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Abstract

Background

COVID-19 is a multisystemic disorder that frequently causes acute kidney injury (AKI). How-

ever, the precise clinical and biochemical variables associated with AKI progression in

patients with severe COVID-19 remain unclear.

Methods

We performed a retrospective study on 278 hospitalized patients who were admitted to the

ward and intensive care unit (ICU) with COVID-19 between March 2020 and June 2020, at

the University Hospital, São Paulo, Brazil. Patients aged� 18 years with COVID-19 con-

firmed on RT-PCR were included. AKI was defined according to the Kidney Disease Improv-

ing Global Outcomes (KDIGO) criteria. We evaluated the incidence of AKI, several clinical

variables, medicines used, and outcomes in two sub-groups: COVID-19 patients with AKI

(Cov-AKI), and COVID-19 patients without AKI (non-AKI). Univariate and multivariate analy-

ses were performed.

Results

First, an elevated incidence of AKI (71.2%) was identified, distributed across different stages

of the KDIGO criteria. We further observed higher levels of creatinine, C-reactive protein

(CRP), leukocytes, neutrophils, monocytes, and neutrophil-to-lymphocyte ratio (NLR) in the

Cov-AKI group than in the non-AKI group, at hospital admission. On univariate analysis,

Cov-AKI was associated with older age (>62 years), hypertension, CRP, MCV, leucocytes,

neutrophils, NLR, combined hydroxychloroquine and azithromycin treatment, use of

mechanical ventilation, and vasoactive drugs. Multivariate analysis showed that hyperten-

sion and the use of vasoactive drugs were independently associated with a risk of higher

AKI in COVID-19 patients. Finally, we preferentially found an altered erythrocyte and
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leukocyte cellular profile in the Cov-AKI group compared to the non-AKI group, at hospital

discharge.

Conclusions

In our study, the development of AKI in patients with severe COVID-19 was related to

inflammatory blood markers and therapy with hydroxychloroquine/azithromycin, with vaso-

pressor requirement and hypertension considered potential risk factors. Thus, attention to

the protocol, hypertension, and some blood markers may help assist doctors with decision-

making for the management of COVID-19 patients with AKI.

Introduction

The novel coronavirus disease (COVID-19) caused by the highly transmissible SARS-CoV-2

virus has shown diverse clinical manifestations and severe complications and has impacted

health systems worldwide [1]. In March 2020, COVID-19 was declared a pandemic, and Brazil

currently has one of the highest incidence and mortality rates [2]. Severe COVID-19 may rep-

resent a type of hyperimmune disorder and can frequently cause acute respiratory failure in

critically ill patients [3]. In addition, this disease affects other organs, and there is growing evi-

dence of kidney dysfunction in SARS-CoV-2-infected patients [4–6]. Although other mecha-

nisms have been investigated [7], it is widely accepted that multiorgan involvement could be

linked to the wide distribution of angiotensin-converting enzyme 2 receptor (ACE-2), which

allows the SARS-CoV-2 virus to adhere to the host cell [6–9]. To date, ACE-2 expression has

been found not only in the lungs, but also in the liver, stomach, ileum, colon, esophagus, and

kidney [8].

In fact, the kidney distinctly expresses ACE-2 in its cells, including the proximal tubule

cells, mesangial cells, parietal epithelium of the Bowman’s capsule, collecting ducts, and podo-

cytes [8–13]. Based on this evidence, several studies have already identified SARS-CoV-2 in

the kidney during post-mortem autopsies of COVID-19 patients, suggesting that kidney tro-

pism can be associated with acute kidney injury (AKI) [13–17]. In this context, other studies

have highlighted the prevalence of kidney disease on admission and reported a high prevalence

of AKI during hospitalization in patients with COVID-19, which was also associated with in-

hospital mortality [18–21].

AKI differs according to COVID-19 severity. In mild to moderate cases, AKI is not com-

mon and is determined by subclinical kidney abnormalities [12–18]. In contrast, AKI is com-

mon among critically ill patients with COVID-19, affecting approximately 20%-40% of

patients admitted to intensive care units (ICUs) [13, 19–22]. Possible causes of AKI in severe

or critical COVID-19 patients include volume depletion, inflammation and hemodynamic

changes, viral infection-associated tubular injury, thrombotic vascular processes, glomerular

pathologies, and rhabdomyolysis [23]. With respect to severe COVID-19 cases, other reports

have described additional risk factors associated with AKI such as respiratory failure, need for

mechanical ventilation, older age, diabetes mellitus, cardiovascular disease, and Black race [1,

14, 21]. Moreover, patients with COVID-19-associated AKI were more likely to require kidney

replacement therapy than those without COVID-19 [18, 19, 21].

