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Abstract—Every fourth person in the world currently has kidney problems to one or another degree. It is
known that the novel coronavirus infection (COVID-19) is primarily a respiratory disease, but the kidney is
a target organ. The coronavirus is tropic to kidney tissue due to the presence in the organ of RNA of angio-
tensin-converting enzyme type 2 and transmembrane serine protease 2, which is considered to be a target of
this virus. The presence of renal failure in any stage is an independent unfavorable risk factor for contracting
coronavirus and leads to a high frequency of hospitalization and mortality rate. Kidney failure is caused by
various pathogenetic mechanisms: the direct cytopathic effect of the virus on their structures (podocytes,
mesangial cells in the renal corpuscle, capillary endothelium in the glomerulus, epithelial cells in the proxi-
mal tubules), cytokine storm, damage to the renin—angiotensin—aldosterone system, and immunothrombo-
sis. In many patients with confirmed coronavirus infection, from the first days of the disease, laboratory tests
show significant changes in urine analysis (hematuria, proteinuria) and increased level of creatinine in the
blood serum. The development of acute kidney injury is a main mortality risk factor. More research is needed
into the exact effects of SARS-CoV-2 on the kidneys. Understanding the main pathogenetic pathways of their
damage in COVID-19 is necessary to develop strategies and effective treatments.
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INTRODUCTION

An outbreak of atypical pneumonia was reported in
the city of Wuhan (Hubei Province, China) in the
winter of 2019. The causative agent was subsequently
identified as a new human coronavirus (2019-nCoV),
or SARS-CoV-2 (severe acute respiratory syndrome
coronavirus). In February 2020, the WHO named this
disease COVID-19 (COronaVIrus Disease 2019).
Later, the outbreak became global, spreading across
the world, and was declared a pandemic (Baloch et al.,
2020; Habibzadeh and Lang, 2020; Muralidar et al.,
2020; Mehandru and Merad, 2022). Most people
infected with SARS-CoV-2 had upper respiratory tract
involvement and mild to moderate acute respiratory
symptoms that resolved within 6—10 days. However,
almost 20% of patients developed serious complica-
tions, such as atypical bilateral pneumonia and/or
acute respiratory distress syndrome, as well as severe
multiorgan damage, leading to high mortality in the
population (Cummings et al., 2020; Hu et al., 2021).
In April 5, 2021, according to WHO data, the number
of deaths from COVID-19 had reached 2.85 million
out of 131 million cases. By comparison, seasonal
influenza causes 250000—500000 deaths annually,

with global mortality during the 2009 HIN 1 influenza
pandemic ranging from 151.7 to 575.4 thousand deaths
(Johnson et al., 2022).

The main target of the virus was initially considered
to be lung tissue, but it can affect other organs and sys-
tems as well. The mechanism of occurrence and devel-
opment of this disease can be divided into the follow-
ing stages: airborne penetration of the virus into the
upper respiratory tract, interaction with the target cell
and penetration into it, and virus replication and dam-
age to cellular structures. If the reaction of the
immune system is ineffective, the pathogen spreads
throughout the body through the bloodstream, which
results in the development of viremia and production
of cytokines that determines pathological changes in
organs (Khaitovich and Ermachkova, 2020).

Studies of SARS-CoV-2 genome have revealed the
features of its structure, in which the important issue
is the structure of the spike protein (S-protein) located
on the surface of the virus. It contains an S1 subunit
for binding to the cell receptor and S2 subunit for
fusion with the cell membrane. The structure of
the S protein imitates the angiotensin converting
enzyme 2 (ACE2) (Kirtipal et al., 2020; Niu et al.,

257



258

2023), and, therefore, viral particles effectively come
into contact with ACE2 receptors with high binding
affinity (Verano-Braga et al., 2020; Laghlam et al.,
2021). In the classical endocrine model of the renin—
angiotensin system (RAS), renin cleaves angioten-
sinogen and produces inactive peptide angiotensin-1I,
which is converted by the ACE to angiotensin-I1. The
latter mediates vasoconstriction, as well as the release
of aldosterone from the adrenal glands, leading to
sodium retention and increased blood pressure. The
RAS also includes local systems with autocrine and
paracrine effects in addition to the classical circulating
RAS components with their well-known endocrine
effects. It must be emphasized that the distribution
and concentration of the ACE2 receptor in the body
play an important role in the coronavirus route (Ver-
ano-Braga et al., 2020; Laghlam et al., 2021).

