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Abstract: Coronavirus disease 2019 (COVID-19) is a disease caused by infection with the SARS-CoV-2
virus and has represented one of the greatest challenges humanity has faced in recent years. The
virus can infect a large number of organs, including the lungs and upper respiratory tract, brain, liver,
kidneys, and intestines, among many others. Although the greatest damage occurs in the lungs, the
kidneys are not exempt, and acute kidney injury (AKI) can occur in patients with COVID-19. Indeed,
AKT is one of the most frequent and serious organic complications of COVID-19. The incidence of
COVID-19 AKI varies widely, and the exact mechanisms of how the virus damages the kidney are
still unknown. For this reason, the purpose of this review was to assess current findings on the
pathogenesis, clinical features, therapy, and mortality of COVID-19 AKIL
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1. Introduction

Coronavirus disease 2019 (COVID-19) is a pandemic disease that has posed a great
challenge to the world. This disease is caused by infection with the SARS-CoV-2 virus and
can be asymptomatic or cause a wide spectrum of symptoms including fever (70-90%),
dry cough (60-86%), shortness of breath (53-80%), fatigue (38%), myalgia (15-44%), nau-
sea/vomiting or diarrhea (15-39%), headache, weakness (25%), and runny nose (7%) [1].
Common complications among COVID-19 patients include pneumonia (75%), acute respi-
ratory distress syndrome (15%), acute liver injury (19%), cardiac injury (7-17%), prothrom-
botic coagulopathy (10-25%), acute renal failure (9%), neurological manifestations (8%),
acute cerebrovascular disease (3%), and shock (6%) [1,2].

Although the greatest damage occurs in the lungs, the kidneys are not exempt, and
acute kidney injury (AKI) may occur in patients with COVID-19 [3]. Indeed, lung disease
and AKI are among the most frequent and serious organic complications of COVID-
19. According to the Risk, Injury, Failure, Loss, and End-stage renal disease (RIFLE)
classification, acute kidney injury (AKI) was defined as an increase in creatinine > 50%
from baseline and/or a drop in glomerular filtration rate (GFR) of >25% and/or decreased
urine output below 0.5 mL/kg/h for 6 h or more. The “acute” element of the AKI definition
requires the >50% increase be known or assumed to have developed over <7 days [4].
Meanwhile, the Acute Kidney Injury Network (AKIN) group has proposed a modified
version of the RIFLE criteria. In AKIN stage 1 (analogous to RIFLE-Risk), a minor 48-h
change in serum creatinine of more than 0.3 mg/dL (>26.2 uM/L) was suggested as the
threshold for AKI. In addition, patients who received renal replacement therapy were
reclassified as stage AKIN-3 (analogous to RIFLE-Failure) [5]. In the studies detailed below,
both definitions were used [6-8].

The incidence of COVID-19 AKI varies between 0% and 56.9%, largely depending
on whether the patients are in the intensive care unit (ICU) or not [9-12]. The literature
reports that COVID-19 AKI is likely to affect >20% of hospitalized patients and >50%
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of ICU patients [13]. Notably, COVID-19 AKI carries adverse outcomes, including the
development or worsening of comorbid conditions, as well as increased use of health care
resources. In this way, the purpose of this article was to detail the main findings found in
patients who developed COVID-19 AKI, with special emphasis on incidence, pathogenesis,
pathology, associated clinical characteristics, therapy, and mortality.

2. SARS-CoV-2 Kidney Infection

The SARS-CoV-2 virus has four well-identified structural proteins: the spike glyco-
protein (S), the small envelope glycoprotein (E), the membrane glycoprotein (M), and the
nucleocapsid protein (N). The S protein is divided into two subunits called S1 and 52 and
forms homotrimers that protrude from the viral surface [14]. Remarkably, the S protein
mediates viral entry into the host cell by first binding to the angiotensin-converting enzyme
2 (ACE2) receptor through the receptor-binding domain (RBD) that is part of the S1 subunit,
and then the subunit S2 fuses the membranes of the virus and the host cell. Meanwhile, the
N protein binds to the RNA of the virus and participates in processes related to the viral
replication cycle and the response of the infected cell. The M protein stabilizes the complex
between the N protein and viral RNA and promotes the completion of viral assembly.
Lastly, protein E plays a role in virus production and maturation [15].

It has been reported that the kidney is one of the organs that most expresses ACE2 and
that the renal cells with the highest expression are the proximal tubular cells and, to a lesser
extent, the podocytes [16-18]. SARS-CoV-2 protein S was also found to partially colocalize
with ACE2 in tubules and parietal cells from kidney biopsy samples and in urine sediment
cells [19]. Furthermore, postmortem analysis of COVID-19 patients found that they had
ACE2 upregulation in the kidney relative to people without COVID-19 [18]. Differences
in terms of sex should also be considered, since androgens promote the expression of
TMPRSS2, which collaborates in the entry of the virus [20]. In this regard, it was reported
in a rodent model of polycystic ovary syndrome (POCS) that androgens increased ACE2
protein expression in the kidney [21]. With all this background, it is clear that the kidney
can be greatly infected and can also act as a reservoir for the virus (Figure 1) [16]. Indeed,
reports from 21 autopsies mentioned the presence of viral RNA in 66.6% of the kidneys [22].
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Figure 1. SARS-CoV-2 infects the kidney. The kidney is one of the organs that most expresses ACE2,
the receptor that SARS-CoV-2 uses to enter cells. The renal cells with the highest expression are
proximal tubular cells and podocytes.



Diseases 2022, 10, 53

30f13

3. Pathophysiology of COVID-19 AKI

The pathophysiology of COVID-19 AKI is thought to be multifactorial and involves
cardiovascular comorbidity, direct effects of the virus on the kidney, local and systemic
inflammatory and immune responses, endothelial injury, and activation of coagulation
pathways and the renin-angiotensin system (Figure 2) [23]. Pan X. et al. [24] mentioned
that the cytopathic effects of SARS-CoV-2 on podocytes and proximal tubule cells might be
associated with the development of COVID-19 AKI, especially in patients with sepsis. Like-
wise, the presence of viral particles in renal endothelial cells has been reported, suggesting
that viremia may also cause endothelial damage that promotes vasoconstriction, a state of
hypercoagulability, and macrophage activation leading to formation of microthrombi and
renal microvasculature injury [18,24]. Furthermore, the loss of functional nephrons after
injury could increase the development of renal fibrosis. Meanwhile, COVID-19 pneumo-
nia can cause right ventricular failure and lead to renal congestion, while left ventricular
dysfunction can lead to hypotension, decreased cardiac output, and hypoperfusion of the
kidneys [25]. Severe COVID-19 can cause skeletal muscle damage leading to myoglobulin
release, which induces kidney damage through pigment cast formation, causing tubular
obstruction and tubular toxicity related to iron release [26].
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Figure 2. Hypothesis of the COVID-19 AKI pathogenesis. SARS-CoV-2 can cause kidney damage
directly or indirectly. Cytokine storm and DAMP secretion from damaged tissues, such as the lung,
may contribute to cell death of renal cells such as podocytes and proximal tubular cells. In addition,
the prothrombotic state can facilitate the generation of clots in the nephron, which contribute to
damage. All this together causes patients who develop COVID-19 AKI to present with proteinuria,
hematuria, increased creatinine, and decreased glomerular filtration rate. Acute tubular injury
or acute tubular necrosis and collapsing glomerulopathy are generated, which can evolve into
COVID-19 AKI.

