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A B S T R A C T   

To explore the recovery of renal function in severely ill coronavirus disease (COVID-19) survivors and determine 
the plasma metabolomic profile of patients with different renal outcomes 3 months after discharge, we included 
89 severe COVID-19 survivors who had been discharged from Wuhan Union Hospital for 3 months. All patients 
had no underlying kidney disease before admission. At patient recruitment, renal function assessment, laboratory 
examination, chest computed tomography (CT) were performed. Liquid chromatography–mass spectrometry was 
used to detect metabolites in the plasma. We analyzed the longitudinally change in the estimated glomerular 
filtration rate (eGFR) based on serum creatinine and cystatin-c levels using the CKD-EPI equation and explored 
the metabolomic differences in patients with different eGFR change patterns from hospitalization to 3 months 
after discharge. Lung CT showed good recovery; however, the median eGFR significantly decreased at the 3- 
month follow-up. Among the 89 severely ill COVID-19 patients, 69 (77.5%) showed abnormal eGFR (<90 
mL/min per 1.73 m2) at 3 months after discharge. Age (odds ratio [OR] = 1.26, 95% confidence interval [CI] =
1.08–1.47, p = 0.003), body mass index (OR = 1.97, 95% CI = 1.20–3.22, p = 0.007), and cystatin-c level (OR =
1.22, 95% CI = 1.07–1.39, p = 0.003) at discharge were independent risk factors for post-discharge abnormal 
eGFR. Plasma metabolomics at the 3-months follow-up revealed that β-pseudouridine, uridine, and 2-(dime-
thylamino) guanosine levels gradually increased with an abnormal degree of eGFR. Moreover, the kynurenine 
pathway in tryptophan metabolism, vitamin B6 metabolism, cysteine and methionine metabolism, and arginine 
biosynthesis were also perturbed in survivors with abnormal eGFR.   

1. Introduction 

The coronavirus disease (COVID-19) pandemic is rapidly unfolding 
worldwide and is a global public health crisis. As of March 21, 2021, it 
has resulted in more than 121 million confirmed cases and more than 2.6 
million deaths [1]. Acute kidney injury (AKI) is a major complication of 
COVID-19 that occurs in 36.6%–56.9% in-hospital patients according to 
previous studies [2–4]. Further, AKI is a significant risk factor for 

mortality among patients with COVID-19 [5,6]. A recent study from the 
United States demonstrated that one-third of patients with COVID-19 
and AKI did not recover their kidney function until a median of 21 
days (interquartile range [IQR] = 8–38 days) after hospital discharge 
[3]. In addition, compared to patients with non-COVID-19-related AKI, 
those with COVID-19-related AKI had a higher rate of eGFR decline after 
discharge [7]. However, the glomerular filtration rate (GFR) reported in 
previous studies was estimated based only on the serum creatinine (Scr) 

Abbreviations: eGFR, estimated glomerular filtration rate; CT, computed tomography; OR, odds ratio; CI, confidence interval; COVID-19, coronavirus disease; AKI, 
acute kidney injury; IQR, interquartile range; GFR, glomerular filtration rate; Scr, serum creatinine; Cys-c, cystatin c; CKD, chronic kidney disease; SARS-CoV-2, 
severe acute respiratory syndrome coronavirus 2; LC, liquid chromatography; MS, mass spectrometry; ESI, electrospray ionization; OPLS-DA, orthogonal partial least 
square-discriminant analysis; BMI, body mass index; VIP, variable importance in projection; UA, uric acid; CRP, C-reactive protein; LDH, lactate dehydrogenase; 
BUN, blood urea nitrogen; Kyn/Tryp, kynurenine-to-tryptophan ratio; aPL, antiphospholipid; SAH, S-adenosylhomocysteine. 
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level, and patients without AKI were not included. Thus, the long-term 
kidney consequences in COVID-19 survivors are largely unknown, 
especially in severely ill patients. 

The kidney is involved in various biological functions, such as 
filtration, excretion, and metabolism of several bioactive substances [8]. 
Estimated GFR (eGFR) is the most widely used measure for the diagnosis 
and evaluation of kidney disease [8]. eGFR calculations based on Scr and 
serum cystatin C (Cys-c) levels are much more accurate than those based 
on either component alone [9]. A kidney biopsy study of six patients 
with mild COVID-19 and acute kidney injury showed that glomerular 
lesions mainly manifested as podocytopathy, collapsing glomerulop-
athy, or both [10]. Moreover, microthrombi have been observed in the 
peritubular capillaries and glomeruli of kidney tissues [11]. These 
glomerular injuries may lead to a long-term progressive decline in the 
GFR, ultimately leading to the occurrence of end-stage renal disease. 
Thus, early detection and accurate monitoring of eGFR decline in pa-
tients with COVID-19 could improve care and delay progression to end- 
stage renal disease. 

Recently, metabolomics has been widely used to identify of the 
molecular diagnostic markers and unravel the pathological mechanisms 
of chronic kidney disease (CKD) [12]. Differential metabolites indicate 
distinct etiologies of CKD, such as proteinuria, diet, and drug use, and 
may lead to elucidation of novel disease-specific therapeutic targets or 
potential early, non-invasive diagnostic techniques [13]. Huang et al. 
recently reported that among the 822 COVID-19 survivors without AKI 
who had an eGFR ≥90 mL/min per 1.73 m2 in the acute phase of COVID- 
19, 107 (13.02%) had an eGFR<90 mL/min per 1.73 m2 within 6 
months of disease onset [14]. In addition, we have previously revealed 
the plasma metabolomic characteristics of patients with COVID-19 and 
pulmonary sequelae at 3 months after discharge [15]. Therefore, based 
on this research, we sought to further explore the changes in eGFR 
(calculated based on Scr and serum Cys-c levels) in severely ill COVID- 
19 survivors from hospitalization to 3 months after hospital discharge 
and their metabolomic differences associated with renal function. None 
of the patients had received continuous renal replacement therapy 
before the study period, but all patients had received nasal catheter 
oxygen inhalation during hospitalization, including those who received 
mechanical ventilation. 

