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(Abstract )

Since the spread of coronavirus disease 2019 (COVID-19) around the world, more than 630 million
people have been infected and more than 6 million have died, posing a huge threat to human life and
health. COVID-19 not only damages the respiratory system, but also affects other organs, including the
kidney. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) accumulates in the kidney and
causes damage through a variety of mechanisms. About 60% of the patients had different degrees of renal
function changes and abnormal urine analysis. 5% to 80% of patients can develop Acute Kidney Injury
(AKI), such as acute tubular necrosis and collapsing glomerulopathy, which increases the risk of death.
COVID-23 19 patients with kidney injury will also indirectly increase the risk of serious complications
related to COVID-19, including other symptoms such as arrhythmia, shock, and acute respiratory
distress syndrome (ARDS). etc. At present, the problem of concurrent kidney injury in COVID-19

patients has been widely discussed and concerned. Here, we will discuss the clinical manifestations and

pathogenesis of COVID-19 patients with kidney injury to provide a reference for clinical decision-making.
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Introduction

Since December 2019, a new viral infectious disease swept the globe, caused a large global outbreak
and was a major public health issue. International Committee on Taxonomy of Viruses (ICTV) announced
“severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)” as the name of the new virus on 11 Feb-
ruary 2020. At the same time, theWHO announced “COVID-19"as a name for the new illness [1].

According to the recent study of SARS-CoV-2, this virus not only attacks lungs, but also causes
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kidney damage. Abnormal kidney function and urinalysis are clinically visible and typically progress to
Acute Kidney Injury (AKI). Recent studies have suggested that kidney damage can cause multiple organ
dysfunction syndrome (MODS) and is associated with increased morbidity and mortality [2,3]. There is
also evidence that even mild impairment in kidney function is an independent risk factor for COVID-19
infection and death [4].

Therefore, it is necessary to explore the clinical features 45 and mechanisms of kidney injury in

COVID-19. This enables early intervention and treatment to ensure quality of life for patients.
Clinical Manifestations
Epidemiology

Recently, studies have shown that AKI is the common among kidney injury in hospitalized COVID-19
patients. The incidence of AKI ranges from 0.5% to 80%.Variability in AKI occurrence has been attributed
to differences in clinical context, parameters used to diagnose AKI, geographic locations, race/ethnicity and

severity of the disease, etc [5,6].

Older age, male sex, obesity, cardiovascular disease, Chronic Kidney Disease (CKD), kidney transplant,
ICU patients, and people with multiple underlying diseases are risk factors for the development of AKI
[7-10]. COVID-19 patients with AKI have a higher risk of ICU admission and increased requirements for
mechanical ventilation and Renal Replacement Therapy (RRT). These are independent risk indicators for
death in AKI patients. Some patients may experience hospital-acquired complications that lead to MODS
or death. The more serious of COVID-19, the higher occurrence of AKI. Even AKI patients who survive to
discharge from the hospital are at risk for the development of CKD or End-Stage Kidney Disease (ESKD)
[11].

In a retrospective study, Gutierrez investigated 7,037 COVID-19 patients. The incidence of AKI was
10.87% and the mortality rate of AKI patients was twice than that patients without AKI [12]. Rahimzadeh
evaluated 194 67 AKI patients, 20.1% of whom were in stage 3 and showed a significantly higher mortality
rate, ARDS, required RRT and need for invasive ventilation than other stages [9]. Similar results were more
pronounced in critically ill patients. Anandh et al. suggested that 1,714 ICU patients, 393 (22.9%) had
severe AKI (AKIN stage 3) and all patients required RRT. The mortality rate for these AKIN3 patients was
52.4% [13]. Schaubroeck analyzed 1,286 critically ill COVID-19 patients, 85.1% with AKI and 9.8% with
CRRT. All AKI stages were associated with ICU mortality [10].

Subsequently, researchers focused on AKI patients’ clinical prognosis. Some studies found that
only 28.2% of patients recovered from AKI, while 71.8% did not fully recover upon discharge, and a small
number of patients were discharged with AKD [9,14]. Other studies suggested that patients in the ICU and
AKIN stage 3 had longer recovery times, most of whom still required dialysis upon discharge, and a higher
level incidence of CKD [11]. In addition to the above studies, Huang followed up discharged COVID-19

patients for six months and showed a decrease in eGFR during follow-up in 13% of hospitalized patients
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without AKI and with normal eGFR [15].