In clinical studies, COVID-19 AKI has been associated first with sepsis (cytokine storm)
and septic shock (hypoxia), second with the use of nephrotoxic drugs, and third with di-
rect cell damage caused by SARS-CoV-2 [16,17]. Histopathological reports of AKI and
COVID-19 are scarce and are usually autopsy series or isolated reports of some glomeru-
lopathy. However, Su H. et al. [18] reported pathologic renal abnormalities in postmortem
cases, demonstrating the presence of coronavirus clusters in the proximal tubular epithe-
lium, podocytes, and distal tubules along with loss of brush border and non-isometric
vacuolization. Interestingly, it has been mentioned that the main findings that suggest the
development of AKI in patients with COVID-19 are acute tubular injury (ATI) or acute
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tubular necrosis (ATN) and collapsing glomerulopathy (CG) [12,27-32]. These findings
were observed even before the visualization of viral particles in the kidney by electron
microscopy or the detection of viral mRNA in the urine [12,27]. High-risk APOL1 alle-
les, a genetic risk factor for CG, could also affect disease susceptibility [29,33]. On the
other hand, it has been suggested that patients with severe COVID-19, like patients with
SARS and MERS, may have a cytokine storm syndrome with resulting exacerbated viral
hyperinflammation characterized by increased IL-2, IL-7, G-CSEF, CXCL10, MCP-1, MIP-1«,
TNEF-o, and IL-6 [34]. The cytokine storm cooperates with renal resident cells and promotes
tubular and endothelial dysfunction. In this regard, activated lymphocytes migrate to
renal tissues to destroy infected renal cells and release inflammatory cytokines, resulting
in local inflammation and tissue damage [35]. Release of damage-associated molecular
patterns (DAMPs) from injured tissue has been linked to organ-to-organ crosstalk and has
also been suggested to mediate AKI in the context of acute respiratory distress syndrome
(ARDS) [36]. Similarly, critically ill patients may be exposed to nephrotoxins that arise in
response to all administered medications, such as antivirals, antibiotics, antifungals, and
other nephrotoxic drugs, which can cause tubular injury or acute interstitial nephritis [37].

Available data suggest that the relationship between ACE2 and angiotensin II also
contributes to kidney injury in COVID-19 [38]. Following SARS-CoV-2 binding to ACE2,
ACE2 is thought to be downregulated, leading to increased angiotensin II levels and
decreased Ang (1-7). These conditions favor the activation of the endothelium and platelets,
vasoconstriction, and the release of proinflammatory cytokines [39]

Extracorporeal membrane oxygenation (ECMO) may also contribute to AKI by promot-
ing venous congestion, increased risk of secondary infections, hemolysis, major bleeding,
and inflammation [40]. Furthermore, excessive positive pressure ventilation administered
to patients with COVID-19 potentially leads to adverse hemodynamic effects of decreased
cardiac output, which amplifies renal hypoperfusion [41].

4. Clinical and Biochemical Manifestations of COVID-19 AKI

Several authors have described proteinuria and hematuria as two of the main initial
signs in patients who develop COVID-19 AKI, although the proportion varies between
studies. Tarragon B. et al. [42] reported proteinuria in 88.9% and hematuria in 79.4% of
cases studied. Meanwhile, Chan L. et al. [43] describe that 84% of patients had proteinuria,
81% hematuria, and 60% leukocyturia. Blood urea nitrogen (BUN) and creatinine levels
are elevated in patients with COVID-19 AKI, indicating kidney damage, and the hyperco-
agulable state caused by SARS-CoV-2 infection also results in thrombus and erythrocyte
aggregation without obvious clots in the kidney [30]. Available reports indicate that rhab-
domyolysis occurs in 7% to 20% of patients with evidence of AKI from COVID-19 [32,44].
Hyperkalemia has been observed in 23% of patients with COVID-19 AKI and is often
associated with metabolic acidosis [44,45]. Although urinary kidney injury molecule 1
(uKIM-1) was shown to be a predictor of mortality in COVID-19 AKI [46] and damage at the
level of the podocyte and renal tubule is important [24], multiple factors may be associated
with damage at the same site, making it difficult at this time to separate the cytopathic
component of the virus from other pre-existing and associated morbid conditions.

5. Risk Factors for the Development of COVID-19 AKI

The comorbidities most frequently associated with the development of COVID-19
AKI have been arterial hypertension (15-42.3%) [18,47], diabetes mellitus (7.4-41.4%) [31],
and pre-existing chronic kidney disease (CKD) (0.7-7.6%) [18,47] (Table 1). Patients in the
COVID-19 AKI group were significantly older than those in the non-AKI group, and AKI
was found to be more prevalent among male patients (58.3%) [11]. Furthermore, COVID-19
AKI was higher in patients who had elevated serum creatinine levels at symptom onset
than in patients with normal values [48]. In this same sense, it has been reported that
COVID-19 AKI occurs later in patients who present a normal baseline serum creatinine at
hospital admission, and they also recover more quickly [48].
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Table 1. Main characteristics observed in COVID-19 AKI reports.
Antibiotic Antiviral Antifungal -
- Glucocorticoids
Average Age AKI Probability of Death Therapy Drugs Drugs . . .
Reference n Males (Years) (Stage) Need CRRT (HR and CI) (All Patients/ (All Patients/ (All Patients/ 1(\‘?(1% f,::izﬁ:g Underlying Diseases
AKI Patients) AKI Patients) AKI Patients)
Hypertension 37.1%
o . Diabetes 15.5%
9] 116 67 54 None 43 “é%g‘”"us None NM NM NM NM Malignant tumor 10.3%
) CKD on hemodialysis 4.3%
Cerebral infarction 6%
Cerebrovascular
disease 36%
Endocrine system
disease 20%
Cardiovascular and
[49] 193 95 57 28.4% 4% NM NM 98%/NM NM 62%/NM respiratory system
disease 10%
Urinary system disease 5%
Nervous system disease 3%
Reproductive system
disease 2%
Death of patient:
4610, 3345 AKIin 1903 COVID-1d positive "
COVID-19 Total positive for Total positive COVID-19 compared to those Total positive for COVID-19:
[10] positive patients, %O\%%s_lllgve )? P COpVID 19 positive patients;  28.5% of patients parec P NM NM NM NM Diabetes 27.1%, CKD 12.2%,
1265 COVID-19 le 5310 or - AKI1:495%,  with stage 3 AKI negative for lung disease 4.9%,
negative maie 0217 644 AKI 2: 20.3%, COVID-19 (23.2% malignancy 1.8%
patients AKI 3: 30.2% versus 7.3%; RR, 3.8; v
95% CI, 2.6 to 3.9)
All: 2.1%, 95% CI
5.19% 1\(%%6178292 Hypertension 33.4%
1% 9%, . o
) AKI 1 (1.9%) 0.76-0.476) o o o g a0 o e a0 Diabetes 14.3%
[48] 701 367 63 AKI2 (1.3%) NM AKI2 (3.51% 71%/75% 73%/58.3% NM 36.9%/58.3% Tumor 4.6%
AKI 3 (2%) 1.49-8.26) CSIIEB 2 g"o/
AKI 3 (4.38%, 2o
2.31-8.31)
Hypertension 30%
Diabetes mellitus 16%
19.2% Cardiovascular disease 12%
. 3 0,
[50] 287 160 62 AKI 114.3%, NM NM NM NM NM NM Cerebm"gsocggzﬁ}lsease 8%
AKI 2-3 4.9%. L .70 o
Chronic liver disease 4%
CKD 2%
Cancer 3%
3.2%
9 o CT-
[48] 710 374 63 AKI1 (1.1%) NM 221 (% /3°9()1 NM NM NM NM NM

AKI 2 (0.8%) y
AKI 3 (1.1%)
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Table 1. Cont.