Although there are recent findings showing an association between AKI and COVID-19,

the precise relationship of clinical and biochemical variables with COVID-19-associated AKI

remains unclear. Hence, in the present study, we aimed to describe the incidence, risk factors,

and outcomes of AKI in patients with severe COVID-19.
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Materials and methods

Study design and measurements

We performed a retrospective study on a subset of hospitalized patients with severe and critical

COVID-19, who were admitted between March and June 2020 at Hospital São Paulo (Federal

University of São Paulo), in São Paulo, Brazil. The inclusion criteria were: age� 18 years, and

confirmed SARS-CoV-2 infection by RT-PCR. The exclusion criteria were pregnancy, stage 5

chronic kidney disease under dialysis, transplanted kidney, human immunodeficiency virus

infection, hepatitis B and C, use of immunosuppressants, and malignancies. Obesity was

defined as a body mass index� 30 kg/m2 [24]. Oliguria was defined as diuresis of� 400 ml/24

h. AKI was defined as an increase in serum creatinine of 0.3 mg/dl in 48 h or by 1.5 times in 7

days, or as diuresis lower than < 0.5 mL/kg/hour during the 6 hours from hospital admission.

AKI was defined and stratified according to the Kidney Disease Improving Global Outcomes

(KDIGO) criteria [25]. We performed the KDIGO criteria two different times (within 48 h,

and 7 days after hospital admission). Thereafter, we classified the patients into two groups

according to kidney function status: with AKI (CoV-AKI), and without AKI (non-AKI).

All demographic and clinical data, including blood cell counts, blood gas analysis, biochem-

ical variables, urine output, medications, mechanical ventilation requirement, comorbidities

(smoking, diabetes, hypertension, obesity, and respiratory, cardiac, or hepatic diseases), need

for kidney replacement therapy, and complications were obtained through electronic medical

records. The estimated glomerular filtration rate (eGFR) was calculated using the CKD Epide-

miology Collaboration formula during early hospitalization and after 7 days of ward or ICU

stay; thus, we utilized creatinine levels at the peak of hospitalization in each period [26]. Acute

respiratory distress requiring mechanical ventilation was defined as acute onset hypoxemia

with bilateral pulmonary opacities on chest tomography and PaO2/FIO2� 300 [27].

All COVID-19 patients were treated according to the standard protocols for both wards

and ICUs. Hemodynamically stable CoV-AKI patients who required kidney replacement ther-

apy underwent standard intermittent hemodialysis, while all critically ill hemodynamically

unstable patients underwent prolonged intermittent kidney replacement therapy. Vasoactive

agents (usually norepinephrine) were used when mean arterial pressure persistently presented

as<65 mmHg in patients with adequate intravascular fluid status [28]. All routine tests and

patient management were at the discretion of the attending physician, and our research team

did not interfere with any aspects of diagnosis or treatment.

The study was approved by the local ethics committee on human research at Hospital São

Paulo, UNIFESP, Brazil (no. 0555/2020), and informed consent was waived due to the obser-

vational nature of the study. The study team analyzed only the anonymized data.

Statistical analysis

Categorical variables are presented as frequencies and percentage distributions. All continuous

variables were examined for normality using the Shapiro-Wilk test, and analyzed using the

Mann-Whitney test. Data are expressed as median, interquartile range, and minimum-maxi-

mum values. The analyses were performed by stratifying patients according to the presence or

absence of AKI. Logistic regression analyses were performed to establish the degree of associa-

tion between various risk factors and AKI after COVID-19 infection. For this procedure, the

cut-off points (>50th percentile) were adopted for some variables of the biochemical profile

(i.e., C-reactive protein, D-dimer) and complete blood count. Multivariate logistic regression

models were fitted to determine the presence of confounding factors. All variables showing a

p<0.20 in the univariate analysis were presented to a single multivariate model. Variables were
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retained in the model if a Wald test revealed p<0.05. Data are expressed as odds ratios (ORs)

and 95% confidence intervals (CIs). Statistical analyses were performed using SPSS version 22

(IBM, Armonk, New York, USA), and images were obtained using GraphPad Prism (version

8.0; La Jolla, CA, USA).

Results

During the study period, 345 patients were admitted, and after 67 individuals were excluded.

Then, 278 severe and critically ill hospitalized COVID-19 patients were enrolled (185 women

and 93 men), aged around 60 years (range: 18–97 years) (Fig 1). Of these patients, 60.4% were

admitted to ICUs; however, all patients were managed in ICUs after 3–5 days of hospitaliza-

tion. The total hospitalization time ranged from 1 day to 27 days, and overall hospital mortality

was approximately 34.17% (n = 95).