Overall, COVID-19 patients who develop AKI will lead to reduced patient survival opportunities and
survival quality. Therefore, early diagnosis and prevention of renal damage progression is important, which

could improve clinical prognosis, and reduce the clinical progression of CKD/ ESKD.
Laboratory Features

Laboratory features in COVID-19 kidney injury patients 89 were characterized by abnormal indices
such as proteinuria, hematuria, serum creatinine (Scr) and blood urea nitrogen (BUN) levels, etc. According
to existing research, approximately 60% of COVID-19 patients show symptoms of kidney injury, but most

do not progress to AKI [8].

Cheng analyzed urine and renal function tests of 710 COVID-19 patients in Wuhan, which showed
that 43.9% of patients had proteinuria and 26.7% had hematuria. The proportion of elevated Scr patients
was 14.4%, elevated BUN patients was 13.1% and estimated glomerular filtration rate(eGFR) <60 ml/
min/1.73m?was 13.1% [7]. Xu and his colleagues found that COVID-19 AKI patients had lower platelet
counts, lymphocyte counts, albumin levels, and serum calcium levels compared to patients without AKI, but
had higher levels of leukocyte counts, neutrophils, and serum potassium [16]. Current clinical studies had
demonstrated that elevated Scr, BUN, eGFR <60 ml/min/1.73m? lymphocyte count <1.5 x 10°/L, leukocyte
count >10 x 10°/ L, proteinuria, and hematuria were independent risk factors for kidney injury and death.
Higher Scr and PCT levels could predict the risk of AKI in COVID-19 patients. In addition, patients who
were admitted with abnormal kidney function had a higher risk of worsening the disease [7,16]. Except
for kidney function, urine analysis abnormalities were associated with COVID-19. Urine abnormalities on
admission may predicted the degree of disease deterioration [17]. Schnabel found that the urinary albumin-
to-creatinine ratio and serum albumin can predict AKI in COVID-19 patients. The higher 111 proteinuria
during follow-up may point toward tubular damage [18]. Thus, some researchers believe urine analysis
could be a better way to predict patient outcomes than kidney function [10]. Therefore, it is important
to focus on renal function and urinalysis during hospitalization. For discharged kidney injury patients,
persistent follow-up is necessary and essential. This is especially true for the long-term detection of renal

function and routine urine tests.
Physiopathology

Current autopsy studies indicated that acute tubular injury was the most common finding in the
kidneys of COVID-19 AKI patients. The other common histological findings were focal acute tubular necrosis

[19], collapsing glomerulopathy, endothelial injury or thrombotic microangiopathy [20].

Sharma analyzed kidney biopsies from COVID-19 patients, all biopsy samples showed varying
degrees of acute tubular necrosis, and small samples showed thrombotic microangiopathy, pauci-immune
crescentic glomerular nephritis, and segmental glomerulosclerosis with features of healed collapsing

glomerulopathy [21]. Postmortem examinations of COVID-19 patients also revealed acute proximal tubular
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Collapsing glomerulopathy has been reported in several patients with COVID-19. Although the exact

damage and glomerular fibrin thrombi with ischemic collapse [22].

pathophysiology of collapsing glomerulopathy remains unknown, it may share common mechanisms with
HIV-associated nephropathy, with podocyte injury through disruption of autophagy and mitochondrial
homeostasis [23]. Similarly, some studies have suggested other mechanisms of collapsing glomerulopathy
in COVID-19 patients. It may follow a host immune response involving the activation of interferon and
chemokines, rather than direct infection of glomerular cells [24]. At the same time, multiple studies
identified SARS-CoV-2 particles in kidney tissue. Viral RNA and protein were detected in the kidney [19,25].
In addition, SARS-CoV-2 particles have been observed in urine samples [26]. A series of kidney histology
studies from China showed that these viruses not only have direct cytotoxic effects on kidney histology, but
also initiate CD68 + macrophages and complement C5b-9 deposition, mediating renal tubule pathogenesis
[25].