Reference n

Average Age

Males (Years)

AKI
(Stage)

Need CRRT

Probability of Death
(HR and CI)

Antibiotic
Therapy

(All Patients/
AKI Patients)

Antiviral
Drugs
(All Patients/
AKI Patients)

Antifungal
Drugs
(All Patients/
AKI Patients)

Glucocorticoids
(All Patients/
AKI Patients)

Underlying Diseases

[18] 26 autopsies

19 69

NM

19.2%

NM

NM

61.5%/NM

NM

61.5%/NM

Hypertension 42.3%
History any cancer 23%
Diabetes mellitus 11.5%

CKD 7.6 %

[47] 41

30 49

7%

7%

NM

100%/NM

93%/NM

NM

22%/NM

Diabetes 20%,
Hypertension 15%,
Cardiovascular disease 15%,
COPD 2%,
Malignancy 2%,
Chronic liver disease 2%

[51] 138

75 56

3.6%

1.45%

NM

NM/NM

89.9%/NM

NM/NM

44.9%/NM

Hypertension 31.2%
Cardiovascular
disease 14.5%
Diabetes 10.1%
Malignancy 7.2%,
Cerebrovascular
disease 5.1%
COPD 2.9%
CKD 2.9%
Chronic liver disease 2.9%
HIV infection 1.4%

[31] 1099

640 47

0.5%

0.8%

NM

58%/NM

41.3%/NM

2.8%/NM

18.6%/NM

Hypertension 15%
Diabetes 7.4%
Coronary heart disease 2.5%
Hepatitis B infection 2.1%
Cerebrovascular
disease 1.4%

COPD 1.1%

Any type of cancer 0.9%
CKD 0.7%
Immunodeficiency 0.2%

[52] 274

171 62

10.5%

NM

NM

91%/NM

86%/NM

NM/NM

79%/NM

Hypertension 34.3%
Diabetes 17.1%
Cardiovascular disease 8.3%
Malignancy 2.5%
CKD 1.4%
Cerebrovascular
disease 1.4%
Gastrointestinal disease 1%
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Table 1. Cont.

Antibiotic Antiviral Antifungal -
o1 Glucocorticoids
Probability of Death Therapy Drugs Drugs - . .
(HR and CD) (All Patients/  (All Patients/  (All Patients/ (Al patients) Underlying Diseases
AKI Patients) AKI Patients) AKI Patients)

Average Age AKI

(Years) (Stage) Need CRRT

Reference n Males

Cardiovascular and
cerebrovascular disease 40%
Digestive system disease 1%
Endocrine system
[53] 99 67 55.5 3% 9% NM 71%/NM 76%/NM 15%/NM 19%/NM disease 11%
Malignant tumor 1%
Nervous system disease 1%
Respiratory system
disease 1%

AKT: acute kidney injury, HR: hazard ratio, CI: confidence interval, CRRT: continuous renal replacement therapy, CKD: chronic kidney disease, COPD: chronic obstructive pulmonary
disease, NM: Not mentioned. * p value < 0.05 with AKI and no-AKI patients.
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Enikeev D. et al. [12] reported that severity of COVID-19 (OR = 23.09, CI: 7.89-67.57,
p <0.001) and history of CKD (OR = 7.17, CI: 2.09-24.47, p = 0.002) were strongly associated
with the rate of COVID-19 AKI. Chan L. et al. [43] reported that independent predictors
of severe COVID-19 AKI were CKD, male gender, and elevated serum potassium on
admission. Chan L. et al. [43] reported that independent predictors of severe AKI were
CKD, male gender, and elevated serum potassium at hospital admission. Meanwhile,
Yildrim C. et al. [54] found that albuminuria and elevated serum cystatin C- and D-dimer
levels at hospital admission could be early predictors of COVID-19 AKI. Other studies
reported that elevated uKIM-1, which reflects proximal tubular injury, might be related to
COVID-19 AKI and was positively correlated with risk of death [55,56]. Epidemiological
data suggest that COVID-19 AKl is less common among patients in China [48,51,53] than
among patients in the US [44,57,58] and Europe [13], although this difference can be
attributed to the intrinsic characteristics of the population analyzed in the studies. For
example, patients in the Chinese studies had fewer comorbidities and were hospitalized
with less-severe respiratory illness than patients in other cohorts [13].

6. COVID-19 AKI Treatment

For the treatment of patients with COVID-19 AKI, a comprehensive treatment plan
should be developed as soon as possible to avoid rapid deterioration of the patient’s condi-
tion. The implementation of the supportive care guidelines included in Kidney Disease:
Improving Global Outcomes (KDIGO) is recommended in COVID-19 AKI patient man-
agement [59]. In this way, the treatment and management of patients with COVID-19
AKI is similar to that of patients with AKI associated with septic shock, being mainly
supportive. Mitigation of volutrauma and barotrauma by applying lung-protective venti-
lation reduces the risk of developing or worsening AKI by limiting ventilation-induced
hemodynamic effects on the kidney and bursts of cytokines [36]. To avoid renal conges-
tion, another important option is to adjust fluid balance to avoid volume overload [60].
Although drug treatment can cause kidney damage, the amount of drugs administered
can be adjusted appropriately to minimize this damage. The use of antiviral drugs such as
ribavirin, oseltamivir, lopinavir/ritonavir, darunavir/cobicistat, arbidol, chloroquine, and
hydroxychloroquine has been reported, but without clear evidence of renal benefit [61,62].
The same has happened with drugs that inhibit cytokine storms by various mechanisms, in-
cluding immunosuppression by steroids or cyclosporine A [63], drugs directed against IL-6
such as tocilizumab and sturmuzumab [64,65], TNF-as such as etanercept [65], IL-13s such
as anakinra [66], GCSFs such as lenzilumab [65], or IFNvys such as emapalumab [67]. Use
of angiotensin-converting enzyme inhibitors and angiotensin-receptor blockers in patients
with COVID-19 has been intensely debated but does not seem to affect outcomes [68].

If conservative management fails, renal replacement therapy (RRT) should be con-
sidered in patients with volume overload, especially those with refractory hypoxemia.
Continuous RRT (CRRT) is the preferred modality in hemodynamically unstable patients
with COVID-19 AKI. Overall, dialysis as CRRT was required in 0.8-64% of patients with
COVID-19 AKI. CRRT blocks the production of inflammatory cascade reactions and down-
regulates body inflammation, removes toxins and waste products from damaged cells, and
regulates hydro-electrolyte disturbance and acid-base balance, thus resulting in a stable
and balanced internal environment [69]. It should be noted that the number or percentage
of patients who recovered renal function after dialysis is variable. Different risk factors
for death have been reported in patients with COVID-19 AKI receiving dialysis, includ-
ing older age, severe illness, low lymphocyte count, high neutrophil count, pre-existing
cardiovascular and/or renal disease, proteinuria, and hematuria [48]. Chan L. et al. [43]
reported that 19% of patients with COVID-19 AKI required dialysis. The proportions with
AKl stage 1, 2, or 3 were 39%, 19%, and 42%, respectively. Fisher M. et al. [10] reported a
49.5% prevalence of COVID-19 AKl in stage 1, 20.3% in stage 2, and 30.2% in stage 3, where
28.5% of patients with COVID-19 AKI stage 3 required RRT.



Diseases 2022, 10, 53

90f13

Notably, the decision to initiate acute RRT in patients with COVID-19 AKI should be
individualized and should consider the clinical context (e.g., initiation of RRT for volume
control in patients with severe hypoxemia) and not be based solely on the stage of AKI or
the degree of kidney function [70]. Rizo-Topete LM. et al. [71] address dialysis indications
in response to hemodynamic instability and fluid overload that are common in patients
with COVID-19 AKL Thus, they specify that CRRT should be the first treatment option if
it is available, or peritoneal dialysis with an infusion volume of less than 25 mL/Kg. It is
interesting that Sohaney R. et al. [72], in patients managed with continuous venovenous
hemodiafiltration with regional citrate anticoagulation (CVVHDEF-RCA), found no associa-
tion between accumulated fluid balances and improvements in respiratory parameters.