The virus is tropic to endothelial cells, and, there-
fore, it is capable of damaging target organs, such as
the lung alveolar epithelium, gastrointestinal tract,
liver, kidneys, heart, blood vessels, etc. It has been
established that patients with concomitant chronic
diseases have an unfavorable course and a high risk of
mortality from coronavirus infection (Khaitovich and
Ermachkova, 2020; Kirtipal et al., 2020).

Every year, more and more evidence is emerging
indicating that coronavirus infection causes damage to
the kidneys, which are considered its second target
after the lungs (Li et al., 2020; Lui et al., 2020). It has
been proven that the history of chronic kidney disease
is a significant risk factor for the development of com-
plications from COVID-19 and subsequent hospital-
ization (Oyelade et al, 2020; Wang et al., 2020; Henry
and Lippi, 2020).

A significant number of patients infected with
COVID-19 developed proteinuria, a urinary syn-
drome (7—63% of cases) (Li et al., 2020), and hema-
turia (20—48%) (Cheng etal., 2020; Wang etal.,
2020). A common complication of coronavirus infec-
tion is acute kidney injury (AKI). The frequency of its
occurrence varies significantly; among hospitalized
patients, AKI was noted in 20% of cases; in the inten-
sive care unit, in more than 50% (Nadim et al., 2020;
Peiet al., 2020; Chen et al., 2020). AKI was diagnosed
according to the established KDIGO (Kidney Disease
Improving Global Outcomes) criteria, which include
an increased creatinine level in serum of more than
0.3 mg/dL (>26.5 umol/L) within 48 h, increased cre-
atinine level by 1.5 times or more than the normal
baseline, and a volume of urine of more than
0.5 mL/kg/h for 6 h (Khwaja, 2012). Thus, Guan et al.
identified an increased creatinine level in 1.6% (12 out
of 752 of patients), and Wang et al., revealed that AKI
developed in 5.1% of cases (36 out of 701 patients),
while temporary azotemia without the occurrence of
AKI was observed in 116 patients (Wang et al., 2020;
Guan etal., 2020). According to Malberti et al.
(2000), during the pandemic, 82 from 2301 patients
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with COVID-19 admitted to the Cremona hospital
were hospitalized them in the nephrology ward. The
patient mortality in the nephrology department was
higher than in patients with COVID-19 in other areas
of the hospital during the same period (425 deaths per
1395 hospitalized patients, 30.5%), and was especially
high for patients with C3-5 chronic kidney disease
(88.2%). Those who died more frequently than survi-
vors had complications, including AKI (43.2 vs.
20.0%, respectively) and sepsis (20.0 vs. 8.9%, respec-
tively) (Malberti et al., 2020).

According to modern concepts, this disease occurs
with a variety of pathogenetic mechanisms of kidney
damage: intracellular activity of the pathogen itself
with further cell death, excessive release of proinflam-
matory cytokines with the development of “cytokine
storm,” features of the renin—angiotensin—aldoste-
rone system (RAAS), hyperergic inflammation, and
immune thrombosis. The action and activity of both
individual and joint pathogenetic links are individual
for each patient and make an equal contribution to the
formation and development of kidney damage during
coronavirus infection (Maltseva et al., 2021).

The purpose of this review is to analyze world liter-
ature data on the mechanisms of development of kid-
ney damage in patients with a new coronavirus infec-
tion. When writing, the search for scientific literary
sources was made using the keywords “coronavirus,”
“renal injury,” and “cytokine storm” in the PubMed,
Scopus, Web of Science, and eLibrary databases for
the period from 2012 to 2021.