According to the KDIGO criteria for staging of AKI, we observed that: i) 72 patients

(25.9%) had KDIGO 1, ii) 25 patients (8.9%) had KDIGO 2, and iii) 10 patients had KDIGO 3

(3.6%), within 48 hours of hospital admission. Consequently, after 5–7 days, most COVID-19

patients had acute kidney injury (AKI) during hospitalization (n = 198; 71.2%). The KDIGO

criteria for AKI staging were also assessed after 7 days of ICU stay and we found 52 patients

(26.3%) in KDIGO 1, 25 patients (12.6%) in KDIGO 2, and 121 patients (61.1%) in KDIGO 3.

Thus, we classified all COVID-19 patients into two groups: those with AKI, designated as

CoV-AKI (n = 198); and those without AKI, denoted as non-AKI (n = 80) (Fig 1).

In general, to identify the classificatory tendencies in the AKI group, we explored unsuper-

vised learning linear algorithms to promote reduction of dimensionality between the several

clinical parameters investigated. We then used principal component analysis (PCA), and did

Fig 1. Workflow diagram of the patient selection. A total of 345 patients SARS-CoV-2 confirmed by RT-PCR from specimens provided with nasopharyngeal swab

were selected from Hospital São Paulo of Federal University of São Paulo. After exclusion criteria, the remaining patients (n = 278) were subdivided into two subgroups:

1) COVID-19 patients with AKI (n = 198) and 2) COVID-19 patients without AKI (n = 80).

https://doi.org/10.1371/journal.pone.0251048.g001
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not identify any cluster evidence for both the CoV-AKI and non-AKI groups (S1a Fig in S1

File). Afterwards, the clustering heat map did not demonstrate any grouping propensities;

however, when the vectorial contribution of variables used was analyzed, an important partici-

pation of white series in the blood test and some arterial gasometric parameters were also con-

firmed by squared cosine analysis of individual PCA components (S1b–S1d Fig in S1 File).

In sequence, our global comparative investigation showed that age, gender, and race were

similar between the groups analyzed (Table 1). However, CoV-AKI patients presented with

higher levels of inflammatory and kidney markers at admission (CRP and sCr). Furthermore,

as shown on vectorial analysis of PCAs, CoV-AKI patients had increased indexes of leucocytes,

neutrophils, monocytes, and neutrophils-to-leucocytes ratio (NLR), in comparison with the

non-AKI group. The red series of blood tests and arterial blood gas values were not signifi-

cantly altered (Table 1). Moreover, we observed oliguria (23.1%) and a need for kidney

replacement therapy (47.5%) after 1.5 days (range: 1–7 days) of hospitalization in the CoV--

AKI group.

In addition, we observed higher levels of early serum creatinine and lower eGFR within 48

hours of hospitalization in the CoV-AKI group than in the non-AKI group. The same behavior

was observed after seven days of hospitalization (Fig 2). We found no difference in hematuria

between the CoV-AKI and non-AKI groups. We found that most CoV-AKI patients were hos-

pitalized in the ICU (Table 2), and not surprisingly, the mortality rate was higher in this same

group, with an approximately 2-fold increase to that in patients without AKI (39.8% vs. 20%,

p = 0.002; data not shown). We observed that the mortality rate was further elevated in the

CoV-AKI group stratified according to the KDIGO 3 criteria (64.9%; p<0.001; data not

shown).

In addition, we did not find differences in the frequencies of diabetes, smoking, obesity,

chronic respiratory diseases, cardiopathy, hepatic diseases, sepsis incidence, SOFA (sequential

organ failure assessment score) score, acid-base parameters, and use of renin-angiotensin sys-

tem blockers, between the groups investigated. Interestingly, CoV-AKI patients were more

hypertensive (70.5% vs. 53.9%) and made more use of combined therapy comprising hydroxy-

chloroquine and azithromycin (50.5% vs. 31.2%). In addition, the CoV-AKI group required

more vasopressor drugs (49.1% vs. 6.3%) and mechanical ventilation (55.5% vs. 14.6%) than

the non-AKI group.

Univariate logistic analysis revealed that AKI in COVID-19 patients was associated with

older age, history of hypertension, mechanical ventilation, vasoactive drugs, combined treat-

ment with hydroxychloroquine and azithromycin, and higher basal levels of CRP, MCV, leu-

kocytes, neutrophils, and NLR (Table 3). Moreover, we performed a progressive multivariate

logistic regression model fitted with all covariates that tended to correlate with AKI develop-

ment. Hypertension and the use of vasoactive drugs were independent risk factors associated

with AKI in COVID-19 patients (Table 3).

