional state of NF-κB can be con-
trolled not only by IκBs, but also by other factors. Various 
ways of activation and suppression of excessive stimulation 
of NF-κBs have been established. There are two main vari-
ants of sequential events that lead to NF-κB activation: the 
classic ("canonical") and alternative ("non-canonical") path-
ways. 

The classical signaling pathway is initiated by a large set 
of different extracellular signals: the pathogen-associated 
molecular structures that implement their effects with the 
help of TLR on epithelial cells, macrophages, neutrophils and 
pro-inflammatory cytokines: TNF-α, IL-1β, and many other 
factors. 

An alternative signaling pathway is induced by LT-α, LT-
β, CD40L (differentiation cluster ligand 40), BAFF (factor 
activating B – lymphocytes), RANKL (RANKL ligand acti-
vating NF-κB receptors), and apparently other factors (Figure 
7). 

Figure 7. Signal activation pathways of the NF - kBs family 

 

The figure was taken with the permission of the authors 
from Bolevich SB, Voinov VA. Molecular mechanisms in hu-

man pathology. Medical Information Agency. 2012;208. 
(10) 
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These two pathways of the signal transmission from re-
ceptors to DNA differ not only in the set of inducing factors, 
but also in the mechanisms of degradation of members of the 
IκBs family. Probably, this degradation can be enhanced by 
SARS-CoV-2.  

ROLES OF CYTOKINES IN COVID-19 
INFECTION 

COVID-19 disease is accompanied by an extremely high 
level of production of pro-inflammatory cytokines (IFN-α, 
IFN-γ, IL-1β, IL-6, IL-12, IL-18, IL-33, TNF-α, GM-CSF) 
and chemokines (CCL2, CCL3, CCL5, CXCL8, CXCL9, 
CXCL10) (38-41). Such increase in the production of pro-
inflammatory cytokines and cytokine reaction observed in 
SARS-CoV-2 infected patients  were called "cytokine 
storm". These cytokines and chemokines recruit effector im-
munocytes, causing the development of a local inflammatory 
response. The  characteristic feature of severe forms of dis-
ease is a decrease in IL-10 production. The "cytokine storm" 
is the basis for the development of ARDS and multiple organ 
failure, which in severe cases of SARS-CoV infection lead to 
death (42-44). Severe COVID-19 infection is accompanied 
by significantly higher serum levels of cytokines such as IL-
1β, IL-6, TNF-α and CXCL8. It was found that the risk of 
death  due to the disease is associated with a high level of IL-
6 in the blood (45-47). It is assumed that the virus begins the  
second attack, causing the patient's condition to deteriorate 
about 7-14 days after the onset of the disease. From the ap-
pearance of the first symptoms of COVID-19 infection to the 
development of ARDS it takes about 8 days on average (48). 

Ingress of SARS-Cov2 and cytokines into the blood ves-
sels of the lungs → increased vascular permeability → exit 
of fluid into the lung tissue → non-cardiogenic pulmonary 
oedema → penetration of fluid (exudate) into the alveoli 
→ acute respiratory failure 

 
Lung damage is the main cause of both the severity of the 

course and the fatal outcomes of COVID-19 infection (44). 
Violations of lung perfusion that occur at the beginning of 
ARDS development lead to an increase in the permeability 
of alveolo-capillary membranes due to their hypoxic altera-
tions. This factor, along with a deficiency of surfactant, 
causes the development of interstitial oedema of the lung tis-
sue, and then the accumulation of fluid in the alveolar space. 
In addition, after penetration of the SARS-CoV-2 virus into 
the human body, the production of ACE2 protein is inhibited, 
which leads to a decrease in the level of ACE2 protein repre-
sentation, especially in the lung tissues. The imbalance of 
ACE2 and ACE causes an increase in the concentration of 
Ang II, which over-activates AT1a receptors in the lungs, 
leading to an increase in the capillary permeability and de-
velopment of pulmonary oedema (49,50). Subsequently, in 
the late period of disease development, an extremely high 
level of production of pro-inflammatory cytokines (IL-6, IL-
1β, TNF-α, etc.) by these cells provides an influx of a large 
number of monocytes and neutrophils, which increase the 
phenomena of inflammation and contribute to the 

development of pulmonary oedema in patients with COVID-
19. IL-1β and TNF-α induce the activity of hyaluronan syn-
thase 2 (HAS2) in endothelial CD31+ cells, alveolar epithe-
lial EpCAM+ cells of the lungs and fibroblasts, which leads 
to an excess of hyaluronic acid production and fluid accumu-
lation in the alveolar space (51). The overexpression of hya-
luronan plays a key role in the development of inflammation 
and oedema (52). 