CYTOPATHIC EFFECT OF THE VIRUS

As stated above, the coronavirus penetrates into the
body’s cells using ACE2 (ACE2-dependent pathway).
SARS-CoV-2, entering the body, exhibits direct cyto-
pathic effect on the renal parenchyma (Khaitovich
and Ermachkova, 2020; Malik, 2020; Maltseva et al.,
2021). Thus, virus fragments were observed in the
urine of patients with PCR-confirmed coronavirus
infection (Huang et al., 2020). When determining the
primary structure of the viral RNA molecule in
human tissues, it was found that the expression of
ACE2 (implementation/reproduction of information)
in the kidneys was almost 100 times higher than in
lungs (Li et al., 2020). Most of the nephron is a target
for coronavirus (Martinez-Rojas et al., 2020; Liao
et al., 2020); it is expressed in the renal corpuscle
(podocytes, mesangial cells), in the endothelium of
capillaries of the glomerulus, and in epithelial cells of
the proximal tubules (Maltseva et al., 2021). It has
been found that there is 80% genetic similarity
between SARS-CoV and SARS-CoV-2 (Rabaan et al.,
2020).

The virus in cells triggers an element of Rip1-Rip3-
MLRL (Receptor-interacting serine/threonine-pro-
tein kinase; Mixed lineage kinase domain-like pseu-
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dokinase) signaling pathway, which induces necropto-
sis. As a result, Rip3 oligomerizes SARS 3a and
acquires the ability to integrate into the cell mem-
brane, forming pores, and lysosomes, promoting the
release of lysosomal enzymes. In turn, SARS 3a
induces gene expression of transcription factor EB
(TFEB) genes, which is the main regulator of lyso-
some biogenesis and function, lysosomal exocytosis,
and autophagy (Napolitano and Ballabio, 2016; Malt-
seva et al., 2021). Protein E also has a cytopathic effect
and is involved in the formation of ion channels in
membranes of the Golgi complex that produces ionic
imbalance inside the cell, activating NLRP3 inflam-
masome, which is accompanied by the launch of the
inflammatory reaction and pyroptosis (through acti-
vation of caspase-1-dependent mechanism) (Yue
et al., 2018; Maltseva et al., 2021). The interaction of
the virus with auxiliary proteins allows it to penetrate
inside the nephron, which leads to the death of kidney
cells due to cytopathic effect (Maltseva et al., 2021).

CYTOKINE STORM

In a healthy person, there is a balance between pro-
and anti-inflammatory cytokines. When a virus
enters, this balance is disrupted, which leads to the
development of a hyperergic inflammatory response
to a foreign antigen (pathogen-associated molecular
pattern (PAMP): viral RNA and viral membrane gly-
coprotein). PAMP is recognized through Toll-like
receptors (TLRs, a type of pattern-recognition recep-
tor (PRR)). There are different subtypes of TLR.
Thus, TLR3, TLR7, TLRS, and TLR9Y are involved in
the detection process of SARS-CoV-2 RNA, and gly-
coproteins of the virus membrane are recognized by
TLR2 and TLR4. During recognition of coronavirus,
TLRs undergo conformational changes and com-
plexes with participation of adapter molecules are
formed that activate signaling pathways mediated by
the nuclear factor kKB (NF-xB), mitogen-activated
protein kinases (MAPK), and interferon regulatory
factors (IRF-3/5/7). As a result, under the influence
of these stimuli, the production of proinflammatory
cytokines, interferon-1 (IFN-1), chemokines, and
adhesion molecules increase (Ragab et al., 2020;
Maltseva et al., 2021).