To investigate whether biochemical and blood-associated parameters could help physicians

in decision-making for managing patients with COVID-19 and AKI, we carried out a multi-

correlation matrix analysis and identified different profiles between groups (CoV-AKI and

non-AKI) at admission and discharge. With consideration to only pronounced differences, we

detected a positive correlation between monocytes and both leucocytes and neutrophils in the

non-AKI group at admission. In contrast, at admission, there was a negative correlation

between RDW and both hemoglobin and hematocrit, and between eosinophils with MCV and

MCH (Fig 3), in CoV-AKI patients.

We observed a positive correlation of creatinine with both leukocytes and neutrophils dur-

ing hospital discharge in the non-AKI group. Moreover, there was a negative correlation

between RDW and anemia parameters (hemoglobin, hematocrit, MCH, and MCHC). On the
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other hand, in CoV-AKI patients at discharge, we found an exclusive and intriguing relation-

ship between eosinophils and anemia markers. Eosinophils were positively correlated with

RDW and negatively correlated with MCV and MCH (Fig 3). Finally, using direct group-

group comparisons, our findings at hospital discharge indicated that CoV-AKI patients pre-

sented an altered red/white hematological profile (hemoglobin, hematocrit, and MCHC; and

Table 1. Demographic and biochemical data at hospital admission.

Variables non-AKI group CoV-AKI group p Value
(n = 80) (n = 198)

Age (years) 58.0 (17.5) 59.8 (20.0) 0.079

Gender (%)

Male 36.3 32.3 0.530

Female 63.8 67.7

Race (%)

White 52.6 59.5

Black 10.3 11.6 0.419

Brown 37.2 28.9

sCr (mg/dL) 0.75 (0.30) 0.82 (0.50) 0.009�

CRP (mg/L) 119.0 (194.0) 208.0 (220.1) 0.001�

D-dimer (μg/L) 1.62 (2.1) 1.82 (2.9) 0.310

Red Cell Profile/Indices
Hemoglobin (g/dL) 13.6 (2.8) 13.5 (3.1) 0.107

Hematocrit (%) 40.3 (6.9) 39.7 (9.0) 0.098

MCV (fL) 88.9 (7.5) 90.7 (7.1) 0.067

MCH (pg) 30.1 (3.0) 30.6 (2.4) 0.054

MCHC(g/dL) 33.7 (1.7) 33.8 (1.4) 0.985

RDW (%) 13.6 (1.8) 13.6 (1.7) 0.607

White Blood Cell Profile
Leukocyte (cell/μL) 7780 (4810) 9280 (5490) 0.010�

Neutrophil (cell/μL) 5710 (4301) 7138 (4451) 0.001�

Eosinophil 0 (41) 0 (35.5) 0.423

Basophil (cell/μL) 13 (23) 8 (20) 0.715

Lymphocyte (cell/μL) 1200 (756) 1022 (788) 0.596

Monocyte (cell/μL) 433 (390) 475 (378) 0.021�

Platelet (x106cell/μL) 1.9 (1.0) 1.9 (9.2) 0.622

NLR 5.2 (4.6) 7.2 (6.9) 0.022�

PLR 175.9 (134.1) 175.7 (158.5) 0.924

Acid-Base Profile
pH 7.45 (0.08) 7.44 (0.09) 0.592

pCO2 (mmHg) 34.4 (9.5) 32.5 (8.9) 0.191

HCO3 (mEq/L) 21.5 (4.5) 21.1 (5.1) 0.060

Anion-Gap (mEq/L) 7.7 (4.4) 8.6 (4.8) 0.213

PaO2/FiO2 (mmHg) 237.0 (140.3) 230.0 (142.5) 0.336

Overall variables description between COVID-19 AKI patients and COVID-19 non-AKI patients. sCr: Serum

Creatinine; CRP: C-reactive protein; MCV: Mean Corpuscular Volume; MCH: Mean Corpuscular Hemoglobin;

MCHC: Mean Corpuscular Hemoglobin Concentration; RDW: Red Cell Distribution Width; NLR: Neutrophil-to-

Lymphocyte Ratio; PLR: Platelet-to- Lymphocyte Ratio; PCO2: Partial Pressure of Carbon Dioxide; HCO3:

Bicarbonate; PaO2/FiO2: Arterial Oxygen Partial Pressure to Fractional Inspired Oxygen Ratio. Data were expressed

as median (Interquartile Range) and analyzed using Mann-Whitney test (�p<0.05).

https://doi.org/10.1371/journal.pone.0251048.t001
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leukocyte, neutrophil, monocyte, and NLR) with elevated inflammatory markers (D-dimer

and RDW), when compared to the non-AKI group (Table 4). Altogether, these results suggest

an association between hematological and inflammatory parameters on blood tests at admis-

sion that could help in the interpretation and management of AKI in COVID-19 patients.