Virus (SARS-Cov2) → activation of macrophages and 
neutrophils → development of oxidative stress → increase 
in NF-κB  activity → increase in cytokine synthesis → 
ROS and cytokines → damage to lung tissue → pneumo-
nia → acute respiratory failure 

 

OXIDATIVE STRESS IN COVID-19 INFECTION 

There is a clear correlation between the markers of oxida-
tive stress and severity of many viral diseases, such as hepa-
titis C (HCV), but there is very little clinical data for SARS-
CoV. However, the results obtained on preclinical material 
indicate that the ROS generation increases and the antioxi-
dant protection decreases, which plays a major role in the 
pathogenesis of SARS-CoV, as well as in the progression and 
severity of this respiratory disease. An experimental model 
on animals with the severe acute respiratory syndrome re-
vealed the increased levels of ROS and reduced the antioxi-
dant protection under the influence of SARS-CoV (53). 
Some authors suggest that the onset of severe lung damage 
in patients infected with SARS-CoV depends on the activa-
tion of the mechanism of oxidative stress, which is associated 
with the innate immunity, and activates transcription factors 
such as NF-κB, which leads to the inflammatory response in 
the body (54). Lin and colleagues (55) have shown that 
SARS-CoV 3CLpro (viral protease) causes a significant in-
crease in ROS production in HL-CZ cells, which in turn is 
associated with apoptosis caused by 3CLpro. In this study, 
the authors demonstrated that SARS-CoV 3CLpro activates 
the NF-κB-dependent reporter gene, which correlated with an 
increase in ROS levels in HL-CZ cells. NF-κB sites exist in 
promoters of apoptosis-related genes and pro-inflammatory 
genes. Thus, the authors suggest that the NF-κB ROS-
activated signal pathway induced by SARS-CoV 3CLpro 
may be considered a key player in the pathogenesis of SARS-
CoV infection. In addition, another SARS-CoV protease, 
protein 3a, has been associated with the activation of mito-
chondrial cell death pathways. The proposed mechanism in-
volves oligomerization of Bax and higher levels of p53 in 3a-
expressing protein Huh7 cells, which depends on the activa-
tion of p38 mitogen-activated protein kinase (MAPK) in 
these cells (56). The activated (phosphorylated) forms of all 
MAPK members were found in the cells infected with SARS-
CoV (57). 

The oxidative stress-NF-κB-TLR (mainly TLR4) signal-
ing pathways triggered by the viral pathogens such as SARS-
CoV can further enhance the host's inflammatory response, 
ultimately leading to the acute lung damage. TLR4-TRIF-
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TRAF6 signaling has been identified as a pathogenic path-
way that can mediate the severity of acute lung injury. Oxi-
dized phospholipid produced by the lung macrophages can 
cause a large cytokine formation and lung damage with 
TLR4-TRIF. Oxidized phospholipids were previously iden-
tified in the lungs of humans and animals infected with the 
SARS virus. In in vivo models, the loss of TLR4 or TRIF 
expression protected mice from the acute lung damage 
caused by H5N1. In addition, deletion of Neutrophil Cyto-
solic Factor 1 (NCF1), which can regulate ROS generation, 
improves the degree of acute lung damage. Thus, these au-
thors suggest that oxidative stress and innate immunity play 
a key role in the severity of acute lung damage caused by 
respiratory viruses (58). 

Shao and his colleagues (59) followed the increased reg-
ulation of mitochondrial genes and genes that respond to ox-
idative stress mononuclear cells in the peripheral blood of pa-
tients with convalescent SARS-CoV. Some of these genes, 
including PRDX1, FTH1, and FOS, which are sensitive to 
oxidative stress, were significantly elevated. These results 
confirm the relationship between oxidative stress, inflamma-
tion, and pathogenesis of SARS-CoV infection. 