The above-described active substances promote
the infiltration of immune system cells, phagocytes,
and B- and T-lymphocytes at the inflammation site.
During the incubation period, the immune system
does not respond to the virus for a long time; only
during active replication of the coronavirus does viral
PAMP accumulate, which further activates the hyper-
ergic immune response (Paces et al., 2020; Song et al.,
2020; Maltseva et al., 2021).
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The development and course of a cytokine storm
are systemic in nature, which results in an increased
amount of proinflammatory cytokines. The latter are
a direct damaging factor contributing to the develop-
ment of ischemic nephropathy and microthrombosis
(based on the destruction of nephrocytes and renal
vessels). The proinflammatory effects of cytokines are
known to have a strong influence on the development
of AKI as a result of massive damage to renal tissue
and impaired renal blood flow. It has been established
that the most active cytokines during coronavirus
infection are IL-1B, IL-6, IL-8, 1L-12, IFNYy, and
TNFa (Fig. 1) (Durlacher-Betzer et al., 2018; Grebe
et al., 2018; Rose-John, 2018; Paces et al., 2020; Song
etal., 2020; Costela-Ruiz, 2020; Maltseva et al.,
2021). Thus, a large number of inflammatory media-
tors are involved in the pathological process and sup-
port inflammation (Grebe et al., 2018; Paces et al.,
2020; Maltseva et al., 2021).

PATHOLOGY OF RAAS

The interaction of coronavirus with the ACE?2
receptor results in RAAS disorder. ACE2 converts
angiotensin II to angiotensin 1-7 and angiotensin I to
angiotensin 1-9, which is then cleaved by ACE or neu-
tral endopeptidase to produce angiotensin 1-7. The
influence of angiotensin 1-7 is the opposite of the
main effects of angiotensin-II (anti-inflammatory and
antifibrotic). The disruption of RAAS dysregulation is
that the virus interacts with ACE2 and transmembrane
serine protease-2 (TMPRSS2) on the surface of neph-
rocytes and penetrates into the cell by endocytosis.
ACE2 expression on the surface of the nephrocyte
declines, which results in an enhanced content of
angiotensin-II and reduced level of angiotensin 1-7
(Lelis et al., 2019; Maltseva et al., 2021) and, accord-
ingly, to the activation of a proinflammatory effect,
apoptosis, increased proliferation rate of mesangial
cells, endothelial cells and fibroblasts, vasoconstric-
tion, augmented sodium reabsorption, stimulation of
aldosterone production, etc. (Lelis et al., 2019; Malt-
seva et al., 2021).

It has been shown that the accumulation of angio-
tensin-1I contributes to the rapid invasion of the virus
into the cells. This occurs due to the interaction of
angiotensin Il with a specific receptor (AT;) and
cleavage of the AT,/ACE2 complex. ACE2 moves to
lysosomes, and AT, moves back to the host cell sur-
face. The higher the level of angiotensin-II, the faster
ACE?2 is destroyed in lysosomes promoting acceler-
ated penetration of SARS-CoV-2 into the cell (Malt-
seva et al., 2021; Ogunlade et al., 2021). It was found
that accumulation of angiotensin-II enhanced the
production of aldosterone by the adrenal cortex. Aldo-
sterone, in turn, affects the generation of reactive oxy-
gen species through an NADPH-dependent mecha-
nism and the activity of fibroblast genes, which leads
to increased collagen synthesis (Luther and Fogo,
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Fig. 1. Effects of cytokines.

2022). The accumulation of excess collagen is an IMMUNOTHROMBOSIS
important component in the development of fibrosis, _ _ o
contributing to damage to the renal parenchyma and It is known that immunothrombosis is currently a

the development of renal failure (Rafiq etal., 2011; major link in the pathogenesis of coronavirus infec-
Maltseva et al., 2021; Ogunlade et al., 2021; Luther tion, leading to the formation of venous and arterial
and Fogo, 2022). blood clots and development of thrombotic complica-
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tions in many organs and systems, including the kid-
neys. Immunothrombosis is normally necessary for
protection (recognition and protection from foreign
pathogen progression, since it occurs in a small area of
the microvascular bed) and development of adaptive
immune memory. The key role in the pathogenesis of
immunothrombosis is played by immunocompetent
cells (neutrophils), platelets, and the complement sys-
tem (Nicolai and Massberg, 2020; Maltseva et al.,
2021).