2. Methods 

2.1. Study participants 

This study included 89 patients with severe COVID-19 who were 
discharged from the Wuhan Union Hospital sequentially in mid-to-late 
March 2020. They had no underlying kidney disease before admission. 
All patients were recruited in mid-to-late June 2020, approximately 3 
months after discharge and 4.5–5 months after disease onset. All pa-
tients were diagnosed and classified as having severe disease according 
to the World Health Organization interim guidelines when they were 
hospitalized [16]. 

Data on the following demographic and clinical characteristics were 
collected: age, sex, body mass index (BMI), comorbidities, therapy his-
tory, laboratory findings, and lung computed tomography (CT) findings 
during hospitalization. Routine blood tests, severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) antibody detection test, blood 
biochemical tests (renal and liver function markers), and coagulation 
tests were performed at 3 months after discharge. We also collected 
peripheral blood samples and stored them at − 80 ◦C for subsequent 
metabolite detection. 

The study was performed in accordance with the Declaration of 
Helsinki and was registered on the Clinical Trials website (No. 
NCT04456101). The study protocol was reviewed and approved by the 
Institutional Review Boards of the Medical Ethics Committee of Wuhan 
Union Hospital (NO. 0271-01). All participants or their surrogates pro-
vided informed consent. 

2.2. eGFR calculation and patient grouping 

To assess the results of renal function more accurately, we calculated 
the eGFR based on Scr and Scys-c levels using the CKD-EPI formula [9]. 
An eGFR of <90 mL/min per 1.73 m2 was considered abnormal. Patients 
were subsequently divided into three groups according to the different 
eGFR change patterns—NNeGFR (normal eGFR both during hospitali-
zation and 3 months after discharge, n = 20), NAeGFR (normal eGFR 
during hospitalization but abnormal at 3 months after discharge, n =
25), and AAeGFR (abnormal eGFR during hospitalization and 3 months 
after discharge, n = 44). 

2.3. Sample collection and metabolomic profiling 

All participants were instructed to fast for 12 h prior to blood sam-
pling and not to take any medications or dietary supplements within 48 
h before blood sampling. Peripheral venous blood was collected in 
ethylenediaminetetraacetic acid-coated vacutainer tubes and centri-
fuged at 2000 rpm for 10 min at 4 ◦C to obtain plasma samples, which 
were immediately stored at − 80 ◦C and used for metabolomic profiling 
later. 

The liquid chromatography (LC)–electrospray ionization (ESI)–mass 
spectrometry (MS)/MS system (Shim-pack UFLC SHIMADZU CBM A 
UPLC system, coupled with QTRAP® 6500+ System MS) was used to 
measure metabolites in the fasting plasma samples. To detect as many 
metabolites as possible, both hydrophilic and hydrophobic metabolites 
were extracted and analyzed. Briefly, plasma samples were thawed on 
ice, and the hydrophilic and hydrophobic metabolites were extracted 
with ice methanol and lipid extract, respectively. A quality control 
sample was prepared in advance, and analyzed after every 10 study 
samples in the LC-MS/MS running sequence to evaluate the stability of 
LC-MS/MS analysis. MS analysis of hydrophilic and hydrophobic me-
tabolites was performed in the positive and negative ion modes and 
controlled using Analyst software (SCIEX Analyst, version 1.6.3). 
Detailed information about metabolite detection process using the LC- 
ESI-MS/MS system was the same as that reported in previous studies 
[15,17]. Metabolite identification and quantification were performed 
using a self-made database with retention times and ion pairs. For me-
tabolites without authentic standards in our database, we used MS/MS 
spectra to search public databases to increase confidence in metabolite 
identification. Orthogonal partial least square-discriminant analysis 
(OPLS-DA) was used to distinguish the metabolomic profiles between 
patient groups with different eGFR change patterns. 

2.4. Screening of differential metabolites and analysis of metabolic 
pathways 

OPLS-DA was performed using SIMCA-P software (version 11.0; 
Umetrics). For comparison of metabolite profiles between any two 
groups, Mann–Whitney U test was performed to obtain p values and infer 
significance. Variable importance in projection (VIP) scores were also 
calculated. Differential metabolites were screened using p < 0.05, VIP >
1, and fold change (FC) > 1.2 or FC < 0.83. 

To map the metabolic pathways of metabolites (p < 0.05, VIP > 1, 
and FC > 1.2 or FC < 0.83) with significant changes between the 
AAeGFR and NNeGFR groups and between the AAeGFR and NAeGFR 
groups, enrichment analysis and visualization of metabolic pathways 
was performed using the online software Metaboanalyst (https://www. 
metaboanalyst.ca/MetaboAnalyst/). 

2.5. Statistics 

Associations between the differential metabolites and clinical indices 
were examined using Spearman correlation analysis and visualized on 
corresponding correlation matrix plots or scatter plots. Heatmaps of 
differential metabolites between any two groups were displayed using 
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Multi Experiment Viewer software (MeV, version 4.7.4). 
Clinical data are reported as medians and IQRs for continuous vari-

ables and as counts and percentages for categorical variables. To 
compare the differences in clinical variables among the three groups at 
each time point, we used the Kruskal–Wallis test for continuous vari-
ables and the chi-square test or Fisher’s exact test for categorical vari-
ables. The paired Wilcoxon signed–rank test was used to compare the 
differences in each variable at discharge and 3 months after discharge. 
Univariable and multivariable logistic regression analyses were used to 

compare patients with or without abnormal eGFR at 3 months after 
discharge. All tests were two sided, and a p value of <0.05 was 
considered statistically significant All statistical analyses were per-
formed using SPSS version 26. 