The severity and risk of death from SARS-CoV-2 or 
COVID-19 disease were age-related (60). It is well known 
that the reduction of antioxidant protection and the intensifi-
cation of free radical processes occur in the aging process 
(61,62). It has been shown that older mice compared to young 
adult mice have, with pro-inflammatory cytokines, more se-
vere lung lesions caused by SARS-CoV. It is assumed that 
the age-related accumulation of free radicals and reduced an-
tioxidant protection cause a violation of the redox balance, 
which leads to the increased lung damage. Therefore, aging 
is associated not only with changes in the adaptive immune 
response, but also with the pro-inflammatory status. The aged 
macaques monkeys had a stronger body response to a viral 
infection than young adult macaques, with an increase in dif-
ferential expression of inflammation-related genes, with NF-
κB  as a key factor (63). 

Virus (SARS-Cov2) and cytokines → damage to endothe-
lial cells of blood vessel (SARS-Cov2 is similar to damage 
of bronchial epithelial cells but cytokines are directly af-
fected) → endothelial dysfunction → formation of endo-
thelial cells and release into the blood a large number of 
procoagulants and proagregants → massive thrombosis → 
blockage of small vessels of the lungs, kidneys, heart, 
liver, and other organs with blood clots → violation of mi-
crocirculation in these organs → violation of their function 
→ development of shock → multiple organ failure 

 

VIRAL DISRUPTION OF ENDOTHELIAL 
FUNCTIONS 

COVID-19 disrupts the function of the endothelium (64). 
In a patient with COVID-19, it is common to find the arterial 

hypertension (65-69), thrombosis (70-72), kidney illnesses 
(73,74), emboli in the lungs (75,76), cerebrovascular and 
neurological disorders (77,78) which proves that the virus 
disrupts the function of the endothelium (79), on the most 
important organs in the human body (80,81). Furthermore, 
cases of Kawasaki illness in children with COVID-19 with 
developed vasculitis (82), only prove this point of view.  

The endothelium is not only the main structural compo-
nent of intima, which acts as a barrier between the blood and 
the basal membrane of the vascular wall, but also an active 
regulator of many vital processes (83). The variety of tar-
geted effects of the "hormonal response” of endothelial cells 
is based on their ability to synthesize a wide range of biolog-
ically active substances that are, for the most part, functional 
antagonists. The set of these substances includes vasocon-
strictors and vasodilators, proaggregant and antiplatelet 
agents, procoagulants and anticoagulants, mitogens and anti-
mutagenic (84). The "hormonal" activity of the intact endo-
thelium promotes vasodilation, prevents hemocoagulation 
and thrombosis, and limits the proliferative potential of the 
vascular wall cells (85). On the other hand, in the case of al-
terations, such as pathogenetically significant changes in the 
endothelium, its "hormonal" response, on the contrary, con-
tributes to vasoconstriction, hemocoagulation, thrombosis, 
proliferative process (86). 

Generally, it is possible to distinguish 3 main groups of 
factors that initiate the "hormonal response" of the endothe-
lium: 

a. Hemodynamic factor - the influence of this factor on the 
functional activity of the endothelium depends on the 
speed of blood flow, its nature, and the values of blood 
pressure that cause the development of the so-called 
"shear stress" (87). 

b. "Cellular" (locally formed) biologically active sub-
stances, having an autocrine or paracrine type of action. 
These include degranulation and lysis factors ("release 
reactions") of adhered and aggregated platelets (throm-
boplastin, fibrinogen, von Willebrand factor, platelet 
growth factor, fibronectin, serotonin, ADP, acid hydro-
lases), products of marginal, wall-mounted leukocytes, 
primarily neutrophils (adhesive molecules, lysosomal 
proteases, ROS, leukotrienes, prostaglandins E, etc.), ac-
tivated mast cells (histamine, serotonin, leukotrienes C4 
and D4, platelet activation factor, heparin, proteolytic 
enzymes, chemotactic and other factors) (88-91). 

c. Circulating (distant-formed) biologically active sub-
stances that have an endocrine type of action. These in-
clude catecholamines, vasopressin, acetylcholine, brad-
ykinin, adenosine, histamine, and many others (92). 
 