Neutrophils are a component of innate immunity.
Coronavirus infection reduces ACE2 activity and pro-
motes the release of proinflammatory molecules,
which in turn are implicated in attracting neutrophils
to the site of damage, as well as infiltration of damaged
tissue with and induction of hyperergic inflammatory
response (Nicolai and Massberg, 2020; Maltseva
et al., 2021).

One of the main mechanisms that trigger and
enhance immune thrombosis is the release of neutro-
phil extracellular traps (NETs). An NET is a three-
dimensional network of decondensed chromatin, his-
tones, and antimicrobial proteins (myeloperoxidase,
elastase, pentraxin, lactoferrin, matrix metallopro-
teinase 9, peptidoglycan recognition protein 1) (Nico-
lai and Massberg, 2020; Maltseva et al., 2021). Newly
formed NETs stimulate nearby platelets, thereby caus-
ing necrosis of capillary endothelial cells and renal
tubular epithelial cells in AKI (Jansen et al., 2017,
Nakazawa et al., 2017; Maltseva et al., 2021). Histo-
pathological examination of kidney tissue of patients
with coronavirus infection revealed in 14% patterns of
neutrophils together with platelets (Schurink et al.,
2020). The mechanisms of immunothrombosis for-
mation involving NET include activation of coagula-
tion factor XII (intrinsic coagulation pathway), bind-
ing to tissue factor and activation of the extrinsic coag-
ulation pathway, platelet activation by histones H3 and
H4, oxidation of anticoagulants (tissue factor pathway
inhibitor, thrombomodulin) by neutrophil elastase
and myeloperoxidase, and binding to vWF and
recruitment of platelets to the site of inflammation
(Jayarangaiah et al., 2020; Henry et al., 2020; Malt-
seva et al., 2021).

The most important role in the process of throm-
bus formation is given to platelets. Their function is to
activate coagulation factor XII, the intrinsic coagula-
tion pathway, and the tissue factor, which creates a
predisposition to the formation of fibrin (Maltseva
etal., 2021). Thus, Wang et al. found that patients
with confirmed coronavirus infection had thrombocy-
topenia, prolongation of prothrombin and activated
partial thromboplastin time, decreased fibrinogen
content, increased concentration of D-dimers, and
fibrin degradation products (Wang et al., 2020). A
high capacity of platelets for aggregation and adhesion
was noted in patients staying in the intensive care unit
(Manne et al., 2020). It is taken into account that the
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functional activity of platelets is enhanced due to the
induction of the MAPK signaling pathway and is asso-
ciated with the activation of cytosolic phospholipase
A2 and enhanced production and release of throm-
boxane A2 by platelets at the site of inflammation. It
follows from this that platelets during coronavirus
infection trigger a cascade of reactions of the external
and internal coagulation pathways, which activates
immunothrombosis in the renal vessels, initiating
ischemia of the organ (Manne et al., 2020; Maltseva
et al., 2021).

Another known component of the immune
response to SARS-CoV-2 invasion is the complement
system. However, its excessive activation and deposi-
tion of proteins result in damage of endothelium and
vascular wall (Maltseva et al., 2021), as well as the
development of renal vascular thrombosis and intra-
vascular coagulation. The membrane attack complex
(C5b-9) in the renal parenchyma promotes the devel-
opment of acute tubular necrosis and AKI. In turn,
the formed complexes C5b-9 and C5a support the
release of IL-8 by endothelial cells which activates
chemotaxis, adhesion and interendothelial movement
of polymorphonuclear leukocytes and macrophages in
the lesion site (Maltseva et al., 2021; Diao etal.,
2021). The direct effect of the C5a complex on vascu-
lar endothelial cells induces exocytosis of von Wille-
brand factor molecules from Weibel—Palaade bodies,
as well as platelet adhesion and increased coagulation
cascade in kidney proximal tubules (Vinayagam and
Sattu, 2020; Maltseva et al., 2021). Thus, with pathol-
ogy of the complement system in patients suffering
from coronavirus infection, massive thrombosis of the
renal vessels comes to the fore, leading to death.