From a pathophysiological perspective, the proposed mechanisms of kidney injury include direct
viral infection and indirect factors. SARS-CoV-2 has direct viral tropism to podocytes and proximal
tubular cells. It can lead to acute glomerulonephritis, acute tubular necrosis, protein leakage in Bowman's
capsule, collapsing glomerulopathy and mitochondrial impairment. Indirect factors may arise from Renin-
Angiotensin-Aldosterone System (RAAS) imbalance, coagulation dysfunction, cytokine storms and other

factors associated with kidney injury in COVID-19 patients.
Pathogenesis
SARS-COV-2 and ACE2

Several studies indicated the genetic sequence analysis, and SARS-CoV-2 is genetically identical to
79% of SARS-CoV [27]. They all share the same cellular entry mechanism. Infection of human cell by specific
binding of the 155 S-protein to the cell surface receptor Angiotensin-converting enzyme 2 (ACE2). The new
study showed that the S protein in SARS-CoV was highly conserved in SARS-CoV-2 and that SARS-CoV-2 had
10 to 20 times more affinity for ACE2 than SARS-CoV. So SARS-CoV-2 was more infectious [28].

Notably, the mode of SARS-CoV-2 entry into cells is thought to be the binding of the viral spike S1
protein to the surface of ACE2. Forming a complex and through endocytosis or membrane fusion brings
viral RNA into the cytoplasm. Then the virus began to replicate and transmit [28]. In addition to ACE2 being
a widely recognized binding target, the entry process also involves the transmembrane protease serines 2
(TMPRSS2) and a disintegrin and metalloproteinase 17 (ADAM17), which together mediate the binding of

SARS-CoV-2 to ACE2 on target cells, promoting viral membrane fusion and eventual entry into cells [29,30].

However, TMPRSS2 is more often in competition with ADAM17 [30]. The joint action of TMPRSS2
and ADAM17 is required to mediate cell endocytosis, but only TMPRSS2 is required to mediate membrane
fusion without ADAM17 activity [28,30]. The virus replication efficiency of membrane fusion is 100 times

higher than endocytosis [31].
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Some studies have suggested that membrane fusion was the major mode of virus entry into cells.
Only TMPRSS2 mediated membrane fusion can enhance SARS-CoV-2 entry cell [30]. TMPRSS2 may release
cleaved S fragment into the extracellular fluid and inhibited antibody-mediated neutralizationt. Promoting
the spread and incidence of the virus [32]. Conversely, ADAM17 shed ACE2 fragments (circulating ACE2),
which are believed to protect host cells from viral infection. There is evidence that TMPRSS2 expression
inhibits the effect of ADAM17 on ACE2. However, it is unclear how TMPRSS2 transcends ADAM17 to cleave
ACE2during SARS-CoV-2infection[30].Recently,tworesearch groupsdemonstrated that ACE2 and TMPRSS2
were necessary for successful SARS-CoV-2 infection [29,33]. Some studies have shown that as long as a cell
expresses both ACE2 and TMPRSS2, it has a higher risk of infection with SARS-CoV-2[34] (Figure 1(A)).
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Figure 1: (A): SARS-CoV-2 can enter the host cells through 188 two possible pathways: membrane fusion and endocytic pa-
thways. The membrane fusion is SARS-CoV-2 requires ACE2 and TMPRSS2 to cleavage the S protein. Then SARS-CoV-2 RNA
is released into the cytoplasm and viral replication is efficiently processed. The endocytic pathways requires ACE2, TMPRSS2
and ADAM17 to support SARS-CoV-2 into cells. However, membrane fusion is the main mode of virus infection. ADAM17 par-
ticipates in the production of circulating ACE2, releasing it into the extracellular fluid. Which protect host cell from the viral
infection and counteract the effects of Ang Il signaling. TMPRSS2 can cleaved S fragment and released into the extracellular
fluid, then it binds to the antibody, inhibiting the antibody-mediated neutralization. To promote the spread and incidence of
virus. (B): After SARS-CoV-2 entry into cells, the expression of ACE2 is significantly reduced and the basal level of ACE was
upregulated. ACE2 / Ang- (1-7) / MasR protection mechanism is unbalanced, further leading to imbalance in the RAS system.