Future studies are clearly required to analyze the relationship of therapies with clinico-
pathological characteristics and prognosis of COVID-19 AKI patients, but these are difficult
since many factors must be considered. To mention a few, most patients having comor-
bidities are medicated before developing COVID-19, which can interfere with the results.
Later, patients receive treatments according to their clinical characteristics and evolution,
causing them to receive different doses and different drugs that may include antivirals,
antihypertensives, antiglycemic agents, steroidal and non-steroidal anti-inflammatory
drugs, anticoagulants, and occasionally experimental drugs that can interact with each
other and cause variations in the observations. Indeed, drugs in the same family have
different properties, potencies, and interactions. Third, variation in population, genetics,
and environmental and nutritional characteristics of patients has important implications
that must be considered.

7. COVID-19 AKI Mortality

Li Z. et al. [49] reported that patients with COVID-19 AKI had a ~5.3-fold higher
mortality risk than those without AKI. This is higher than other comorbid chronic diseases.
Caceres PS. et al. [19] reported that higher viral load was correlated with mortality, but
not with albuminuria or AKI stage. Furthermore, Xiao G. et al. [50] showed that mortality
in AKI stage 1 was 7.3% while in stage 2 and 3 it was 64.3% at 28 days. Along with
this, Tarragon B. et al. [42] reported that the absolute risk of in-hospital mortality was
significantly increased (p values < 0.0001) with each raise of the AKI stage compared to
the control group without AKI. Overall, the OR for hospital mortality in those with AKI
compared to those without AKI was 4 (95% CI 3.5 to 4.5).

Roushani J. et al. [73] reported a mortality of 58% in patients with COVID-19 ARI at
30 days after starting RRT and 64% at 90 days. At 90 days, 20% of survivors were still
dependent on RRT and 31% were still hospitalized. Chan L. et al. [43] reported a 46%
prevalence of AKI due to COVID-19 and a 50% hospital mortality in these. Of discharged
AKI survivors, 35% had not recovered baseline renal function at discharge. Moledina DG.
et al. [74] reported that 8.5% of patients with COVID-19 AKI required dialysis and had
lower recovery rates. Meanwhile, Ng JH. et al. [75] reported that the risk of in-hospital death
was increased in COVID-19 AKI with a relative risk for AKI stage 1-3 of approximately 3.4
(95% CI: 3.0-3.9) and for AKI stage 3 receiving dialysis of 6.4 (95% CI: 5.5-7.6) compared
to those without AKI. Interestingly, among survivors with AKI stage 1-3, 74.1% achieved
renal recovery at discharge, while among survivors with AKI stage 3 receiving dialysis,
30.6% remained on dialysis at discharge. Prehospital chronic kidney disease was the only
independent risk factor associated with the need for dialysis at discharge. Other authors
report an in-hospital death of 33.7% in those with COVID-19 AKI compared to 9.3% in
those without AKI [10].

Recently, Samaan F. et al. [76] reported in a retrospective cohort of 375 COVID-19
AKI patients receiving RRT a mortality rate of 72.5%, and a large percentage of surviving
patients (22.3%) continued RRT for an extended period of time. Similarly, Gupta S. et al. [77]
reported that 20.6% of patients with COVID-19 AKI required RRT within 14 days of ICU
admission, and 54.9% of these patients died within 28 days after admission. In addition,
18.1% of patients with COVID-19 AKI who were discharged still required RRT at 60 days.
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8. Conclusions

AKI is common among patients with SARS-CoV-2 infection, and it is frequently
associated with the need for replacement therapy and maintenance dialysis, which reduces
the quality of life of patients. Notably, COVID-19 AKI is also associated with a high
mortality rate. For all these reasons, more focused research is required in this area in
order to find clearer answers to how SARS-CoV-2 infects the kidney and renal cells, the
pathognomonic signs of infection and the mechanisms of damage, and how to prevent
or avoid it. Whether different variants of the virus have different effects on the kidney or
whether vaccines prevent kidney damage has not yet been investigated. It would also be
advisable to find suitable and, if possible, low-cost clinical tests for timely diagnosis before
kidney function is compromised.

Author Contributions: Conceptualization, V.C.-V,; investigation, V.C.-V., C.O.-d.-1-C. and FA.L.-R;;
resources, FA.L.-R.; writing—original draft preparation, V.C.-V., C.O.-d.-1.-C. and FA.L.-R.; writing—
review and editing, V.C.-V,, C.O.-d.-1.-C. and FA.L.-R. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data were not used nor created for this review. Figures were created
using Biorender.com (accessed on 18 August 2022).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wiersinga, W.J.; Rhodes, A.; Cheng, A.C.; Peacock, S.J.; Prescott, H.C. Pathophysiology, Transmission, Diagnosis, and Treatment
of Coronavirus Disease 2019 (COVID-19). JAMA 2020, 324, 782. [CrossRef] [PubMed]

2. Atzrodt, C.L.; Maknojia, I.; McCarthy, R.D.P,; Oldfield, TM.; Po, J.; Ta, K. T.L.; Stepp, H.E.; Clements, T.P. A Guide to COVID-19: A
Global Pandemic Caused by the Novel Coronavirus SARS-CoV-2. FEBS . 2020, 287, 3633-3650. [CrossRef] [PubMed]

3.  Chavez Valencia, V.; Lagunas Rangel, F.A.; Orizaga de la Cruz, C. Letter to the Editor: Safety and Efficacy of Bedside Peritoneal
Dialysis Catheter Placement in the COVID-19 Era: Initial Experience at a New York City Hospital. World J. Surg. 2020, 44,
3584-3585. [CrossRef] [PubMed]

4. Thomas, M.E.; Blaine, C.; Dawnay, A.; Devonald, M.AJ.; Ftouh, S.; Laing, C.; Latchem, S.; Lewington, A.; Milford, D.V,;
Ostermann, M. The Definition of Acute Kidney Injury and Its Use in Practice. Kidney Int. 2015, 87, 62-73. [CrossRef]

5. Lin, C.-Y. Acute Kidney Injury Classification: AKIN and RIFLE Criteria in Critical Patients. World J. Crit. Care Med. 2012, 1, 40.
[CrossRef]

6. Hirsch, J.S.; Ng, ] H.; Ross, D.W.; Sharma, P.; Shah, H.H.; Barnett, R.L.; Hazzan, A.D.; Fishbane, S.; Jhaveri, K.D.; Abate, M,; et al.
Acute Kidney Injury in Patients Hospitalized with COVID-19. Kidney Int. 2020, 98, 209-218. [CrossRef]

7. Ali, H.; Daoud, A.; Mohamed, M.M.; Salim, S.A.; Yessayan, L.; Baharani, J.; Murtaza, A.; Rao, V.; Soliman, K.M. Survival Rate in
Acute Kidney Injury Superimposed COVID-19 Patients: A Systematic Review and Meta-Analysis. Ren. Fail. 2020, 42, 393-397.
[CrossRef]

8.  Levey, A.S. Defining AKD: The Spectrum of AKI, AKD, and CKD. Nephron 2022, 146, 302-305. [CrossRef]

9. Wang, L, Li, X.; Chen, H,; Yan, S.; Li, D.; Li, Y.; Gong, Z. Coronavirus Disease 19 Infection Does Not Result in Acute Kidney
Injury: An Analysis of 116 Hospitalized Patients from Wuhan, China. Am. ]. Nephrol. 2020, 51, 343-348. [CrossRef]