Table 1 
Clinical characteristics of severely ill COVID-19 survivors with different eGFR change patterns from hospitalization to 3 months after discharge.  

Characteristics Total (n = 89) Normal eGFR Abnormal eGFR (n = 69) [77.5%] p value 

NNeGFR (n = 20) 
[22.5%] 

NAeGFR (n = 25) 
[28.1%] 

AAeGFR (n = 44) 
[49.4%] 

Age, median (IQR), years 61.5 (55.0–69.0) 52.0 (43.3–57.0) 56.0 (54.0–63.0) 68.0 (61.0–68.0) <0.0001 
Sex (male), n (%) 40 (44.9%) 6 (30.0%) 9 (36.0%) 25 (56.8%) 0.077 
BMI, median (IQR), kg/m2 24.2 (22.3–26.1) 22.4 (21.2–24.2) 24.2 (22.8–26.4) 25.0 (23.0–26.6) 0.014 
Comorbidities      

Chronic respiratory disease 0 0 0 0 – 
Chronic kidney disease 0 0 0 0 – 
Hypertension 30 (33.7%) 3 (15.0%) 3 (12.0%) 24 (54.5%) <0.0001 
Diabetes 19 (21.3%) 4 (20.0%) 4 (16.0%) 11 (25.0%) 0.671 
Coronary heart disease 9 (10.1%) 2 (10%) 0 (0%) 7 (15.9%) 0.091a 

Cerebrovascular disease 4 (4.5%) 1 (5.0%) 1 (4.0%) 2 (4.5%) 1.00a 

Malignancy 3 (3.4%) 0 (0%) 2 (8.0%) 1 (2.3%) 0.315a 

Liver disease 8 (9.0%) 1 (5.0%) 1 (4.0%) 6 (13.6%) 0.436a 

Days from disease onset to admission 11.0 (9.0–15.0) 11.0 (8.5–15.0) 11.0 (8.5–14.0) 12.0 (9.0–15.0) 0.849 
Days of hospital stay 39.0 (32.0–47.0) 35.5 (23.8–43.0) 39.0 (23.5–48.5) 40.0 (35.5–47.3) 0.158 
Antiviral therapy 45/87 (51.7%) 14 (70.0%) 13 (52.0%) 18/42 (42.9%) 0.135 

Arbidol 42/87 (48.3%) 12 (60.0%) 12 (48.0%) 18/42 (42.9%) 0.450 
Oseltamivir 3/87 (3.4%) 1 (5.0%) 0 (0%) 2/42 (4.8%) 0.599a 

Interferon 11/87 (12.6%) 2 (10.0%) 4 (16.0%) 5/42 (11.9%) 0.838a 

Lopinavir and ritonavir tablets 13/87 (14.9%) 2 (10.0%) 4 (16.0%) 7/42 (16.7%) 0.857a 

Ribavirin 11/87 (12.6%) 3 (15.0%) 4 (16.0%) 4/42 (9.5%) 0.701a 

Antibacterial therapy 40/87 (46.0%) 12 (60.0%) 11 (44.0%) 17/42 (40.5%) 0.344 
Corticosteroids 22/87 (25.3%) 5 (25.0%) 5 (20.0%) 12/42 (28.6%) 0.737 
Intravenous immunoglobulin 9/87 (10.3%) 2 (10.0%) 4 (16.0%) 3/42 (7.1%) 0.484a 

Continuous renal replacement therapy 0 0 0 0 – 
Oxygen therapy      

Nasal catheter/face mask 89 (100%) 20 (100%) 25 (100%) 44 (100%) – 
High-flow oxygen therapy 32 (36.0%) 5 (25.0%) 8 (32.0%) 19 (43.2%) 0.33 
Non-invasive ventilation 6 (6.7%) 2 (10.0%) 2 (8.0%) 2 (4.5%) 0.638a 

Intubation 4 (4.5%) 0 (0%) 0 (0%) 4 (9.1%) 0.179a 

Antibodies of SARS-CoV2 at 3 months after discharge      
IgM positive 13/86 (15.1%) 3 (15.0%) 3/24 (12.5%) 7/42 (16.7%) 0.927a 

IgG positive 84/86 (97.7%) 19 (95.0%) 24/24 (100%) 41/42 (97.6%) 0.489a 

eGFR (CKD-EPIscr-cys, mL/min per 1.73 m2), [normal range: 
≥90]      
At admission 95.4 

(78.5–108.1) 
117.3 (110.4–121.2) 105.8 (97.9–109.3) 79.4 (71.4–85.8) <0.0001 

Mid-hospitalization 95.0 
(76.8–105.1) 

116.8 (111.4–118.6) 102.0 (98.3–107.1) 77.5 (72.1–87.5) <0.0001 

At discharge 93.2 
(81.8–104.0) 

115.1 (105.1–120.6) 102.9 (99.0–106.3) 82.0 (72.3–88.7) <0.0001 

3 months after discharge 76.8 (66.0–87.7) 96.9 (94.3–108.6) 82.6 (79.0–87.1) 67.2 (55.6–74.9) <0.0001 
Cystatin C (mg/L), [normal range: 0.55–1.05 mg/L]      

At admission 0.80 (0.73–0.99) 0.65 (0.60–0.77) 0.78 (0.70–0.79) 0.97 (0.82–1.12) <0.0001 
Mid-hospitalization 0.87 (0.77–1.01) 0.69 (0.63–0.80) 0.80 (0.75–0.86) 1.0 (0.91–1.14) <0.0001 
At discharge 0.86 (0.78–1.02) 0.68 (0.60–0.80) 0.81 (0.75–0.85) 0.98 (0.91–1.11) <0.0001 
3 months after discharge 1.09 (0.94–1.30) 0.83 (0.76–0.88) 1.04 (0.94–1.10) 1.21 (1.12–1.40) <0.0001 