The action of mediators and neurohormones is carried out 
through specific receptors located on the surface of endothe-
lial cells. A number of substances are able to act on endothe-
lial cells bypassing the receptors, directly through the cell 
membrane. 
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ACE2 receptors are also expressed by endothelial cells 
(93,94). It should be noted that all factors involved in the pen-
etration of SARS-CoV-2 into the cell such as sialic acid, 
transmembrane serine protease 2 (TMPRSS2), inducer of ex-
tracellular matrix metalloproteinase (CD147) and cathepsins 
B and L are also expressed in endothelial cells (95-100). 

It can be assumed that SARS-CoV2 entering the endothe-
lial cell causes the activation of NF-κB(directly or through 
the increased amount of ROS caused by it). In addition, cy-
tokines have a damaging and stressful effect on the endothe-
lial cell, and it is perceived by mechanosensors located on its 
luminal surface. These include ion channels (K+, Ca2+, Na+, 
Cl-), caveoles, NADPH oxidases, cell membrane proteogly-
cans and G-proteins. G-proteins are not only mechanosen-
sors, but, first of all, universal intermediaries in the transmis-
sion of hormonal and neurotransmitter signals from the cell 
membrane receptors to effector proteins that cause targeted 
responses. In addition, stress signals can be transmitted 
through the mechanosensory complex, including PECAM 
and Flk-1, as well as - mediated by the adhesive molecules - 
integrins and cadherins. The activated sensors transmit sig-
nals further along various intracellular pathways ("signal cas-
cades") (Figure 8). 

Figure 8. Main endothelial mechanosensors of stress factors 
and intracellular mechanisms of their implementation 

 
The figure was taken with the permission of the authors 

from Bolevich SB, Voinov VA. Molecular mechanisms in hu-
man pathology. Medical Information Agency.2012;208. (10) 

 
In recent years, there has been an increased interest in the 

problem of stress signal transmission, since there is evidence 
of the existence of specialized intracellular stress-activated 
signaling pathways, which include the stress-activated pro-
tein kinases. Such enzymes can be activated by a variety of 
factors, including oxidative stress, UV radiation, osmotic 
stress, integrins, TNF-α, and others. Particularly important in 
the transmission of stress signals are SAPK (stress-activated 
protein kinases) of the MAPKs, namely: JNK-N - terminal 
kinases (JNKs) and p38 kinase. Stimulated integrins, and 

many other factors exercise their influence through this 
multi-component signaling complex. MAPKs performs reg-
ulatory phosphorylation of the nuclear transcription factors, 
cell cytoskeleton proteins, and signal transfer proteins at the 
last stages of this process. Thus, the activity of NF-
κBincreases sharply (87). In the final accounts , theendothe-
lial cell begins to produce a large number of pro-aggregant 
and vasoconstrictors, which leads to higher mortality rates 
(71,100,101). 

Patients with the fatal outcomes were found to have sig-
nificantly higher levels of D-dimer and fibrin degradation 
product and a longer prothrombin time compared to those 
who survived the admission (102). Moreover, a significant 
decrease in the fibrinogen levels and antitrobin activity was 
observed in patients with the fatal outcome at the late stages 
of hospitalization, which is compatible with the clinical diag-
nosis of disseminated intravascular coagulation (DIC-
syndrome) (103). It should be noted that when DIC syndrome 
is caused by a systemic infection, it is characterized by an 
acute systemic excessive inflammatory response closely re-
lated to the endothelial dysfunction (104). 

The endothelial dysfunction induced by SARS-CoV2 
leads to massive thrombosis and blockage of small vessels of 
the lungs, kidneys, heart, liver, and other organs with 
microthrombs, which causes a violation of microcirculation 
in these organs and, accordingly, a violation of their function. 
Microthrombosis of the pulmonary microvessels leads to the 
impaired lung perfusion. Indeed, the pulmonary endothelium 
is a fundamental barrier between the blood and interstitial 
tissue and performs vital regulatory functions. In particular, 
endothelial cells make up one-third of the lung cell 
population (105), but the violation of pulmonary endothelium 
even increases the severity of influenza-like illness (ILI) 
(106). COVID-19 patients with massive microthrombosis 
and impaired microcirculation experience a state of shock 
with multiple organ failure, which can ultimately lead to 
death. 