Discussion

In this single-center retrospective observational cohort study, we found that hematological

and inflammatory markers, hypertension, mechanical ventilation, and therapy with hydroxy-

chloroquine/azithromycin or vasopressors were associated with AKI in patients with severe

COVID-19.

Since the onset of the COVID-19 pandemic, several studies have focused on multiple organ

dysfunction syndrome [1, 22], but none have investigated associated blood parameters, techni-

cal procedures, or medicines. First, we observed an elevated AKI incidence (>70%), with more

than half of these patients falling under the KDIGO 3 criteria within 7 days of hospitalization.

This frequency was higher than that seen in other studies [23, 29, 30] however, our population

was represented by critically ill COVID-19 patients with relevant comorbidities or dysfunc-

tion. Most AKI patients showed elevated levels of kidney creatinine (sCr) and inflammatory

markers (C-reactive protein, leukocytes, neutrophils, monocytes, and NLR) at admission. Dur-

ing viral infection, white blood cells fight against the offending agent by producing cytokines

that stimulate the liver to produce C-reactive protein. This inflammatory process is a risk fac-

tor for AKI, and other reports have identified C-reactive protein levels and altered white blood

cell count as predictors of COVID-19 severity in patients with kidney function impairment

[31, 32]. Indeed, CoV-AKI patients in our study had higher sCr and reduced eGFR than those

Fig 2. Evaluation of kidney function during hospitalization. (A) serum creatinine levels at admission and median peak creatinine after 7 days of hospitalization

in COVID-19 patients with AKI (CoV-AKI) and without AKI (non-AKI); and (B) median estimate of the glomerular filtration rate (eGFR) at admission and after 7

days of hospitalization in COVID-19 patients with AKI (CoV-AKI) and without AKI (non-AKI) (� p<0.05).

https://doi.org/10.1371/journal.pone.0251048.g002
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Table 2. Overall description of comorbidities, medication usage and general complications.

Variables non-AKI group CoV-AKI group p Value
(n = 80) (n = 198)

Hospitalization ICU (%) 30 (37.5%) 138 (69.7%) <0.001�

Comorbidities (%)
Hypertension

No 46.1 29.5 0.010�

Yes 53.9 70.5

Type 2 Diabetes

No 67.1 58.4 0.190

Yes 32.9 41.6

Smoking

No 76.3 66.8 0.129

Yes 23.7 33.2

Obesity

No 85.5 83.2 0.635

Yes 14.5 16.8

Chronic Respiratory Disease

No 85.5 83.7 0.758

Yes 14.5 16.3

Cardiopathy

No 81.6 77.9 0.506

Yes 18.4 22.1

Hepatic Diseases

No 98.7 93.6 0.085

Yes 1.3 6.4

Previous AKI

No 92.1 85.3 0.135

Yes 7.9 14.7

Medication Use (%)
Hydroxychloroquine

No 93.8 98.0 0.071

Yes 6.2 2.0

Azithromycin

No 73.8 78.3 0.416

Yes 26.2 21.7

Hydroxycloroquine+Azithromycin

No 68.8 49.5 0.003�

Yes 31.2 50.5

Vasopressor agents

No 93.7 50.9 <0.001�

Yes 6.3 49.1

Complications (%)
Sepsis

No 38.8 45.5 0.759

Yes 61.3 54.5

SOFA Score

0–6 83.7 65.4

7–9 8.2 18.7 0.123

(Continued)
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in the non-AKI group during the hospitalization period. Furthermore, we also found that C-

reactive protein, leukocytes, neutrophils, and NLR were associated with AKI in COVID-19

patients, corroborating those findings reported by other studies [20, 29]. Although bordered

by controversies [33] these results demonstrate a possible relationship between exacerbated

inflammation and AKI development in COVID-19 patients [34].