Serum creatinine (μmol/L), [normal range: 41–81 μmol/L]      
At admission 68.0 (56.1–78.1) 53.1 (43.0–59.7) 58.2 (53.2–70.4) 74.7 (67.7–87.8) <0.0001 
Mid-hospitalization 62.6 (52.9–74.3) 49.4 (43.8–55.5) 57.7 (52.1–63.5) 73.0 (61.8–85.9) <0.0001 
At discharge 62.2 (54.5–78.0) 53.5 (43.2–59.5) 55.9 (50.8–66.2) 69.7 (60.2–83.1) <0.0001 
3 months after discharge 70.5 (63.7–80.3) 62.3 (56.8–67.5) 65.2 (62.5–74.2) 75.0 (69.3–98.5) <0.0001 

Note: Data were presented as median (IQR) for continuous variables and n (%) for category variables. Kruskal–Wallis (K-W) test was used for analysis of continuous 
variables and chi-square test or fisher’s exact test for analysis of all category variables between three groups. 
Abbreviations: eGFR: estimated glomerular filtration rate; normal eGFR denotes that eGFR was normal (≥90 mL/min per 1.73 m2) at three months after discharge. 
Abnormal eGFR denotes that eGFR was abnormal (<90 mL/min per 1.73 m2) at three months after discharge. 
Three change patterns of eGFR from hospitalization to 3 months after discharge, they are NNeGFR: normal estimated glomerular filtration rate (eGFR) during hos-
pitalization and at 3 months after discharge; NAeGFR: normal eGFR during hospitalization, but abnormal eGFR at 3 months after discharge; AAeGFR: abnormal eGFR 
during hospitalization and at 3 months after discharge; IQR: interquartile range; BMI: body mass index. 

a Fisher’s exact test. 
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3. Results 

3.1. eGFR change patterns and other clinical variables among severely ill 
COVID-19 survivors 3 months after discharge 

In this study, 89 patients who recovered from severe COVID-19 were 
classified into three groups according to their kidney function. There 

were 20, 25, and 44 patients in the NNeGFR, NAeGFR, and AAeGFR 
groups, respectively. None of the patients had received continuous renal 
replacement therapy before the study period, but all patients had 
received nasal catheter oxygen inhalation during hospitalization. 
Among them, 10 (11.2%) patients received mechanical ventilation, 
including four (4.5%) patients who received intubation and six (6.7%) 
patients who received non-invasive mechanical ventilation (Table 1). 

Fig. 1. Dynamic changes in representative clinical indicators in severely ill COVID-19 survivors with different eGFR change patterns (NNeGFR, NAeGFR, and 
AAeGFR). 
Clinical indicators are analyzed at four time points: at admission (AD), mid-hospitalization (MH), end of hospitalization (EH) and 3 months after discharge (TD). The 
median value with the interquartile range of clinical indicators at each time point is displayed. Significant differences among the groups at each time point are 
compared using the Kruskal–Wallis test, and the significant change between the EH and TD is compared using the Wilcoxon signed rank test for correlated samples. 
The p value is indicated as ns, no significance; *, <0.05; **, <0.01; ***, <0.001; and ****, <0.0001. The horizontal red dotted line and the horizontal blue dotted line 
represent the upper and lower limits of the reference range for each indicator, respectively. 
NNeGFR: normal estimated glomerular filtration rate (eGFR) during hospitalization and at 3 months after discharge; NAeGFR: normal eGFR during hospitalization, 
but abnormal eGFR at 3 months after discharge; AAeGFR: abnormal eGFR during hospitalization and at 3 months after discharge; Scr, serum creatinine; Cys-c, 
Cystatin C; BUN, blood urea nitrogen; LDH, lactate dehydrogenase; ALT, alanine transaminase; AST, aspartate transaminase. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.) 
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The median time from disease onset to admission and of hospitalization 
was 11.0 (IQR = 9.0–15.0) days and 39.0 (IQR = 32.0–47.0) days, 
respectively (Table 1). The characteristics of the three groups are sum-
marized in Table 1. The mean age of the study population was 61.5 (IQR 
= 55.0–69.0) years, and patients in the AAeGFR group were significantly 
older than those in the other two groups. The NNeGFR group had a lower 
BMI than the NAeGFR and AAeGFR groups. The prevalence of hyper-
tension was significantly higher in the AAeGFR group than in the 
NNeGFR or NAeGFR groups. Therapy history, including antiviral, anti-
bacterial, corticosteroids, and intravenous immunoglobulin therapy, 
showed no significant difference among patients with different eGFR 
change patterns. 

However, the eGFR, cystatin-c (Cys-c), and Scr level at four time 
points (at admission, AD; mid-hospitalization, MH; end-hospitalization, 
EH; and 3 months after discharge, TD) were significantly different 
among the three groups of patients (all p < 0.0001) (Table 1). At 3 
months after discharge, the eGFR decreased significantly in all groups. 
The levels of other renal function markers, such as Scr, Cys-c, and uric 
acid (UA), were significantly increased, while chest CT findings, liver 
function, inflammatory factors, and coagulation indicators showed a 
trend toward recovery at 3 months after discharge (Fig. 1). Moreover, 
renal markers in all groups showed a trend of parallel changes from 
hospitalization to 3 months after discharge. The renal function in the 
AAeGFR group was the worst throughout, but other organ indicators 
showed no obvious discrepancies among the three groups at the four 
time points (Fig. 1 and Fig. S1). 