/

ACE2 and TMPRSS2 in Kidney

In the kidney, ACE2 is highly expressed in proximal renal tubules, podocytes and testicular stromal
cells. ACE2 is weakly expressed in distal tubules and collection tubules [35]. TMPRSS2 has been detected
to be highly expressed in the proximal tubules [36]. Pan clearly identified podocytes and proximal straight
tubule cells as kidney host cells. SARS-CoV-2 enters host cells using ACE2 and TMPRSS, affecting the role of

podocytes and proximal straight tubule cells in urine filtration, reabsorption and excretion [37].

There are also studies speculating that SARS-CoV-2 enters 210 host cells through CD147 media-
ted endocytosis. These findings suggest that CD147 and ACE2 may be complementary receptors that me-
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diate viral infection [38]. CD147 is a ubiquitously expressed transmembrane glyco protein and is highly

expressed in proximal tubular epithelial cells and inflammatory cells. It can be involved in renal tubule

cell cycle regulation and the inflammatory response. So it can play an important role in different kidney

diseases [39].

Other studies have suggested that a large number of related proteases may also be candidate viral

S-priming proteases expressed in the kidneys. These may be surrogates for TMPRSS2 in proximal tubule

cells. Examples include glutamyl aminopeptidase, cathepsin B/L, dipeptidy peptidase 4 inhibitors, cysteine,

etc. However, this mechanism in SARS-CoV-2 is not been clearly identified [40] (Figure 2).
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Figure 2: Glomerulus and renal tubules are the primary sites of SARS-COV-2 invasion. Proximal tubular epithelial cells cells
and podocytes are the main host cells that SARS-CoV-2 directly invades. The virus enters the renal artery, first infecting glo-
merular endothelial cells, then podocytes. Podocyte dysfunction causes damage to an impaired glomerular filtration barrier,
causing proteins and viruses to enter tubular fluid. Infection the renal proximal tubular epithelial cells leads to acute tubule
injury. the SARS-CoV-2 causes glomerular collapse, glomerular fibrosis, acute tubular necrosis, endothelial injury, thrombotic
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In classical RASS, angiotensinogen is broken down by renin to give angiotensinl (Angl), and angio-

Renin-Angiotensin-Aldosterone System (RASS) imbalances

tensin-converting enzyme (ACE) subsequently converts Ang I to angiotensin II (Angll). In the kidneys, the
ACE-AnglI-AT1 axis (the classical RAS) promotes sodium and water retention, oxidative stress, vasocons-

triction, cell proliferation, inflammation, and fibrosis [41].

ACE2 is a key enzyme in RASS, which is involved in physiological regulation together with ACE.
The main functions of ACE2 is to incorporate the inactive Ang1-9 from Angl and the catabolism of AngllI to
form Ang1-7, which binds to the Mas receptor (R). Building the nonclassical RASS, the ACE2-Ang1-7-Mas
axis, can counteract the effects of the ACE-AngII-AT1 axis (the classical RAS) [41,42]. Specifically, it induces
natriuresis, reduces oxidative stress, vasodilation, antiproliferative activity, and diuresis. These processes

contribute to protecting the kidneys from damage [43].

However, after the binding of SARS-CoV-2 to the cell-surface receptor ACE2, ACE2 expression was
significantly downregulated, and the basal level of ACE was upregulated. The degradation of Angll to Ang-
1-7 process is inhibited (less consumption), while Angl still continuously produces Angll (the generation
is unchanged), leading to the accumulation of AnglI in the body. Then the imbalance of the protective me-
chanism of ACE2 / Ang- (1-7) / MasR and further leads to the emergence of the RAS system imbalance. The
clinical manifestations were excessive inflammatory response (including complement activation), vascular
endothelial dysfunction, fibrosis status, and microthrombosis, etc. These factors can lead to kidney cell da-
mage and increase the patient's chances of developing AKI [44] (Figure 1(B)).

Particularly in patients with CKD, Diabetic kidney disease (DKD) and ACE2 deficiency. The RASS is

imbalanced, leading them to face a higher risk of AKI, acute tissue injury and even death.
Endothelial dysfunction and coagulation dysfunction

SARS-CoV-2 has been reported to specifically affect endothelial cells. Cases of COVID-19-related en-
dodermatitis, microvascular or large vascular thrombosis have been reported several times. Renal endo-
thelial cells can be directly infected with SARS-CoV-2, resulting in acute glomerular endothelial cell injury

and thrombotic microvascular disease [45].