10. Fisher, M.; Neugarten, J.; Bellin, E.; Yunes, M.; Stahl, L.; Johns, T.S.; Abramowitz, M.K,; Levy, R.; Kumar, N.; Mokrzycki, M.H.;
et al. AKI in Hospitalized Patients with and without COVID-19: A Comparison Study. J. Am. Soc. Nephrol. 2020, 31, 2145-2157.
[CrossRef]

11.  Algahtani, FD.; Elabbasy, M.T.; Alshammari, F.; Atta, A.; El-Fateh, A.M.; Ghoniem, M.E. Evolving Risk of Acute Kidney Injury in
COVID-19 Hospitalized Patients: A Single Center Retrospective Study. Medicina 2022, 58, 443. [CrossRef] [PubMed]

12.  Enikeev, D.; Taratkin, M.; Efetov, S.; Shlomina, A.; Boldyreva, M.; Galkina, L; Spivak, L.; Gitel, E.; Kuchieva, A.; Mikhailov, V.;
et al. Acute Kidney Injury in COVID-19: Are Kidneys the Target or Just Collateral Damage? A Comprehensive Assessment of
Viral RNA and AKI Rate in Patients with COVID-19. Curr. Opin. Urol. 2021, 31, 363-368. [CrossRef]

13.  Nadim, M.K,; Forni, L.G.; Mehta, R.L.; Connor, M.J.; Liu, K.D.; Ostermann, M.; Rimmelé, T.; Zarbock, A.; Bell, S.; Bihorac, A.; et al.

COVID-19-Associated Acute Kidney Injury: Consensus Report of the 25th Acute Disease Quality Initiative (ADQI) Workgroup.
Nat. Rev. Nephrol. 2020, 16, 747-764. [CrossRef] [PubMed]


Biorender.com
http://doi.org/10.1001/jama.2020.12839
http://www.ncbi.nlm.nih.gov/pubmed/32648899
http://doi.org/10.1111/febs.15375
http://www.ncbi.nlm.nih.gov/pubmed/32446285
http://doi.org/10.1007/s00268-020-05677-x
http://www.ncbi.nlm.nih.gov/pubmed/32647984
http://doi.org/10.1038/ki.2014.328
http://doi.org/10.5492/wjccm.v1.i2.40
http://doi.org/10.1016/j.kint.2020.05.006
http://doi.org/10.1080/0886022X.2020.1756323
http://doi.org/10.1159/000516647
http://doi.org/10.1159/000507471
http://doi.org/10.1681/ASN.2020040509
http://doi.org/10.3390/medicina58030443
http://www.ncbi.nlm.nih.gov/pubmed/35334619
http://doi.org/10.1097/MOU.0000000000000901
http://doi.org/10.1038/s41581-020-00356-5
http://www.ncbi.nlm.nih.gov/pubmed/33060844

Diseases 2022, 10, 53 11 of 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Lagunas-Rangel, F.A.; Chavez-Valencia, V. What Do We Know about the Antibody Responses to SARS-CoV-2? Immunobiology
2021, 226, 152054. [CrossRef] [PubMed]

Astuti, I; Ysrafil. Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2): An Overview of Viral Structure and Host
Response. Diabetes Metab. Syndr. Clin. Res. Rev. 2020, 14, 407-412. [CrossRef] [PubMed]

Perico, L.; Benigni, A.; Remuzzi, G. Should COVID-19 Concern Nephrologists? Why and to What Extent? The Emerging Impasse
of Angiotensin Blockade. Nephron 2020, 144, 213-221. [CrossRef]

Naicker, S.; Yang, C.-W.; Hwang, S.-].; Liu, B.-C.; Chen, J.-H.; Jha, V. The Novel Coronavirus 2019 Epidemic and Kidneys. Kidney
Int. 2020, 97, 824-828. [CrossRef]

Su, H.; Yang, M.; Wan, C.; Yi, L.-X,; Tang, F; Zhu, H.-Y,; Yi, E; Yang, H.-C.; Fogo, A.B.; Nie, X.; et al. Renal Histopathological
Analysis of 26 Postmortem Findings of Patients with COVID-19 in China. Kidney Int. 2020, 98, 219-227. [CrossRef]

Caceres, P.S.; Savickas, G.; Murray, S.L.; Umanath, K.; Uduman, J.; Yee, J.; Liao, T.-D.; Bolin, S.; Levin, A.M.; Khan, M.N.; et al.
High SARS-CoV-2 Viral Load in Urine Sediment Correlates with Acute Kidney Injury and Poor COVID-19 Outcome. J. Am. Soc.
Nephrol. 2021, 32, 2517-2528. [CrossRef]

Mjaess, G.; Karam, A.; Aoun, F,; Albisinni, S.; Roumeguere, T. COVID-19 and the Male Susceptibility: The Role of ACE2, TMPRSS2
and the Androgen Receptor. Prog. Urol. 2020, 30, 484-487. [CrossRef]

Rezq, S.; Huffman, A.M.; Basnet, J.; Yanes Cardozo, L.L.; Romero, D.G. Cardiac and Renal SARS-CoV-2 Viral Entry Protein
Regulation by Androgens and Diet: Implications for Polycystic Ovary Syndrome and COVID-19. Int. ]. Mol. Sci. 2021, 22, 9746.
[CrossRef] [PubMed]

Yadav, J.; Goel, G.; Purwar, S.; Saigal, S.; Tandon, A.; Joshi, A.; Patel, B.; Sravan, ].S.; Mahaluxmi, S.; Singh, J.; et al. Clinical,
Virological, and Pathological Profile of Patients Who Died of COVID-19: An Autopsy-Based Study From India. Cureus 2022,
14, €23538. [CrossRef] [PubMed]

Legrand, M.; Bell, S.; Forni, L.; Joannidis, M.; Koyner, J.L.; Liu, K.; Cantaluppi, V. Pathophysiology of COVID-19-Associated
Acute Kidney Injury. Nat. Rev. Nephrol. 2021, 17, 751-764. [CrossRef] [PubMed]

Pan, X.; Xu, D.; Zhang, H.; Zhou, W.; Wang, L.; Cui, X. Identification of a Potential Mechanism of Acute Kidney Injury during the
COVID-19 Outbreak: A Study Based on Single-Cell Transcriptome Analysis. Intensive Care Med. 2020, 46, 1114-1116. [CrossRef]
Ronco, C.; Reis, T. Kidney Involvement in COVID-19 and Rationale for Extracorporeal Therapies. Nat. Rev. Nephrol. 2020, 16,
308-310. [CrossRef] [PubMed]

Wishahi, M.; Kamal, N.M. Multidisciplinary Basic and Clinical Research of Acute Kidney Injury with COVID-19: Pathophysiology,
Mechanisms, Incidence, Management and Kidney Transplantation. World J. Nephrol. 2022, 11, 105-114. [CrossRef] [PubMed]
Sharma, P.; Uppal, N.N.; Wanchoo, R.; Shah, H.H.; Yang, Y.; Parikh, R.; Khanin, Y.; Madireddy, V.; Larsen, C.P; Jhaveri, K.D,;
et al. COVID-19-Associated Kidney Injury: A Case Series of Kidney Biopsy Findings. J. Am. Soc. Nephrol. 2020, 31, 1948-1958.
[CrossRef]

Kudose, S.; Batal, I.; Santoriello, D.; Xu, K.; Barasch, J.; Peleg, Y.; Canetta, P; Ratner, L.E.; Marasa, M.; Gharavi, A.G,; et al. Kidney
Biopsy Findings in Patients with COVID-19. J. Am. Soc. Nephrol. 2020, 31, 1959-1968. [CrossRef]