3.2. Clinical features and risk factors of severely ill COVID-19 survivors 
with abnormal eGFR 3 months after discharge 

Clinical features were compared between severely ill COVID-19 
survivors with normal eGFR (NNeGFR group) and abnormal eGFR 
(NAeGFR group and AAeGFR group) at 3 months after discharge 
(Table 2). The univariable analysis indicated that age (odds ratio [OR] 
= 1.15, p < 0.0001), BMI (OR = 1.34, p = 0.011), platelet counts (OR =
0.99, p = 0.031), eGFR (OR = 0.84, p < 0.0001), Cys-c level (OR = 1.17, 
p < 0.0001), Scr level (OR = 1.11, p = 0.001), blood urea nitrogen (BUN) 
level (OR = 2.20, p = 0.004), lactate dehydrogenase (LDH) level (OR =
1.02, p = 0.032), and C-reactive protein (CRP) level (OR = 1.51, p =
0.017) at discharge were significantly different between patients with 
normal and abnormal eGFR at 3 months after discharge. Multivariable 
analysis showed that age (OR = 1.26, 95% confidence interval [CI] =
1.08–1.47, p = 0.003), BMI (OR = 1.97, 95% CI = 1.20–3.22, p = 0.007), 
and Cys-c level (OR = 1.22, 95% CI = 1.07–1.39, p = 0.003) at discharge 
were independent risk factors associated with abnormal eGFR at 3 
months after discharge. 

3.3. Metabolomic differences between severely ill COVID-19 survivors 
with different eGFR change patterns 3 months after discharge 

Metabolomic profiling using plasma samples was completed in 69 
patients (15 in the NNeGFR group, 18 in the NAeGFR group, and 36 in 
the AAeGFR group). We identified 554 hydrophilic and 590 hydropho-
bic metabolites in the plasma samples, among which 35 were both 

Table 2 
Risk factors at discharge associated with abnormal eGFR at 3 months after discharge among patients recovered from severe COVID-19.  

Variables at discharge eGFR at 3 months after discharge Univariable analysis P value Multivariable analysis P value 

Normal (n = 20) 
≥90 ml/min*173 m2 

Abnormal (n = 69) 
<90 ml/min*173 m2 

OR (95% CI) OR (95% CI) 

Age, years 52.00 (43.25–57.00) 64.00 (56.50–70.00) 1.15 (1.07–1.23)  <0.0001 1.26 (1.08–1.47)  0.003 
Sex (male) 6 (30.0%) 34 (49.3%) 2.27 (0.78–6.59)  0.133   
BMI 22.36 (21.16–24.19) 24.77 (23.03–26.56) 1.34 (1.07–1.67)  0.011 1.97 (1.20–3.22)  0.007 
Hypertension 3 (15.0%) 27 (39.1%) 3.64 (0.97–13.63)  0.055   
Diabetes 4 (20.0%) 15 (21.7%) 1.11 (0.32–3.82)  0.87   
Lesion% on lung CT 2.22 (0.05–8.87) % 4.81 (1.34–17.74) % 1.08 (0.99–1.17)  0.086   
Hemoglobin, g/L 120.50 (109.50–129.50) 123.50 (113.25–134.75) 1.02 (0.98–1.05)  0.387   
Platelets, ×109/L 260.50 (192.75–287.75) 208.50 (173.25–248.75) 0.99 (0.98–1.00)  0.031   
Neutrophils, ×109/L 3.38 (2.59–4.15) 3.29 (2.68–4.50) 1.04 (0.70–1.54)  0.84   
Lymphocytes, ×109/L 1.75 (1.47–1.92) 1.60 (1.26–2.06) 0.95 (0.43–2.09)  0.95   
NLR 2.15 (1.48–2.87) 2.00 (1.61–2.66) 1.14 (0.78–1.67)  0.504   
TBIL, μmol/L 8.95 (7.25–12.25) 10.20 (7.80–12.90) 1.03 (0.90–1.19)  0.665   
ALT, U/L 26.50 (19.00–35.25) 27.00 (17.00–45.00) 1.00 (0.99–1.03)  0.488   
AST, U/L 20.50 (16.25–25.25) 21.00 (17.00–27.00) 1.03 (0.97–1.10)  0.298   
ALP, U/L 56.50 (53.00–70.75) 61.00 (52.00–74.00) 1.01 (0.97–1.04)  0.660   
γ-GT, U/L 28.50 (17.75–34.50) 30.00 (20.00–47.00) 1.02 (0.99–1.06)  0.155   
Total protein, g/L 67.40 (64.60–70.05) 66.60 (64.10–70.80) 0.96 (0.87–1.06)  0.396   
Albumin, g/L 38.65 (36.00–42.48) 39.80 (36.70–41.80) 1.00 (0.89–1.14)  0.945   
Albumin/globin 1.35 (1.18–1.70) 1.50 (1.30–1.70) 1.58 (0.30–8.45)  0.591   
eGFR, mL/min per 1.73 m2 115.12 (104.48–123.91) 89.54 (79.23–100.67) 0.84 (0.76–0.92)  <0.0001   
Cystatin C, μg/dL 68 (60–80) 90 (81–103) 1.17 (1.08–1.26)  <0.0001 1.22 (1.07–1.39)  0.003 

mg/L 0.68 (0.60–0.80) 0.90 (0.81–1.03)     
Serum creatinine, μmol/L 51.70 (43.18–58.68) 63.90 (56.00–79.60) 1.11 (1.04–1.17)  0.001   
BUN, mmol/L 4.30 (3.67–5.79) 5.40 (4.62–6.46) 2.20 (1.28–3.79)  0.004   
UA, μmol/L 241.15 (204.43–289.13) 289.00 (229.10–382.20) 1.01 (1.00–1.01)  0.083   
LDH, U/L 161.50 (138.75–180.00) 178.00 (155.00–208.00) 1.02 (1.00–1.04)  0.032   
CRP, mg/L 0.10 (0.10–2.26) 3.40 (0.10–4.86) 1.51 (1.08–2.11)  0.017   
D-dimer, μg/ml 0.27 (0.19–0.59) 0.34 (0.23–0.78) 0.95 (0.52–1.76)  0.877   
PT, seconds 12.80 (12.38–13.75) 12.40 (12.10–13.35) 0.99 (0.78–1.26)  0.937   
APTT, seconds 37.10 (35.03–41.75) 36.00 (33.88–39.63) 1.01 (0.93–1.09)  0.912   
FIB, g/l 2.92 (2.51–3.51) 3.46 (2.98–3.88) 2.66 (0.95–7.40)  0.062   
TT, seconds 15.75 (15.13–16.08) 15.40 (14.68–16.40) 0.90 (0.50–1.65)  0.738   