Laboratory indicators suggest that increased levels of plasma biomarkers of endothelial injury (e.g.
soluble (s) E-selectin, sP-selectin, Angll) and platelet activation (soluble thrombomodulin) are associated
with poor prognosis [46]. Coagulation and fibrinolysis activation biomarkers (e.g. fibrinogen, PT, APTT,
D-dimer) are associated with an increased risk of death in COVID-19 patients [13,14].

The mechanism of this phenomenon can be explored in the following way: (1) Immune-mediated,
when the virus invades the body, the body develops an immune response and there are large amounts
of virus particles and inflammatory factors in the blood. These stimulate and damage endothelial cells.
Damaged endothelial cells raise more immune cells and activate the clotting pathway. The released che-

mokines and cytokines can induce capillary leak syndrome, microvascular inflammation and thrombosis
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leading to Disseminated Intravascular Coagulation (DIC). (2) RASS imbalances, after the SARS-CoV-2 infec-
tion, the RASS system is imbalanced. The local function of the Angll on the tissue will promote thrombosis,
289 inflammation, and tissue hypoxia. (3) Hypoxia, nitric oxide is a major vasodilator and antithrombotic
factor. Most Covid-19 patients have hypoxia. Hypoxia can reduce nitric oxide synthase activity and nitric
oxide bioavailability, cause constriction of blood vessels, abnormal perfusion and increased blood viscosity,

which promotes thrombosis.

Therefore, endothelial impairment and coagulation dysfunction can increase the risk of micro-in-
farctions in different organs, such as the heart, liver, and kidneys. Especially in patients with a history of

cardiovascular disease patients, we should pay more attention to the coagulation function of patients.
Immune damage and a cytokine storms

During SARS-CoV-2 infection, viruses and drugs will cause the immune system to overactive. La-
boratory examinations showed a decrease in the count of CD4+ and CD8+ T cells and a high secretion of
chemokines and cytokines such as IL-6, IL-10, TNF-a, GM-CSF, IFN-y, CCL-2, CCL-3, MCP1 and others. This

can induce a severe systemic response, leading to cytokine storms and multiorgan damage [47].

Chemokines and cytokines play a key role in the kidney. They bind to receptors on the surface of
kidney cells, triggering intracellular signaling pathways that lead to inflammatory cascades and cause renal
endothelial dysfunction, microcirculatory dysfunction and renal tubule injury [48]. Gradin et al. examined
the cytokine content in the urine of COVID-19 patients and found that 31 cytokines were associated with

the stage of AKI and 19 were associated with maximal creatinine [49].

Beside, Cytokine storm can activate hemophagocytosis 310 occurs, which can observe the erythro-

phagocytosis and anaemia, inducing coagulation mechanism disorder, hypovolaemia or renal anemia, etc

[2].

Decreased lymphocyte levels are common in COVID-19 patients, suggesting compromised immune
function. At this point, the patient is susceptible to a variety of bacterial and fungal infections, which can

lead to secondary infections and even progress to sepsis and burden the kidneys [50].

Both in the clinical and experimental models, scholars had observed the deposition of strong com-
plement C5b-9 (membrane attack complex) in the renal tubules [50]. Jamaly et,al measured the high ex-
pression levels of deposited complement components(C1q,C3, FH,C5b-9), immunoglobulin, spleen tyro-
sine kinase (Syk), mucin-1 (MUC1) and calcium/calmodulin-dependent protein kinase [V(CaMK4) in the
kidneys of COVID-19 patients[51]. These results suggest that activation of the renal complement pathway

may exacerbate inflammatory responses and lead to kidney tissue injury.