CONCLUSIONS

The kidneys are considered one of the sensitive
organs affected by SARS-CoV-2. This review high-
lights the main pathological mechanisms of their
damage. The pathophysiology of renal dysfunction is
associated with specific mechanisms (direct viral
entry, unbalanced activation of the RAAS, cytokine
storm and thrombotic conditions), creating a vicious
circle (Muralidar et al., 2020; Baloch etal., 2020;
Habibzadeh and Lang, 2020; Cummings et al., 2020;
Khaitovich etal., 2020; Hu etal., 2021; Maltseva
et al., 2021; Mehandru and Merad, 2022).

Each individual link in pathogenesis supports
and/or potentiates the development of another link in
renal damage. Thus, direct penetration of coronavirus
into nephrocytes triggers viral replication, which leads
to mitochondrial damage and cytolysis (Khaitovich
et al., 2020; Malik, 2020; Maltseva et al., 2021). Coro-
navirus infection activates and enhances influence of
RAAS components (angiotensin II, renin, aldoste-
rone), which contributes to the penetration of the
virus into cells and generation of reactive oxygen spe-
cies, resulting in destruction of the renal parenchyma
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and development of fibrosis (Lelis et al., 2019; Ogun-
lade et al., 2021; Maltseva et al., 2021; Luther and
Fogo, 2022).

A key factor in creating the vicious cycle during
coronavirus infection is the “recognition” of the coro-
navirus by immunocompetent cells. It stimulates the
activity of specific signaling pathways in the body,
thereby increasing the expression of proinflammatory
cytokines (the “cytokine storm” phenomenon), and
produces a proinflammatory environment in the kid-
ney parenchyma, resulting in the development of renal
damage (Grebe et al., 2018; Ragab et al., 2020; Song
et al., 2020; Costela-Ruiz et al., 2020; Maltseva et al.,
2021).

When coronavirus enters the body, the complex
reaction of the immune and the hemostasis systems
(immunothrombosis) limits the spread and further
removal of microorganism pathogens from the blood-
stream. The main role in the development of immuno-
thrombosis is assigned to neutrophils and the NETs
that they release. In turn, NETs contribute to
increased thrombosis of renal vessels and implication
of cells of the innate and acquired immune systems in
the pathological process. Increased activity of platelets
(during coronavirus infection, the activity of internal
and external coagulation pathways is triggered and
maintained) and proteins of the complement system,
which enhance the development of thrombotic com-
plications in kidneys, are also important for the devel-
opment of immunothrombosis (Khwaja, 2012; Nico-
lai and Massberg, 2020).

The above requires the monitoring of kidney func-
tion in patients already with mild respiratory symp-
toms of coronavirus infection. Assessment and correc-
tion of renal dysfunction in early stages will improve
the prognosis of this group of patients (Muralidar
etal., 2020; Baloch etal., 2020; Habibzadeh and
Lang, 2020; Cummings et al., 2020; Khaitovich et al.,
2020; Huet al., 2021; Maltseva et al., 2021; Mehandru
and Merad, 2022).

Understanding the main pathogenetic pathways of
renal parenchyma damage and AKI during coronavi-
rus infection is important for development of treat-
ment strategies and effective methods of therapy. Fur-
ther research is needed to expand knowledge about the
mechanisms of kidney damage during coronavirus
infection to determine diagnostic and therapeutic
approaches for patient management. It is extremely
important to recognize the pathogenetic pathways and
sites of coronavirus impact on renal structures for the
development of new drugs (Muralidar et al., 2020;
Baloch etal., 2020; Habibzadeh and Lang, 2020;
Cummings et al., 2020; Haitovich etal., 2020; Hu
etal., 2021; Maltseva etal., 2021; Mehandru and
Merad, 2022).
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