Note: Data were presented as median (IQR) for continuous variables and n (%) for category variables. Univariable and multivariable logistic regression analysis were 
employed for the comparison of variables at discharge between patients with normal or abnormal eGFR three months after discharge. 
Abbreviations: BMI: body mass index, NLR: neutrophil-to-lymphocyte ratio, TBIL: total bilirubin, ALT: alanine aminotransferase, AST: aspartate aminotransferase, 
ALP: alkaline phosphatase, γ-GT: γ-glutamyl transpeptidase, eGFR: Estimated Glomerular Filtration Rate, BUN: blood urea nitrogen, UA: urine acid, LDH: lactate 
dehydrogenase, CRP: C-reactive protein, PT: prothrombin time, APTT: activated partial thromboplastin time, FIB: fibrinogen, TT: thrombin time. 
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perturbed (P < 0.05, FC > 1.2 or FC < 0.83, and VIP > 1) in the AAeGFR 
vs. NNeGFR and AAeGFR vs. NAeGFR groups (Table S1, Fig. 2A–C). In 
the OPLS-DA plot, plasma samples from AAeGFR group patients were 
separated from those from NNeGFR and NAeGFR group patients, indi-
cating that the metabolic profiles of AAeGFR group patients were 

remarkably different from those of the NNeGFR and NAeGFR group 
patients (Fig. 2A). Compared to the NNeGFR and NAeGFR groups, the 
AAeGFR group had decreased levels of PC(O-18:2/18:1), PC(O-20:4/ 
20:4), PS(18:2/20:0), PE(P-18:1/16:0), and PE(P-18:2/18:1) and 
increased levels of other 30 metabolites including amino acids, 

Fig. 2. Metabolites profiling of plasma samples from patients with severe COVID-19 discharged from hospital before 3 months with different eGFR change patterns 
(NNeGFR, NAeGFR and AAeGFR). 
(A) Score plots of orthogonal partial least square-discriminant analysis (OPLS-DA) based on 553 hydrophilic and 590 hydrophobic metabolites detected in the three 
groups. (B) Venn diagram showing the number of differential metabolites in NNeGFR, NAeGFR and AAeGFR group patients. (C) Heat map of 35 differential me-
tabolites in NAeGFR and AAeGFR group patients compared to those in NNeGFR group patients. Only differential metabolites with P < 0.05, FC > 1.2 or FC < 0.83, 
and VIP > 1 are displayed, and the shades of the color indicate the level of metabolites (white denotes the mean level and blue and red denote a relatively lower and 
higher level, respectively). (D) Change in the expression levels of three typical metabolites among the groups. Asterisks indicate statistical significance based on the 
Mann–Whitney U test. The p value is indicated as ns, no significance; *, <0.05; **, <0.01; ***, <0.001; and ****, <0.0001. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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nucleotides, carboxylic acids, and lipids (Fig. 2C). β-Pseudouridine, 
uridine and 2-(dimethylamino) guanosine were the metabolites gradu-
ally increased in the plasma of the three group patients (Fig. 2D). All 
these evidences revealed the pathological metabolic markers underlying 
the renal sequelae of COVID-19. 

3.4. Differences in metabolic pathways among patients with abnormal 
eGFR 3 months after discharge 

To further analyze the metabolomic data, we performed KEGG 
pathway enrichment analysis to annotate the potential functional 
implication of differential metabolites between the AAeGFR vs. NNeGFR 
and AAeGFR vs. NAeGFR groups (Fig. 3A, B). The differential metabo-
lites of the AAeGFR vs. NNeGFR group were enriched in 19 metabolic 
pathways, while those of the AAeGFR vs. NAeGFR group were enriched 
in 21 metabolic pathways. Four relatively top-ranked pathways reported 
to be highly correlated with renal function were highlighted, including 
the cysteine and methionine metabolism, vitamin B6 metabolism, 
tryptophan metabolism, and arginine biosynthesis pathways. Among 
them, vitamin B6 metabolism and tryptophan metabolism pathways 
were both enriched in the AAeGFR vs. NNeGFR and AAeGFR vs. 
NAeGFR groups. The details of the four metabolic pathways closely 
related to renal function are shown in Fig. 3C–F. The kynurenine-to- 
tryptophan ratio (Kyn/Tryp), which plays an important role in trypto-
phan metabolism, and the level of 4-pyridoxic acid, the main terminal 
metabolite of B6 metabolism, were significantly higher in the AAeGFR 
group than in the NNeGFR and NAeGFR groups (Fig. 3C, D). In addition, 
the levels of L-cystine, the main metabolite of cysteine and methionine 
metabolism, and urea, a metabolite in the urea cycle, were higher in the 
AAeGFR and NAeGFR groups than in the NNeGFR group (Fig. 3E, F). 

3.5. Correlation between renal function markers and differential 
metabolites 

To further understand the relationship between the metabolites 
altered in the AAeGFR vs. NNeGFR and AAeGFR vs. NAeGFR groups and 
the phenotype of renal function, correlation analysis of these differential 
metabolites with relevant clinical indices, including eGFR, cystatin C, 
creatinine, BUN, UA, CRP, and LDH, was performed (Fig. 4A–D). We 
observed that β-pseudouridine, 2-(dimethylamino) guanosine, Asp-Phe, 
uridine, 4-acetamidobutyric acid, Asp-Phe methyl ester, creatinine 
(mass spectrometry), kynurenine, 5-methoxytryptophol (5-MTP), N- 
acetylphenylalanine, and N-acetylthreonine displayed significant nega-
tive correlations with eGFR and positive correlations with cystatin C and 
creatinine (clinical) (all |r| > 0.5, and p < 0.05) (Fig. 4B–D). This sug-
gested that the elevation of these metabolites in plasma was associated 
with aggravated renal functions. 