Curiously, our study is the first to show that combined hydroxychloroquine and azithromy-

cin treatment is associated with kidney dysfunction in COVID-19 patients. Although there are

different combinations, and associations with other parameters in several contexts [35, 36]

(for instance, the fact that severe patients made more use of this regimen), we believe that a

causal relationship may exist between this combined treatment and AKI. In fact, Gevers et al.

reported that COVID-19 patients treated with hydroxychloroquine may be more susceptible

to its adverse effects, in part due to a multiple organ dysfunction secondary to SARS-CoV-2

infection [37]. Furthermore, hydroxychloroquine could potentially induce or intensify AKI by

increasing lysosomal pH and inhibiting autophagy [38]. It has been demonstrated that chloro-

quine inhibits autophagic flux by impairing autophagosome-lysosome fusion [38]. Moreover,

hydroxychloroquine can induce disorganization of the Golgi and endosomal-lysosomal sys-

tems, thereby increasing oxidative stress. Considering this evidence and that autophagy seems

to be important for tubular proliferation and repair, chloroquine treatment can affect tubular

cell metabolism and kidney function [38, 39]. Since hydroxychloroquine is cleared by the kid-

ney and liver, severely ill patients may thus have adverse reactions [36, 37].

In line with the attention to combined treatment, Wong et al. reported a case of an episode

of hypotension after infusion of azithromycin [40]. Additionally, in another case report,

Woodruff et al. reported the development of acute interstitial nephritis requiring hemodialysis,

following azithromycin treatment [41]. Thus, it is plausible to suspect that azithromycin asso-

ciated with hydroxychloroquine could be detrimental to kidney function by its cellular toxic-

ity, and that the immune and cardiovascular alterations caused can induce hemodynamic

changes and consequently, low kidney perfusion, aggravating AKI [35–42].

Indeed, our findings highlight a critical need to better understand disease-and treatment-

specific factors that drive the risk of AKI in COVID-19 patients, considering that acute tubular

injury, the most predominant manifestation, was detected in the postmortem biopsy of

infected individuals [5, 6, 12, 13, 18]. In this case, the pathophysiology of AKI in COVID-19

was not completely understood. To date, some researchers have demonstrated that AKI in

COVID-19 patients was related to acute tubular injury derived from ischemic or toxic injury

[1, 4, 5, 7].

Table 2. (Continued)

Variables non-AKI group CoV-AKI group p Value
(n = 80) (n = 198)

10–12 8.2 9.3

13–14 0 5.6

15 0 0.9

15–24 0 0

Mechanical Ventilation

No 85.4 44.5 < 0.001�

Yes 14.6 55.5

Description of comorbidities, medication usage and general complications between COVID-19 AKI patients and COVID-19 non-AKI patients. SOFA: Sequential

Organ Failure Assessment. Data were expressed as percentage and analyzed using Chi-Square test. (�p<0.05).

https://doi.org/10.1371/journal.pone.0251048.t002
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Acute tubular injury may occur in the setting of prolonged volume depletion, at hemody-

namic states that reduce kidney perfusion, and by toxic effects resulting from medicines on

kidney tubular cells [3–6, 13]. Severe SARS-CoV-2 infection promotes immune cell recruit-

ment and intense cytokine release, leading to hemodynamic instability and low kidney perfu-

sion [3, 5, 14, 17]. However, we cannot discard that AKI may also result from other

multifactorial causes. For instance, components of dysregulated inflammation, ischemia-

reperfusion injury, coagulation, and endothelial cell dysfunction, all of which are improved by

viral invasion, can directly damage kidney cells [1, 4–7, 17, 18].

After adjusting for confounders in our final multivariate model, we also detected hyperten-

sion and the use of vasoactive drugs as potential predictors and risk factors independently

Table 3. Logistic regression analyses of factors associated with AKI in COVID-19-positive patients.