Virus (SARS-Cov2) and cytokines → damage to endothe-
liocytes of blood vessels → endothelial dysfunction → 
formation of endothelial cells and release into the blood of 
a large number of procoagulants and proagregants → mas-
sive thrombosis → blockage of large vessels of the brain 
(development of strokes), heart (development of heart at-
tacks), lower extremities (development of gangrene of the 
lower extremities) → multiple organ failure 

 
The endothelial dysfunction can be an independent cause 

of circulatory disorders in the organ, since it often provokes 
angiospasm or vascular thrombosis (108,109), which in par-
ticular, is observed in some forms of ischemia. Deep vein 
thrombosis and/or pulmonary embolism have previously 
been described in patients with ILI (110-114) as well as the 
cases of thrombosis in patients with influenza associated with 
pneumonia (115-117). 
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When the endothelium is damaged in patients with 
COVID-19, its surface turns from antithrombotic to pro-
thrombotic. In the case of exposure of the proadgesive sur-
face of the subendothelial matrix, its components-adhesive 
proteins (von Willebrand factor, collagen, fibronectin, 
thrombospondin, fibrinogen, etc.) are immediately included 
in the formation of the primary (vascular-platelet) thrombus 
and consequently hypercoagulation. The endothelium is able 
to produce and secrete a number of substances, such as cate-
cholamines, endotheliin-1, Ang-2 that have a vasoconstric-
tive effect. Ang-2 increases the permeability of microvessels 
(118,119), induces the transcription of tissue factor in endo-
thelial cells (120-122) and activates thrombocytes (123-125). 
Moreover, Ang-2 can induce the outgo of few components of 
the complement system in endothelial cells (126-129) which 
additionally proves the main role of endothelium in the path-
ogenesis of venous and arterial thrombosis in patients with 
COVID-19 (130,131). Thus, patients with COVID 19 may be 
complicated by stroke, heart attack or thrombosis of the 
lower limb arteries with the development of multiple organ 
failure. 

Virus (SARS-Cov2) → interacts with Toll receptors of the 
body's cells → the formation of a huge number of cyto-
kines (cytokine "storm") → cytokine sepsis → multiple 
organ failure 

 

MULTIPLE ORGAN DYSFUNCTION 
SYNDROME (MODS) INDUCED BY COVID-19 

In general terms, the pattern of sepsis-induced MODS de-
velopment in COVID-19 is shown in Figure 9. When SARS-
CoV-2 enters the body, it is recognized by a family TLRs that 
trigger the production of cytokines. The key cytokines that 
mediate the septic form of MODS are TNF-α, IL-1 and IL-6, 
whose massive release from monocytes, macrophages, neu-
trophils and other cells is provoked by SARS CoV-2. The 
isolated introduction of at least one of these cytokines into 
the body without the participation of any microorganisms 
gives a complete clinical picture characteristic of sepsis. It is 
noteworthy that by binding or blocking the excess TNF-α and 
IL-1, for example, with specific antibodies, it is possible to 
remove most of the phenomena of acute infectious damage 
and prevent the development of septic shock. Cytokines me-
diate their action by activating NF-κB. It was noted above 
that currently NF-κB is considered as the main transcription 
factor for genes that determine the development of a wide 
range of diseases of an immune and inflammatory nature, 
gerontological diseases, tumors, viral infections. Subsequent 
to the activation of NF-κB and other transcription factors, 
changes in the genetic program determine the stimulation of 
synthesis of "early" cytokines, and then "late" cytokines and 
other mediators of the systemic inflammatory response. Me-
diators cause various metabolic and functional changes in the 
body, manifesting the development of septic, as well as other, 
i.e. aseptic forms of MODS. In the genesis of acute vascular 
insufficiency - one of the main pathogenetic components of 
this syndrome, a special role is assigned to nitrogen oxide, 

the concentration of which can increase tenfold as a result of 
stimulation of macrophages TNF-α, IL-1 and other factors. It 
was found that the introduction of NO to experimental ani-
mals can lead to a condition that simulates sepsis. One of the 
main pathogenetic components of this form of pathology is a 
violation of microcirculation, which first leads to the devel-
opment of systemic capillary-trophic insufficiency, and then, 
to a large extent, determines the formation of MODS. 