Shetty, A.A.; Tawhari, I; Safar-Boueri, L.; Seif, N.; Alahmadi, A.; Gargiulo, R.; Aggarwal, V.; Usman, I; Kisselev, S.; Gharavi, A.G,;
et al. COVID-19-Associated Glomerular Disease. J. Am. Soc. Nephrol. 2021, 32, 33-40. [CrossRef]

Nasr, S.H.; Alexander, M.P;; Cornell, L.D.; Herrera, L.H.; Fidler, M.E,; Said, S.M.; Zhang, P.; Larsen, C.P; Sethi, S. Kidney Biopsy
Findings in Patients With COVID-19, Kidney Injury, and Proteinuria. Am. J. Kidney Dis. 2021, 77, 465-468. [CrossRef]

Guan, W.; Ni, Z,; Hu, Y,; Liang, W.; Ou, C; He, J.; Liu, L.; Shan, H.; Lei, C.; Hui, D.S.C.; et al. Clinical Characteristics of
Coronavirus Disease 2019 in China. N. Engl. ]. Med. 2020, 382, 1708-1720. [CrossRef]

Pei, G.; Zhang, Z.; Peng, ].; Liu, L.; Zhang, C.; Yu, C.; Ma, Z.; Huang, Y.; Liu, W.; Yao, Y,; et al. Renal Involvement and Early
Prognosis in Patients with COVID-19 Pneumonia. J. Am. Soc. Nephrol. 2020, 31, 1157-1165. [CrossRef] [PubMed]

Velez, ].C.Q.; Caza, T.; Larsen, C.P. COVAN Is the New HIVAN: The Re-Emergence of Collapsing Glomerulopathy with COVID-19.
Nat. Rev. Nephrol. 2020, 16, 565-567. [CrossRef]

Lagunas-Rangel, EA.; Chavez-Valencia, V. High IL-6 /IFN-y Ratio Could Be Associated with Severe Disease in COVID-19 Patients.
J. Med. Virol. 2020, 92, 1789-1790. [CrossRef]

Ahmadian, E.; Hosseiniyan Khatibi, S.M.; Razi Soofiyani, S.; Abediazar, S.; Shoja, M.M.; Ardalan, M.; Zununi Vahed, S. COVID-19
and Kidney Injury: Pathophysiology and Molecular Mechanisms. Rev. Med. Virol. 2021, 31, €2176. [CrossRef]

Joannidis, M.; Forni, L.G.; Klein, S.J.; Honore, PM.; Kashani, K.; Ostermann, M.; Prowle, J.; Bagshaw, S.M.; Cantaluppi, V.;
Darmon, M.; et al. Lung-Kidney Interactions in Critically Ill Patients: Consensus Report of the Acute Disease Quality Initiative
(ADQI) 21 Workgroup. Intensive Care Med. 2020, 46, 654—672. [CrossRef] [PubMed]

Welch, HK; Kellum, J.A.; Kane-Gill, S.L. Drug-Associated Acute Kidney Injury Identified in the United States Food and Drug
Administration Adverse Event Reporting System Database. Pharmacother. . Hum. Pharmacol. Drug Ther. 2018, 38, 785-793.
[CrossRef] [PubMed]

Legrand, M.; Bokoch, M.P. The Yin and Yang of the Renin-Angiotensin—Aldosterone System in Acute Kidney Injury. Am. ]. Respir.
Crit. Care Med. 2021, 203, 1053-1055. [CrossRef]

Dudoignon, E.; Moreno, N.; Deniau, B.; Coutrot, M.; Longer, R.; Amiot, Q.; Mebazaa, A.; Pirracchio, R.; Depret, F.; Legrand, M.
Activation of the Renin-Angiotensin-Aldosterone System Is Associated with Acute Kidney Injury in COVID-19. Anaesth. Crit.
Care Pain Med. 2020, 39, 453-455. [CrossRef]


http://doi.org/10.1016/j.imbio.2021.152054
http://www.ncbi.nlm.nih.gov/pubmed/33524881
http://doi.org/10.1016/j.dsx.2020.04.020
http://www.ncbi.nlm.nih.gov/pubmed/32335367
http://doi.org/10.1159/000507305
http://doi.org/10.1016/j.kint.2020.03.001
http://doi.org/10.1016/j.kint.2020.04.003
http://doi.org/10.1681/ASN.2021010059
http://doi.org/10.1016/j.purol.2020.05.007
http://doi.org/10.3390/ijms22189746
http://www.ncbi.nlm.nih.gov/pubmed/34575910
http://doi.org/10.7759/cureus.23538
http://www.ncbi.nlm.nih.gov/pubmed/35494966
http://doi.org/10.1038/s41581-021-00452-0
http://www.ncbi.nlm.nih.gov/pubmed/34226718
http://doi.org/10.1007/s00134-020-06026-1
http://doi.org/10.1038/s41581-020-0284-7
http://www.ncbi.nlm.nih.gov/pubmed/32273593
http://doi.org/10.5527/wjn.v11.i3.105
http://www.ncbi.nlm.nih.gov/pubmed/35733654
http://doi.org/10.1681/ASN.2020050699
http://doi.org/10.1681/ASN.2020060802
http://doi.org/10.1681/ASN.2020060804
http://doi.org/10.1053/j.ajkd.2020.11.002
http://doi.org/10.1056/NEJMoa2002032
http://doi.org/10.1681/ASN.2020030276
http://www.ncbi.nlm.nih.gov/pubmed/32345702
http://doi.org/10.1038/s41581-020-0332-3
http://doi.org/10.1002/jmv.25900
http://doi.org/10.1002/rmv.2176
http://doi.org/10.1007/s00134-019-05869-7
http://www.ncbi.nlm.nih.gov/pubmed/31820034
http://doi.org/10.1002/phar.2152
http://www.ncbi.nlm.nih.gov/pubmed/29883524
http://doi.org/10.1164/rccm.202012-4419ED
http://doi.org/10.1016/j.accpm.2020.06.006

Diseases 2022, 10, 53 12 of 13

40.

41.
42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Schmidt, M.; Hajage, D.; Lebreton, G.; Monsel, A.; Voiriot, G.; Levy, D.; Baron, E.; Beurton, A.; Chommeloux, J.; Meng, P;
et al. Extracorporeal Membrane Oxygenation for Severe Acute Respiratory Distress Syndrome Associated with COVID-19: A
Retrospective Cohort Study. Lancet Respir. Med. 2020, 8, 1121-1131. [CrossRef]

Koyner, ].L.; Murray, P.T. Mechanical Ventilation and the Kidney. Blood Purif. 2010, 29, 52-68. [CrossRef] [PubMed]

Tarragon, B.; Valdenebro, M.; Serrano, M.L.; Maroto, A.; LI6pez-Carratala, M.R.; Ramos, A.; Rubio, E.; Huerta, A.; Marques, M.;
Portolés, ]. Fracaso Renal Agudo En Pacientes Hospitalizados Por COVID-19. Nefrologia 2021, 41, 34—40. [CrossRef] [PubMed]
Chan, L.; Chaudhary, K; Saha, A.; Chauhan, K.; Vaid, A.; Zhao, S.; Paranjpe, I.; Somani, S.; Richter, F.; Miotto, R.; et al. AKI in
Hospitalized Patients with COVID-19. J. Am. Soc. Nephrol. 2021, 32, 151-160. [CrossRef] [PubMed]

Mohamed, M.M.B.; Lukitsch, I.; Torres-Ortiz, A.E.; Walker, ].B.; Varghese, V.; Hernandez-Arroyo, C.E; Alqudsi, M.; LeDoux, ].R.;
Velez, ].C.Q. Acute Kidney Injury Associated with Coronavirus Disease 2019 in Urban New Orleans. Kidney360 2020, 1, 614-622.
[CrossRef] [PubMed]