Univariate Logistic Model Multivariate Logistic Model

OR (95% CI) P Value OR (95% CI) P Value
Male Sex (no/yes) 1.91 (0.69–2.05) 0.530

Age (>62 years) 1.68 (0.99–2.83) 0.050�

Hypertension (no/yes) 2.04 (1.18–3.54) 0.001� 2.62 (1.21–5.67) 0.015

Type 2 Diabetes (no/yes) 1.45 (0.83–2.53) 0.191

Smoking (no/yes) 1.59 (0.87–2.94) 0.131

Obesity (no/yes) 1.20 (0.57–2.52) 0.636

Respiratory Disease (no/yes) 1.16 (0.55–2.45) 0.698

Cardiopathy (no/yes) 1.26 (0.64–2.47) 0.506

Hepatic Diseases (no/yes) 5.11 (0.65–40.0) 0.220

Previous AKI (no/yes) 2.00 (0.79–5.06) 0.141

CRP (>187.5 mg/L) 2.44 (1.41–4.22) 0.001�

D-dimer (> 1.77 μg/L) 1.21 (0.69–2.14) 0.502

Hemoglobin (>13.5 g/dL) 0.94 (0.56–1.58) 0.822

Hematocrit (> 39.7%) 0.76 (0.45–1.29) 0.308

MCV (> 90.3 fL) 1.80 (1.06–3.05) 0.029�

MCH (> 30.5 pg) 1.59 (0.94–2.69) 0.082

RDW (> 13.6%) 0.92 (0.55–1.55) 0.763

MCHC (> 33.8 g/dL) 1.27 (0.75–2.13) 0.377

Leukocyte (> 8590 cell/μL) 2.16 (1.26–3.70) 0.005�

Neutrophil (> 6662 cell/μL) 2.22 (1.30–3.80) 0.003�

Eosinophil (> 0 cell/μL) 1.19 (0.70–1.99) 0.522

Basophil (> 10 cell/μL) 0.92 (0.55–1.55) 0.763

Lymphocyte (> 1048 cell/μL) 0.76 (0.45–1.27) 0.290

Monocyte (> 466 cell/μL) 1.25 (0.74–2.10) 0.405

Platelet (> 1.9x106/μL) 1.07 (0.64–1.80) 0.791

NLR (> 6.4) 2.24 (1.31–3.83) 0.003�

PLR (> 175.9) 1.02 (0.60–1.68) 0.989

Hydroxychloroquine use (no/yes) 3.23 (0.85–12.37) 0.286

Azithromycin use (no/yes) 0.78 (0.43–1.43) 0.417

Hydroxychloroquine+Azithromycin use (no/yes) 2.25 (1.29–3.89) 0.004�

Mechanical Ventilation (no/yes) 7.29 (3.01–17.67) 0.001�

Vasoactive Drug (no/yes) 14.46 (4.24–49.34) <0.001 14.36 (4.14–49.8) <0.001

Data are reported as odds ratio (OR) and 95% Confidence Interval (95% CI). All variables showing a p<0.20 in the univariate analysis were presented to the multivariate
models by using the forward method. Variables were retained in the model if a Wald test revealed.

https://doi.org/10.1371/journal.pone.0251048.t003
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associated with AKI in COVID-19 patients. Some comorbidities were already associated with

AKI in severe SARS-CoV-2 infection in other studies [20, 21, 23, 29, 36]. The association

between hypertension and AKI in COVID-19 patients may be partially explained by the

chronic and subclinical changes in kidney function promoted by the utilization of some medi-

cines as diuretics, thus decreasing its interest as a potential predictor [43]. However, although

only identified in the univariate model, neutrophils could be considered excellent predictive

candidates. They have already been reported as a risk factor with the association of NLR with

stage 2 or 3 AKI in hospitalized individuals with COVID-19. They were also used to predict

critical evolution at early stages [20, 44]. In this context, patients with severe COVID-19 can be

Fig 3. Correlation matrix among clinical variables at hospital admission and discharge. COVID-19 patients with AKI (Cov-AKI) and without AKI (non-AKI)

were analyzed by Euclidean Distance Matrix according to relevant serological and blood markers between the admission and discharge periods of hospitalization.

2-tailed Pearson Correlation was ranged from 1 (blue color) to -1 (white color); (data with p<0.05).

https://doi.org/10.1371/journal.pone.0251048.g003
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considered as presenting a novel form of viral sepsis, with progressive lymphopenia associated

with neutrophilia and monocytosis. These patients are characterized by systemic hyperinflam-

mation, coagulopathy, and organ damage [43–46].

Therefore, this inflammatory milieu can cause hemodynamic instability with low tissue per-

fusion, and require mechanical ventilation and vasoactive amines. In fact, other reports have

shown that ventilation support in acute respiratory failure was independently associated with

AKI in COVID-19 patients, corroborating our findings in the univariate models [28, 43–48].

Moreover, we identified that requiring vasoactive drugs, such as norepinephrine, was both a

risk factor and predictor (>14-fold increase) of AKI in COVID-19 patients. This evidence

indicates that patients who required vasoactive drugs and mechanical ventilation had more

severe acute kidney injury. Similarly, Chou et al. observed that the use of vasopressor agents in

critically ill patients undergoing kidney replacement therapy was associated with worse out-

comes [49]. Other researchers found that norepinephrine infusion affected intrarenal oxygen-

ation, contributing to sepsis-associated AKI in an ovine experimental model [50].