4. Discussion 

Our results demonstrated that the eGFR (calculated based on Scr and 
Cys-c levels) significantly decreased at 3 months after discharge in 
severely ill COVID-19 survivors, especially in patients whose eGFR was 
abnormal during hospitalization, but their chest CT findings, liver 
function, inflammatory factors, and coagulation indicators showed a 
trend toward recovery at 3 months after discharge. Pathway analysis 
revealed that alterations related to eGFR mainly involved the trypto-
phan metabolism, vitamin B6 metabolism, cysteine and methionine 
metabolism, arginine biosynthesis (urea cycle), and glycer-
ophospholipid metabolism pathways. This suggests that metabolic al-
terations are a marker of more abnormal eGFR in COVID-19 survivors. 

eGFR based on Scr and serum Cys-c levels, which was used to indi-
cate renal sequelae of severe COVID-19 in this study, has been proven to 
be a confirmatory test for CKD [9]. Our study revealed that age, BMI, 
and Cys-c levels at discharge were independent risk factors associated 
with abnormal eGFR at 3 months after discharge among severely ill 

COVID-19 survivors. Furthermore, metabolomic alterations were sig-
nificant among AAeGFR group patients compared to those in NNeGFR 
and NAeGFR group patients. In particular, alterations in metabolites 
involved in tryptophan metabolism, cysteine and methionine meta-
bolism, and vitamin B6 metabolism, such as kynurenine, indole-3- 
acetamid, 5-MTP, and 4-pyridoxic acid, were remarkably related to 
changes in renal function. In addition, the levels of three typical 
metabolites—β-pseudouridine, uridine, and 2-(dimethylamino) guano-
sine—increased gradually in the three groups. Altered production or 
urinary excretion can change the plasma concentrations of small organic 
metabolites [18]. Thus, the alterations in these metabolites might have 
been caused by the reduced eGFR in patients with severe COVID-19. 

In a previous study, antiphospholipid (aPL) autoantibodies were 
present in 52% serum samples from 172 hospitalized patients with 
COVID-19, and higher titers of aPL antibodies were associated with 
lower clinical eGFR [19]. In other previous studies, many patients with 
COVID-19 and AKI did not fully recover their renal function [3,6]. Ev-
idence suggest that SARS-CoV-2 particles can invade podocytes mani-
festing as foot process effacement, occasional vacuolation, and 
detachment of podocytes from the glomerular basement membrane in 
kidney tissues of autopsy specimens [20]. Moreover, studies have shown 
that microthrombi are found in the kidney cortex of autopsy specimens 
from patients with COVID-19 [11]. Additionally, it has been proven that 
acute injury would cause damage to peritubular capillaries in the kid-
ney, which can permanently alter renal function and increase suscepti-
bility to chronic renal insufficiency [21,22]. 

Pseudouridine is the C-glycosidic derivative of uridine, a modified 
nucleoside found in RNA [23]. Increased pseudouridine levels have been 
associated with kidney function decline and incident CKD, and pseu-
douridine has been shown to be a better biomarker than creatinine for 
CKD stratification [24]. Uridine metabolism is closely related to glucose 
homeostasis and lipid and amino acid metabolism [25]. In a previous 
study, patients with uremia had marked accumulation of uridine due to 
altered RNA metabolism [26]. In our study, the plasma levels of 
β-pseudouridine and uridine increased sequentially in the NNeGFR, 
NAeGFR, and AAeGFR groups. This suggested the degree of impairment 
of renal function in severely ill COVID-19 survivors at 3 months after 
discharge. In addition, plasma 4-pyridoxic acid, a main metabolites of 
vitamin B6, is significantly elevated in patients with renal insufficiency, 
and the renal clearance of 4-pyridoxic acid is approximately two times 
higher than that of creatinine [27]. In our study, plasma 4-pyridoxic acid 
levels were significantly higher in the AAeGFR group than in the 
NNeGFR and NAeGFR groups, indicating that the increase in plasma 4- 
pyridoxic acid was consistent with the abnormality of eGFR. 