Al-Jaghbeer, M.; Dealmeida, D.; Bilderback, A.; Ambrosino, R.; Kellum, J.A. Clinical Decision Support for In-Hospital AKL. J. Am.
Soc. Nephrol. 2018, 29, 654-660. [CrossRef]

Vogel, ML].; Mustroph, J.; Staudner, S.T.; Leininger, S.B.; Hubauer, U.; Wallner, S.; Meindl, C.; Hanses, F; Zimmermann, M.; Maier,
L.S; et al. Kidney Injury Molecule-1: Potential Biomarker of Acute Kidney Injury and Disease Severity in Patients with COVID-19.
J. Nephrol. 2021, 34, 1007-1018. [CrossRef]

Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, ].; Hu, Y; Zhang, L.; Fan, G.; Xu, J.; Gu, X,; et al. Clinical Features of Patients Infected
with 2019 Novel Coronavirus in Wuhan, China. Lancet 2020, 395, 497-506. [CrossRef]

Cheng, Y.; Luo, R.; Wang, K.; Zhang, M.; Wang, Z.; Dong, L.; Li, J.; Yao, Y.; Ge, S.; Xu, G. Kidney Disease Is Associated with
In-Hospital Death of Patients with COVID-19. Kidney Int. 2020, 97, 829-838. [CrossRef]

Li, Z.; Wu, M,; Yao, J.; Guo, J.; Liao, X.; Song, S.; Li, J.; Duan, G.; Zhou, Y.; Wu, X.; et al. Caution on Kidney Dysfunctions of
COVID-19 Patients. medRxiv 2020. [CrossRef]

Xiao, G.; Hu, H,; Wu, E; Sha, T.; Huang, Q.; Li, H.; Han, ]J.; Song, W.; Chen, Z.; Zeng, Z. Acute Kidney Injury in Patients
Hospitalized with COVID-19 in Wuhan, China: A Single-Center Retrospective Observational Study. J. South. Med. Univ. 2021, 41,
157-163. [CrossRef]

Wang, D.; Hu, B.; Hu, C.; Zhu, F; Liu, X.; Zhang, J.; Wang, B.; Xiang, H.; Cheng, Z.; Xiong, Y.; et al. Clinical Characteristics of 138
Hospitalized Patients With 2019 Novel Coronavirus—-Infected Pneumonia in Wuhan, China. JAMA 2020, 323, 1061. [CrossRef]
[PubMed]

Chen, T.; Wu, D.; Chen, H.; Yan, W.; Yang, D.; Chen, G.; Ma, K,; Xu, D.; Yu, H.; Wang, H.; et al. Clinical Characteristics of 113
Deceased Patients with Coronavirus Disease 2019: Retrospective Study. BM]J 2020, 368, m1091. [CrossRef] [PubMed]

Chen, N.; Zhou, M.; Dong, X.; Qu, J.; Gong, F; Han, Y.; Qiu, Y,; Wang, J.; Liu, Y.; Wei, Y,; et al. Epidemiological and Clinical
Characteristics of 99 Cases of 2019 Novel Coronavirus Pneumonia in Wuhan, China: A Descriptive Study. Lancet 2020, 395,
507-513. [CrossRef]

Yildirim, C.; Ozger, H.S.; Yasar, E.; Tombul, N.; Gulbahar, O.; Yildiz, M.; Bozdayi, G.; Derici, U.; Dizbay, M. Early Predictors of
Acute Kidney Injury in COVID-19 Patients. Nephrology 2021, 26, 513-521. [CrossRef]

Yasar, E.; Ozger, H.S.; Yeter, H.H.; Yildirim, C.; Osmanov, Z.; Cetin, T.E.; Akcay, O.F; Bukan, N.; Derici, U. Could Urinary Kidney
Injury Molecule-1 Be a Good Marker in Subclinical Acute Kidney Injury in Mild to Moderate COVID-19 Infection? Int. Urol.
Nephrol. 2022, 54, 627-636. [CrossRef]

Temiz, M.Z.; Hacibey, I.; Yazar, R.O.; Sevdi, M.S.; Kucuk, S.H.; Alkurt, G.; Doganay, L.; Dinler Doganay, G.; Dincer, M.M.; Yuruk,
E.; et al. Altered Kidney Function Induced by SARS-CoV-2 Infection and Acute Kidney Damage Markers Predict Survival
Outcomes of COVID-19 Patients: A Prospective Pilot Study. Ren. Fail. 2022, 44, 233-240. [CrossRef]

Arentz, M.; Yim, E.; Klaff, L.; Lokhandwala, S.; Riedo, EX.; Chong, M.; Lee, M. Characteristics and Outcomes of 21 Critically Il
Patients With COVID-19 in Washington State. JAMA 2020, 323, 1612. [CrossRef]

Richardson, S.; Hirsch, ].S.; Narasimhan, M.; Crawford, ] M.; McGinn, T.; Davidson, K.W.; Barnaby, D.P,; Becker, L.B.; Chelico, ].D.;
Cohen, S.L.; et al. Presenting Characteristics, Comorbidities, and Outcomes Among 5700 Patients Hospitalized With COVID-19 in
the New York City Area. JAMA 2020, 323, 2052. [CrossRef]

Chaudhri, I.; Moffitt, R.; Taub, E.; Annadi, R.R.; Hoai, M.; Bolotova, O.; Yoo, J.; Dhaliwal, S.; Sahib, H.; Daccueil, F,; et al.
Association of Proteinuria and Hematuria with Acute Kidney Injury and Mortality in Hospitalized Patients with COVID-19.
Kidney Blood Press. Res. 2020, 45, 1018-1032. [CrossRef]

Ronco, C.; Reis, T.; Husain-Syed, F. Management of Acute Kidney Injury in Patients with COVID-19. Lancet Respir. Med. 2020, 8,
738-742. [CrossRef]

Li, Y; Xie, Z; Lin, W,; Cai, W,; Wen, C,; Guan, Y.; Mo, X,; Wang, J.; Wang, Y.; Peng, P; et al. Efficacy and Safety of
Lopinavir/Ritonavir or Arbidol in Adult Patients with Mild/Moderate COVID-19: An Exploratory Randomized Controlled Trial.
Med 2020, 1, 105-113.e4. [CrossRef] [PubMed]

Izzedine, H.; Jhaveri, K.D.; Perazella, M.A. COVID-19 Therapeutic Options for Patients with Kidney Disease. Kidney Int. 2020, 97,
1297-1298. [CrossRef] [PubMed]

Poulsen, N.N.; Brunn, A.; Hornum, M.; Blomberg Jensen, M. Cyclosporine and COVID-19: Risk or Favorable? Am. |. Transplant.
2020, 20, 2975-2982. [CrossRef] [PubMed]


http://doi.org/10.1016/S2213-2600(20)30328-3
http://doi.org/10.1159/000259585
http://www.ncbi.nlm.nih.gov/pubmed/19923815
http://doi.org/10.1016/j.nefro.2020.08.005
http://www.ncbi.nlm.nih.gov/pubmed/33162225
http://doi.org/10.1681/ASN.2020050615
http://www.ncbi.nlm.nih.gov/pubmed/32883700
http://doi.org/10.34067/KID.0002652020
http://www.ncbi.nlm.nih.gov/pubmed/35372932
http://doi.org/10.1681/ASN.2017070765
http://doi.org/10.1007/s40620-021-01079-x
http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.1016/j.kint.2020.03.005
http://doi.org/10.2139/ssrn.3559601
http://doi.org/10.12122/j.issn.1673-4254.2021.02.01
http://doi.org/10.1001/jama.2020.1585
http://www.ncbi.nlm.nih.gov/pubmed/32031570
http://doi.org/10.1136/bmj.m1091
http://www.ncbi.nlm.nih.gov/pubmed/32217556
http://doi.org/10.1016/S0140-6736(20)30211-7
http://doi.org/10.1111/nep.13856
http://doi.org/10.1007/s11255-021-02937-0
http://doi.org/10.1080/0886022X.2022.2032743
http://doi.org/10.1001/jama.2020.4326
http://doi.org/10.1001/jama.2020.6775
http://doi.org/10.1159/000511946
http://doi.org/10.1016/S2213-2600(20)30229-0
http://doi.org/10.1016/j.medj.2020.04.001
http://www.ncbi.nlm.nih.gov/pubmed/32838353
http://doi.org/10.1016/j.kint.2020.03.015
http://www.ncbi.nlm.nih.gov/pubmed/32317113
http://doi.org/10.1111/ajt.16250
http://www.ncbi.nlm.nih.gov/pubmed/32777170