First of all, the "shock wave" of inflammatory mediators 
takes over the lungs – the "biochemical filter" of blood on the 
way to the brain, which leads to their damage or, according 
to modern nomenclature, to the development of acute lung 
injury syndrome, which is considered as a "typical pace-
maker" of MODS. 

The complex of factors that makes up the pathogenetic 
basis of various clinical symptoms of MODS includes the 
acute respiratory failure (generalized hypoxia), microcircula-
tion disorders (capillary-trophic insufficiency), endothelial 
dysfunction (violation of the regulation of the vascular lumen 
and haemostasis system), enteral insufficiency (intestinal 
auto-intoxication syndrome, malabsorption syndrome), 
changes in the metabolism (hypermetabolism syndrome, au-
tocatabolism syndrome), encephalopathy (disorders of CNS 
function). 

Figure 9. Pathogenesis of septic multiple organ failure 

 
The figure was taken with the permission of the authors 

from Bolevich SB, Voinov VA. Molecular mechanisms in hu-
man pathology. Medical Information Agency.2012;208. (10) 

 
SARS-CoV-2 can cause a local organ/tissue damage or 

have a generalized damaging effect on the body. In the first 
case, the inflammation occurs – a "locally flowing" process, 
which can be adequate, classical: SARS-CoV-2 and altered 
cells/tissues are blocked, inactivated and removed from the 
body, which excludes the possibility of generalization of the 
process, or - inadequate, i.e. with severe tissue damage, in-
sufficient restrictive function of inflammation, excessive for-
mation and massive output of mediators of this process in the 
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systemic bloodstream. "Flooding" of the blood with various 
biologically active substances occurs not only in conditions 
of the inadequate inflammation, but also accompanies more 
or less pronounced generalized damage to the body. Based 
on the data on the existence of mediators between damaging 
factors and phenotypic changes caused by them, the body de-
velops a "systemic inflammatory response syndrome" – SIRS 
(the result of the action of pro - inflammatory mediators) and 
a "compensatory systemic anti-inflammatory response" – 
CARS, as the  result of the action of anti-inflammatory me-
diators. 

The  excessive content of biologically active substances 
in the blood is the cause of severe lung damage. This is due 
to the fact that along with providing the gas exchange, the 
lungs perform a number of non-respiratory (including meta-
bolic) functions. Quite intensive lung metabolism is primar-
ily due to the neural secretory activity of apudocytes (approx-
imately 40 types of APUD cells were found in the lungs). It 
should be noted that the metabolic function of the lungs 
largely depends on the state of the endothelial cells of the 
small circulatory vessels. Biologically active substances syn-
thesized by apudocytes of a peptide nature affect the vascular 
tone and permeability of vascular walls, heart function, ac-
tivity of the gastrointestinal tract, metabolism, excitability of 
membranes, etc. In the lungs, there is not only synthesis, but 
destruction (inactivation) of a number of substances, includ-
ing-norepinephrine, angiotensin-1, etc. This "cleansing" 
("barrier") function of the lungs turns them into a kind of "bi-
ochemical filter" that protects various organs, primarily the 
brain from the excessive amount of biologically active sub-
stances that have entered the bloodstream. That is why the 
lungs received the status of "shock organ". In the context of 
MODS development, the lungs are under the "pressure" of a 
large number of SIRS and CARS mediators. In this case, the 
cells of the lung tissue occupy the first line of defence, taking 
on the "impact of biochemical aggression factors", which 
leads to a disorder of their metabolic activity, characterized, 
in particular, by the development of surfactant deficiency 
and, accordingly, the acute respiratory failure. The resulting 
hypoxia of various organs and tissues determines the gener-
alized de novo synthesis of various biologically active sub-
stances and their release into the systemic bloodstream. This 
second "humoral wave" of active molecules, along with the 
neuro–endocrine response to damaging effects, causes fur-
ther systemic changes in the body, which can result in the 
formation of MODS. 