The association between CKD in diabetic patients and accumulation 
of toxic tryptophan metabolites and relationship between increased 
kynurenine levels and CKD progression have been suggested [28,29]. 
Kynurenine is an endothelium-derived vasodilation factor produced 
during inflammation [30]. It plays an important role in the regulation of 
vascular function in inflammatory conditions by relaxing arterial vessels 
and controlling blood pressure [31,32]. Kynurenine, through its role in 
the regulation of vascular function, may contribute to CKD progression. 
Moreover, elevated plasma levels of kynurenine are considered a global 
diagnostic biomarker for CKD, regardless of the patient’s geographic 
origin [33]. Further, Thomas et al. reported that the kynurenine 
pathway in tryptophan metabolism was the primary pathway affected 
by COVID-19. Kynurenine pathway abnormality is associated with renal 
insufficiency and disease severity, especially in patients with high 
interleukin-6 levels, indicating that abnormality in tryptophan meta-
bolism is closely related to the inflammation and immune status of pa-
tients during the acute phase of COVID-19 [34]. Similarly, a recent study 
reported that the kynurenine pathway was significantly activated in 
patients infected with SARS-CoV-2, which regulates immune responses 
in a vigorous manner [35]. Therefore, the altered tryptophan meta-
bolism that persists in patients recovered from COVID-19 with abnormal 
eGFR suggests a relatively active and abnormal inflammatory response 
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Fig. 3. Metabolic pathway analysis of patients with severe COVID-19 discharged from hospital before 3 months with different eGFR change patterns (NNeGFR, 
NAeGFR and AAeGFR). 
(A, B) KEGG pathway enrichment analysis of differential metabolites between the AAeGFR and NNeGFR groups (A) and between the AAeGFR and NAeGFR groups 
(B). The color of bubbles represents the p value, and the size of bubbles represents the enrichment ratio of metabolites. KEGG pathways are ranked according to the p 
value and enrichment ratio. The red box indicates the relatively top-ranked pathways enriched in the AAeGFR vs. NNeGFR and AAeGFR vs. NAeGFR groups or both. 
(C–F) The main disordered pathways selected based on the above KEGG pathway analysis, they are Tryptophan metabolism (C), vitamin B6 metabolism (D), cysteine 
and methionine metabolism (E), and Urea cycle (arginine biosynthesis) (F) pathways. All significantly changed metabolites are marked in red or blue, and the 
corresponding scatter plots are also displayed. The Mann–Whitney U test is used for the comparison of any two groups. Asterisks indicate statistical significance based 
on the Mann–Whitney U test. The p value is indicated as ns, no significance; *, <0.05; **, <0.01; ***, <0.001; and ****, <0.0001. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this article.) 
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in the body, which may be the reason for adverse kidney recovery. We 
speculate that the altered kynurenine pathway in tryptophan meta-
bolism can cause a continuous decline in renal function, which in turn 
can promote the abnormal increase of kynurenine levels, thus forming a 
vicious circle. Eventually, this may lead to unfavorable kidney out-
comes. Furthermore, Kyn/Tryp was also associated with a significantly 
higher incidence of CKD [36]. In our study, Kyn/Tryp was significantly 
higher in the AAeGFR group than in the NNeGFR or NAeGFR groups. 
Tryptophan metabolism and its major pathways, consisting of 5- 

hydroxytryptamine (also called serotonin), kynurenine, and aryl hy-
drocarbon receptor (AhR) pathways, play a central role in in the body’s 
physiology and physiopathology [37]. Higher blood levels of tryptophan 
pathway metabolites were considered a consequence of lower eGFR 
[38]. The significant correlations (Fig. 4) between these typical me-
tabolites and clinical renal function markers, including eGFR, Cys-c, and 
creatinine, further proved that metabolomics can help select metabolites 
to be clinically useful biomarkers. 

Cysteine and methionine metabolism was also perturbed in the three 

Fig. 4. Correlations between differential metabolites and typical clinical indicators. 
(A) Correlation matrix illustrate spearman correlations between seven clinical indices and 35 differential metabolites (P < 0.05, FC > 1.2 or FC < 0.83, and VIP > 1) 
detected in the AAeGFR vs. NNeGFR and AAeGFR vs. NAeGFR groups. The order of the 35 metabolites is the same as that in Fig. 2C. Correlations with p < 0.05 are 
indicated with asterisks (p value: *, <0.05; **, <0.01; ***, <0.001; ****, <0.0001). Positive correlations are shown in red and negative correlations are shown in 
blue, with sizes and color intensity of circles representing the magnitude of the correlations. The red square frame represents Spearman correlation coefficient |r| >
0.5. (B–D) Scatter plots generated by − log(p) and correlation coefficient (r) shows the relationship between three clinical indicators (eGFR, Cys-c, and creatinine) and 
the 35 differential metabolites. The horizontal dashed line is the dividing line with a p value of 0.05, and the vertical dashed line is the dividing line with the 
correlation coefficient |r| = 0.5. Significantly changed metabolites (p < 0.05, |r| > 0.5) are marked in red (positive correlation) or green (negative correlation). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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groups in our study. One important metabolite involved in this meta-
bolic pathway is S-adenosylhomocysteine (SAH), which is strongly 
associated with the eGFR in a cardiovascular low-risk population [39]. A 
previous study showed that the level of SAH was significantly elevated 
in patients with high kidney disease severity [40]. Although the urea 
cycle is mainly expressed in the liver, urea plays an important role in the 
urine concentrating process in the kidney. Several metabolites in the 
urea cycle were upregulated in patients with abnormal eGFR in our 
study. Increased arginase activity has been reported to be tightly asso-
ciated with the progression of diabetic nephropathy and hypertensive 
nephropathy to end-stage renal failure [41]. We have sufficient reason 
to believe that dysregulation of the above three metabolic pathways, 
given their prominence in our study, are caused by renal function 
decline in severely ill COVID-19 survivors. Moreover, persistent 
perturbation of these metabolic pathways can exacerbate renal function. 

There are several limitations to our study. First, we used eGFR to 
represent kidney function instead of GFR, measured using the inulin 
clearance method. However, the latter is impractical for a large, general 
population-based study. Second, this study only focused on the recovery 
of renal function in severely ill COVID-19 survivors. Longitudinal 
changes in eGFR in patients with mild, moderate, and asymptomatic 
COVID-19 need to be confirmed in other studies. Third, the patients did 
not undergo urinalysis (proteinuria and hematuria); thus, urine metab-
olites were not measured or analyzed in the present study. Fourth, this 
study was largely limited by the small sample, and all patients were from 
China. Therefore, future studies should also include patients from other 
countries to more comprehensively understand post-hospital renal 
sequelae in COVID-19. 

5. Conclusions 

Our findings showed the changes in eGFR in severely ill COVID-19 
survivors from hospitalization to 3 months after discharge and the 
metabolomic differences among patients with different eGFR change 
patterns. Pathway analysis revealed that tryptophan metabolism, 
cysteine and methionine metabolism, vitamin B6 metabolism, and urea 
cycle were four mainly perturbed metabolic pathways. Perturbation of 
these pathways is associated with abnormal renal function and is likely 
related to kidney sequelae caused by COVID-19. Altered concentrations 
of metabolites are the consequence of decreased eGFR, and these find-
ings can nominate potential therapeutics to help recover the renal 
function of COVID-19 survivors. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbadis.2021.166289. 
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