Diseases 2022, 10, 53 13 of 13

64.
65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Stephen, S.; Park, Y.; Chrysostomou, A. Clinical Benefits of Tocilizumab in COVID-19-Related Cytokine Release Syndrome in a
Patient with End-Stage Kidney Disease on Haemodialysis in Australia. Nephrology 2020, 25, 845-849. [CrossRef]

Han, X.; Ye, Q. Kidney Involvement in COVID-19 and Its Treatments. J. Med. Virol. 2021, 93, 1387-1395. [CrossRef]

Kooistra, E.J.; Waalders, N.J.B.; Grondman, L; Janssen, N.A.F,; de Nooijer, A.H.; Netea, M.G.; van de Veerdonk, F.L.; Ewalds, E.;
van der Hoeven, ].G.; Kox, M.; et al. Anakinra Treatment in Critically Il COVID-19 Patients: A Prospective Cohort Study. Crit.
Care 2020, 24, 688. [CrossRef]

Kim, ].S,; Lee, ].Y.; Yang, ].W.; Lee, K.H.; Effenberger, M.; Szpirt, W.; Kronbichler, A.; Shin, J. Il Inmunopathogenesis and Treatment
of Cytokine Storm in COVID-19. Theranostics 2021, 11, 316-329. [CrossRef]

Liu, X,; Long, C.; Xiong, Q.; Chen, C.; Ma, J.; Su, Y.; Hong, K. Association of angiotensin Converting Enzyme Inhibitors and
Angiotensin II Receptor Blockers with Risk of COVID-19, Inflammation Level, Severity, and Death in Patients with COVID-19: A
Rapid Systematic Review and Meta-analysis. Clin. Cardiol. 2020, clc.23421. [CrossRef]

Ronco, C,; Tetta, C.; Mariano, F.; Wratten, M.L.; Bonello, M.; Bordoni, V.; Cardona, X.; Inguaggiato, P; Pilotto, L.; D’Intini, V.; et al.
Interpreting the Mechanisms of Continuous Renal Replacement Therapy in Sepsis: The Peak Concentration Hypothesis. Artif.
Organs 2003, 27, 792-801. [CrossRef]

Ostermann, M.; Joannidis, M.; Pani, A_; Floris, M.; de Rosa, S.; Kellum, J.A.; Ronco, C. Patient Selection and Timing of Continuous
Renal Replacement Therapy. Blood Purif. 2016, 42, 224-237. [CrossRef]

Rizo-Topete, L.M.; Claure-Del Granado, R.; Ponce, D.; Lombardi, R. Acute Kidney Injury Requiring Renal Replacement Therapy
during the COVID-19 Pandemic: What Are Our Options for Treating It in Latin America? Kidney Int. 2021, 99, 524-527. [CrossRef]
[PubMed]

Sohaney, R.; Shaikhouni, S.; Ludwig, ].T.; Tilea, A.; Bitzer, M.; Yessayan, L.; Heung, M. Continuous Renal Replacement Therapy
among Patients with COVID-19 and Acute Kidney Injury. Blood Purif. 2021, 51, 660-667. [CrossRef] [PubMed]

Roushani, J.; Thomas, D.; Oliver, M.].; Ip, J.; Tang, Y.; Yeung, A.; Taji, L.; Cooper, R.; Magner, P.O.; Garg, A.X; et al. Acute Kidney
Injury Requiring Renal Replacement Therapy in People with COVID-19 Disease in Ontario, Canada: A Prospective Analysis of
Risk Factors and Outcomes. Clin. Kidney J. 2022, 15, 507-516. [CrossRef] [PubMed]

Moledina, D.G.; Simonov, M.; Yamamoto, Y.; Alausa, J.; Arora, T.; Biswas, A.; Cantley, L.G.; Ghazi, L.; Greenberg, J.H.; Hinchcliff,
M.; et al. The Association of COVID-19 With Acute Kidney Injury Independent of Severity of Illness: A Multicenter Cohort Study.
Am. ]. Kidney Dis. 2021, 77, 490-499.el. [CrossRef] [PubMed]

Ng, ].H.; Hirsch, ].S.; Hazzan, A.; Wanchoo, R.; Shah, H.H.; Malieckal, D.A.; Ross, D.W.; Sharma, P.; Sakhiya, V.; Fishbane, S.;
et al. Outcomes Among Patients Hospitalized With COVID-19 and Acute Kidney Injury. Am. . Kidney Dis. 2021, 77, 204-215.e1.
[CrossRef]

Samaan, F; Carneiro de Paula, E.; de Lima Souza, FB.G.; Mendes, L.EC.; Rossi, PR.G.; Freitas, R.A.P.; Nakagawa, ET.; Maciel,
A.T,; Aranha, S.; Osawa, E.; et al. COVID-19-Associated Acute Kidney Injury Patients Treated with Renal Replacement Therapy
in the Intensive Care Unit: A Multicenter Study in Sao Paulo, Brazil. PLoS ONE 2022, 17, €0261958. [CrossRef]

Gupta, S.; Coca, S.G.; Chan, L.; Melamed, M.L.; Brenner, S.K.; Hayek, S.S.; Sutherland, A.; Puri, S.; Srivastava, A.; Leonberg-Yoo,
A.; et al. AKI Treated with Renal Replacement Therapy in Critically Ill Patients with COVID-19. . Am. Soc. Nephrol. 2021, 32,
161-176. [CrossRef]


http://doi.org/10.1111/nep.13767
http://doi.org/10.1002/jmv.26653
http://doi.org/10.1186/s13054-020-03364-w
http://doi.org/10.7150/thno.49713
http://doi.org/10.1002/clc.23421
http://doi.org/10.1046/j.1525-1594.2003.07289.x
http://doi.org/10.1159/000448506
http://doi.org/10.1016/j.kint.2020.12.021
http://www.ncbi.nlm.nih.gov/pubmed/33388364
http://doi.org/10.1159/000518713
http://www.ncbi.nlm.nih.gov/pubmed/34727545
http://doi.org/10.1093/ckj/sfab237
http://www.ncbi.nlm.nih.gov/pubmed/35198157
http://doi.org/10.1053/j.ajkd.2020.12.007
http://www.ncbi.nlm.nih.gov/pubmed/33422598
http://doi.org/10.1053/j.ajkd.2020.09.002
http://doi.org/10.1371/journal.pone.0261958
http://doi.org/10.1681/ASN.2020060897

	Introduction 
	SARS-CoV-2 Kidney Infection 
	Pathophysiology of COVID-19 AKI 
	Clinical and Biochemical Manifestations of COVID-19 AKI 
	Risk Factors for the Development of COVID-19 AKI 
	COVID-19 AKI Treatment 
	COVID-19 AKI Mortality 
	Conclusions 
	References