Mediators of the humoral component of the systemic re-
sponse in the conditions of MODS development (their total 
number is in the hundreds) are: cytokines, components of the 
complement system, products of arachidonic acid metabo-
lism, platelet activation factor, histamine, cellular adhesive 
molecules, toxic oxygen metabolites, components of the kal-
likrein - kinin system, and many others. 

The greatest attention in the aspect of MODS pathogene-
sis is paid to cytokines. Strictly speaking, the pathogenetic 
basis of MODS is not a systemic inflammatory reaction, but 

an imbalance between the pro and anti-inflammatory capa-
bilities of the cytokines: both the predominance of pro-in-
flammatory and anti-inflammatory potential equally deter-
mine the development of MODS. The balance of these capa-
bilities is determined not only by the content of pro and anti-
inflammatory cytokines, but also by other factors mentioned 
above: 

a. the number of membrane-bound cytokine receptors, 
which is determined by the balance between their bio-
synthesis and use; 

b. the quality of these receptors (they can be inactivated by 
ligand-cytokine antagonists or antireceptor antibodies); 

c. the number of soluble receptors ("trap receptors") which 
naturally increases in conditions of the increased prote-
olytic activity of the blood. 
 

In addition, the effects of cytokines depend on the reac-
tivity of target cells: genetic defects in the synthesis of bio-
logically active molecules in them in the presence of a cyto-
kine signal. 

One of the characteristics of MODS is the phase of devel-
opment of this syndrome. Despite the absence of a single, 
agreed point of view on the pathogenesis of MODS, the 
above-mentioned concept of a "three-phase response" seems 
quite convincing from a pathophysiological point of view. 

In fact, the initiation of MODS is associated with the nat-
ural development of the system's protective and adaptive re-
sponse, which consists of two components: neuroendocrine 
(stress response) and humoral (mainly "cytokine" response). 
From the pathophysiological point of view, the selection of 
such stage does not cause any doubt, as well as its perfectly 
adequate name – "phase of induction". This system response 
induces the inclusion of adaptive mechanisms aimed at mo-
bilization, redistribution, and adequate use of energy and 
plastic resources in order to contain the scale of alterations, 
creating unfavourable conditions for various pathogenic in-
fectious factors. The pathogenetic basis of such mechanisms 
consists of systemic changes in the metabolism. Therefore, 
the next stage of MODS development is called the "metabolic 
response phase". At this stage, there are various changes of a 
functional nature, which, on the one hand, are aimed at 
providing the metabolic response, and, on the other, these 
changes are not the "central pathogenetic event" of this phase 
of MODS. An exception to this statement are changes (func-
tional and organic) in the gastrointestinal tract that occur in 
connection with the refusal of the body from the services of 
the digestive system due to the transition to more accessible 
endogenous food reserves. The resulting damage to the gas-
trointestinal tract determines the development of malabsorp-
tion syndrome and intestinal auto-intoxication syndrome, 
which cause further development and severity of MODS. 
This final stage of the formation of this syndrome is called 
the "phase of secondary autoagression", because it is deter-
mined not so much by etiological as pathogenetic factors of 
MODS. This is, in its most general form, the three-phase 
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concept of MODS pathogenesis which occurs under the in-
fluence of SARS-CoV-2. 

CONCLUSION 

In general, the introduction of SARS-CoV-2 into epithe-
lial cells (skin, lungs, trachea, bronchi, stomach, intestines, 
etc.), blood, and endothelium of the body causes a local and 
systematic inflammatory response to damage at the first 
stage. The key component of this phase (induction) of the re-
sponse is "cytokine storm" or more precisely – cytokine im-
balance. 

The pathogenetic basis of this phase of SARS-Cov2 in-
fection is a disruption of the cellular, organ tissue and system 
adaptive reactions of the body. The next stage is developing 
a related network of events (each patient individually) which 
results in the failure of the body systems (respiratory, blood 
circulation, hemostasis, endocrine and neural), with develop-
ment  of different periodical complications and subsequent 
insufficiency of the circulatory, respiratory systems (ARDS, 
ALI), hemostasis (DIC), digestion (malabsorption syn-
drome), endocrine and nervous (shock, coma) problems re-
sulting in the MODS. 
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