Therefore, the current immune-mediated kidney injury mechanism as follows: (1) After SARS-CoV-2
infection of alveolar epithelial cells, resulting in an immune response and the associated chemokines and
cytokines circulate into the bloodstream. A large number of inflammatory factors in plasma bind to recep-

tors on the surface of kidney cells, disrupting signaling pathways within the cells. It triggers an inflamma-
Page 8



tory cascade that can damage kidney cells, leading to abnormal kidney function and endothelial dysfunc-
tion. (2) SARS-CoV-2 directly invades kidney target cells (proximal tubular cells, podiatric cells), leading
to the 332 accumulation of large numbers of immune cells and cytokines in the kidney and the activation
of the complement system and cytokine storm. Co-mediates kidney injury. (3) As the patient's illness time
lengthens, the patient appears the immune exhaustion, which can lead to secondary infection, and even
cause secondary kidney damage. At the same time, tissue hypoxia and renal anemia are also influential

factors in kidney injury.
Other factors

Rhabdomyolysis: Rhabdomyolysis may be a risk factor for kidney damage in COVID-19 patients.
When skeletal muscle is damaged, the breakdown product is released into the bloodstream, causing pa-
tients to develop AKI. In particular, some patients may have extensive subclinical renal impairment despite
no significant AKI expression [22,52]. However, the exact mechanism of rhabdomyolysis in COVID-19 pa-
tients is unclear. At present, the different hypothesis is proposed for the mechanism of rhabdomyolysis in-
duced by the virus: (1) direct invasion of skeletal muscle by the virus can lead to necrosis of muscle tissue.
(2) Viral toxins in the bloodstream damage muscle cells. (3) Immune over activation caused by damaged

muscle tissue can induce cytokine storms that can cause lasting damage to the body.

Hypoxia: Kidney is the second dirtiest oxygen drain after the heart. Therefore, the kidney is very
sensitive to hypoxic injury [53]. The vast majority of critically ill COVID-19 patients may develop Acute Res-
piratory Distress Syndrome (ARDS), which causes the kidneys to become starved of oxygen. Acute hypoxe-

mia can increase renal vascular resistance, lead to inadequate renal perfusion, abnormal kidney function
and AKI [54].

In chronic hypoxia, endoplasmic reticulum and mitochondria develop oxidative stress that damages
DNA, proteins and lipids in kidney cells. Causes inflammation, tissue fibrosis and mediates apoptosis of kid-
ney cells, causing kidney damage, AKI and CKD progression [55]. AKI induced by hypoxia can lead to blood
volume imbalance, electrolyte and acid-base levels disorders. Causes systemic hemodynamic changes and
multi-organ dysfunction, forming a vicious circle. In addition, critically ill patients often require ventilator
assisted ventilation when they are deprived of oxygen. Effects of mechanical ventilation on renal hemody-
namics, nervous system, and immune-mediated processes may contribute to the development of AKI. The

studies confirm that invasive ventilation is a risk factor for AKI [56].

Nephrotoxins drugs: Drug-induced kidney damage may also be an important factor in the develop-
ment of COVID-19 patients. Several antiviral and antibiotic drugs have been widely used in the treatment of

COVID-19, such as remdesivir, paxlovid, molnupiravir [57].

WHO revealed that the risk of AKI with remdesivir is 20 374 times higher than with other drugs
commonly used for COVID-19 [58,59]. The use of some antibiotics has also been linked to an increased
risk of AKI in COVID-19 patients [60]. Therefore, drugs with nephrotoxicity should be used with caution to

reduce the burden on the kidneys and avoid kidney damage.
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Conclusions

In summary, the pathogenesis of kidney injury in COVID-19 may be associated with SARS-CoV-2 tar-
get ACE2 mediated direct kidney injury, RASS imbalance, endothelial dysfunction, coagulation dysfunction,
immune damage, and cytokine storm, el. However, most of the current research on COVID-19 with kidney
injury has focused on clinical observation, and it is necessary to further explore the molecular mechanisms

of kidney injury in animal models.

Second, COVID-19 patients should focus on early urine and kidney function testing. To determine
if the patient has kidney damage, active measures can be taken to prevent the patient's condition from
worsening multi-organ failure. Finally, for patients discharged after treatment, in addition to focusing on
lung conditions, kidney function, kidney color ultrasound, and urine routine are also should be checked
regularly. If a patient develops complications such as proteinuria, hematuria, and kidney function changes

during follow-up, early and aggressive treatment should be used to delay the progression of kidney disease.

In the post-pandemic period, the continued mutation of SARS-CoV-2 has gradually made COVID-19
to a common infection. More and more scholars fully study it and the vaccine becomes widely available. We
396 should to keep the right attitude and get through this together.
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