Furthermore, in our study, patients with CoV-AKI presented hematological alterations,

resulting in an anemic profile during hospital discharge. Anemia commonly causes deteriora-

tion of respiratory diseases and is associated with the severity of COVID-19. Tao et al. reported

that anemia was an independent risk factor associated with severe COVID-19 [51]. In our

findings, anemia could be associated with the severity of CoV-AKI, since anemia occurs in

critically ill patients mainly due to blood loss caused by several tests, dialysis, invasive

Table 4. Description of biochemical data and blood cellular profile at hospital discharge.

Variables non-AKI group CoV-AKI group p Value
(n = 64) (n = 119)

sCr (mg/dL) 0.96 (0.23) 1.43 (0.47) 0.087

D-dimer (μg/L) 1.90 (2.8) 2.57 (4.1) 0.080

Red Cell Profile/Indices
Hemoglobin (g/dL) 13.2 (2.8) 10.6 (3.8) 0.001�

Hematocrit (%) 38.9 (6.6) 30.2 (10.9) 0.001�

MCV (fL) 89.2 (7.2) 91.9 (4.4) 0.024�

MCH (pg) 30.2 (3.5) 30.3 (2.2) 0.469

MCHC (g/dL) 34.0 (1.3) 31.9 (1.7) 0.010�

RDW (%) 13.6 (1.6) 16.1 (4.1) 0.002�

White Blood Cell Profile
Leukocyte (cell/μL) 6470 (3260) 7940 (3640) 0.002�

Neutrophil (cell/μL) 4086 (2393) 4902 (2961) 0.003�

Eosinophil (cell/μL) 172 (180.5) 175 (197) 0.851

Basophil (cell/μL) 25 (42) 33 (43) 0.402

Lymphocyte (cell/μL) 1134 (756) 1009 (788) 0.317

Monocyte (cell/μL) 498 (311) 607 (359) 0.028�

Platelet (x106cell/μL) 3.1 (1.8) 3.0 (1.5) 0.939

NLR 2.3 (2.0) 3.2 (3.1) 0.011�

PLR 181.5 (123.2) 156.2 (98.3) 0.601

General description of biochemical data at hospital discharge for all patients. MCV: Mean Corpuscular Volume;

MCH: Mean Corpuscular Hemoglobin; MCHC: Mean Corpuscular Hemoglobin Concentration. RDW: Red Cell

Distribution Width; NLR: Neutrophil-to-Lymphocyte Ratio; PLR: Platelet-to-Lymphocyte Ratio. Data were

expressed as median (Interquartile Range). Data were analyzed using Mann-Whitney test.

(�p<0.05).

https://doi.org/10.1371/journal.pone.0251048.t004
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procedures, inflammation, deficiency in erythropoietin production, decreased retention of

uremic solutes, and kidney dysfunction [52–55].

Finally, we observed some modulation in the profile of certain clinical variables that were

correlated during admission and discharge in both the groups analyzed. We verified a severe

inflammatory pattern in all COVID-19 patients at admission. However, we also exclusively

detected the presence of an inverse relationship between eosinophils and MCV (also identified

in the univariate model), Hb, and hematocrit in the CoV-AKI patients, which was not seen in

non-AKI patients and persisted at hospital discharge. Moreover, RDW and eosinophils were

only strongly positively correlated at discharge in patients with kidney impairment. Interest-

ingly, these relationships can facilitate AKI interpretation and management at admission in

COVID-19 patients and are useful for assisting doctors with decision-making during treat-

ment. Considering our findings, inflammatory mediators could play an important role in ane-

mia during hospital discharge by inferring hemodynamic involvement during the disease

course. Thus, uncontrolled inflammation may promote structural and functional modifica-

tions in red blood cells, which may affect their deformability, reducing tissue microvascular

perfusion, and promoting multiple organ failure [44].

Our present study has some potential limitations. First, this was a retrospective cohort

study with a small number of patients. Second, the study was conducted in a single center, and

there was no intervention by the researchers, sequential analysis, or decision-making regard-

ing the outcomes and requirement for hemodialysis maintenance. Lastly, given the large num-

ber of potential predictors evaluated and the initial lack of selection, as guided by the variable

hypotheses, we cannot rule out the possibility of confounding bias. Despite these limitations, a

major strength of the current study is that our observation serves as a warning about the use of

hydroxychloroquine along with azithromycin in AKI patients with COVID-19.

In conclusion, our study involving critically ill hospitalized patients with COVID-19 docu-

mented an interesting relationship shown by AKI evolution with hemodynamic instability,

inflammation, and the combined use of hydroxychloroquine and azithromycin. Thus, atten-

tion to protocols should be considered crucial for COVID-19 patients with AKI, and inflam-

matory and hematological markers on blood tests at admission may help facilitate decision-

making for treatment interventions.
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