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Background: It remains unclear whether discharged COVID-19 patients have fully recov
ered from severe complications, including the differences in the post-infection metabolomic 
profiles of patients with different disease severities.
Methods: COVID-19-recovered patients, who had no previous underlying diseases and 
were discharged from Wuhan Union Hospital for 3 months, and matched healthy controls 
(HCs) were recruited in this prospective cohort study. We examined the blood biochemical 
indicators, cytokines, lung computed tomography scans, including 39 HCs, 18 recovered 
asymptomatic (RAs), 34 recovered moderate (RMs), and 44 recovered severe/ critical 
patients (RCs). A liquid chromatography-mass spectrometry-based metabolomics approach 
was employed to profile the global metabolites of fasting plasma of these participants.
Results: Clinical data and metabolomic profiles suggested that RAs recovered well, but 
some clinical indicators and plasma metabolites in RMs and RCs were still abnormal as 
compared with HCs, such as decreased taurine, succinic acid, hippuric acid, some indoles, 
and lipid species. The disturbed metabolic pathway mainly involved the tricarboxylic cycle, 
purine, and glycerophospholipid metabolism. Moreover, metabolite alterations differ 
between RMs and RCs when compared with HCs. Correlation analysis revealed that many 
differential metabolites were closely associated with inflammation and the renal, pulmonary, 
heart, hepatic, and coagulation system functions.
Conclusion: We uncovered metabolite clusters pathologically relevant to the recovery state 
in discharged COVID-19 patients which may provide new insights into the pathogenesis of 
potential organ damage in recovered patients.
Keywords: COVID-19, recovery, metabolomics

Introduction
The coronavirus disease (COVID-19), caused by the infection of severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), has recorded 205.3 million 
total confirmed cases and claimed 4.3 million lives as of 14 August 2021.1 Recent 
studies have shown that some recovered patients still have symptoms or develop new 
symptoms, such as shortness of breath, general fatigue, pulmonary fibrosis,2 cardiac 
injury,3,4 olfactory impairment,5 and abnormal laboratory indicators in the early 
recovery stage. Nevertheless, our understanding of the residual and future impact 
of SARS-CoV-2 infections on recovered patients is still unclear.

Metabolic changes in plasma have been previously reported for different viral 
infections, such as SARS,6 H1N1,7 respiratory syncytial virus,8 Ebola virus9 and 
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dengue.10 Recent studies have revealed that metabolic dys
regulation in COVID-19 patients and metabolites may help 
stratify patients in terms of disease severity during 
hospitalisation.11–17 Moreover, it has been reported that 
after discharge, only one-third of the metabolites were 
recovered,14 and some metabolites continued to be abnormal 
in recovered COVID-19 patients.18,19 In addition, we 
recently found that discharged patients with pulmonary 
sequelae also had disordered plasma metabolite profiles.20 

Therefore, understanding the metabolomic changes of dis
charged COVID-19 patients who lack a previous underlying 
disease after several months of recovery may help us find 
clues to the physiological and pathophysiological processes 
during recovery and better manage these patients.

In this study, we prospectively recruited COVID-19 
patients who had been discharged from Wuhan Union 
Hospital for 3 months and divided them into four groups 
based on their previous disease severity. We only recruited 
COVID-19 patients without any other underlying disease 
for eliminating the metabolic interference of other under
lying diseases, especially diabetes and hyperthyroidism, to 
directly observing the residual effects of SARS-CoV-2 on 
these patients, and meanwhile avoiding the unbalanced 
matching of basal disease among patients in each group. 
We quantitatively determined the plasma metabolome dif
ferences of 135 subjects, including 39 healthy controls 
(HCs), 18 recovered asymptomatic patients (RAs), 34 
recovered moderate patients (RMs), and 44 recovered 
severe/critical patients (RCs). Meanwhile, blood biochem
ical markers and chest computed tomography (CT) scans 
were performed to assess their clinical recovery.

Methods
Study Participants and Sample Collection
This prospective study recruited 78 COVID-19 adult patients 
without underlying diseases before admission (that is, these 
patients did not have any other disease prior to getting 
COVID-19, such as diabetes, hypertension, hyperthyroidism 
and cancer), including 34 RMs and 44 RCs who had been 
discharged from Wuhan Union Hospital for 3 months. 
Overall, matched 18 RAs and 39 HCs were enrolled from 
the health check-up department of the Union Hospital during 
the same period. HCs were adults who tested negative for 
IgG and IgM of SARS-CoV-2 and had no underlying dis
eases, while the RAs were adults positive for IgG but nega
tive for IgM of SARS-CoV-2, without symptoms and 
underlying diseases. All participants were negative for 

SARS-CoV-2 nucleic acid, as confirmed by real-time poly
merase chain reaction at the time of inclusion. There were no 
statistically differences in baseline characteristics, such as 
age, sex, and body mass index between the HC and different 
recovered groups (RA, RM, and RC groups) (see study flow 
chart in Figure 1). Patients were diagnosed and stratified at 
admission per the New Coronavirus Pneumonia Prevention 
and Control Program (7th edition) released by the National 
Health Commission of China. In detail, moderate cases had 
fever or respiratory symptoms with characteristic imaging 
findings of pneumonia. Severely ill patients were diagnosed 
if one of the following was present: (1) RR ≥ 30/min at rest; 
(2) oxygen saturation below 93% at rest; (3) PaO2/FiO2 ≤ 
300 mmHg; and (4) over 50% deterioration of imaging 
findings over a period of 24–48 hours. Critical cases were 
diagnosed if any of the following criteria were met: (1) 
respiratory failure and the need for mechanical ventilation, 
(2) development of shock, and (3) failure of other vital organs 
and the need for intensive care.

All participants underwent blood tests, including com
plete blood count, coagulation profile, renal and liver 
function, creatine kinase, and chest CT. Estimated glomer
ular filtration rate (eGFR) was calculated based on the 
serum creatinine level per the CDK-EPI equation.21 

Peripheral blood was collected for subsequent metabolo
mic and cytokine determination. This study was conducted 
in accordance with the Declaration of Helsinki and regis
tered on the Clinical Trials website (NCT04283396). The 
institutional ethics committee of Wuhan Union Hospital 
(No. 0036) reviewed and approved the study protocol. 
Informed consent was obtained from all the enrolled 
patients.

Chest CT and Artificial Intelligence 
(AI)-Based Quantification of CT Images
Chest CT was performed in these subjects using a 126- 
slice CT scanner (Ingenuity Core 128, Philips). Ground- 
glass opacity (GGO), fibrous stripes, thickening of the 
adjacent pleura, bronchovesicular bundle distortion, and 
small pleural effusion,22,23 were collected and estimated 
by two experienced imaging specialists. In addition, an 
artificial intelligence (AI)-based quantitative evaluation 
system (YITU Healthcare Technology, China)24 was used 
to calculate the volume of pneumonia lesions by analysing 
the CT values. The details are listed in Supplementary 
Methods.
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Plasma IL-6 and TNF-α
Plasma concentrations of IL-6 (ab178013, Abcam, UK) 
and TNF-α (ab181421, Abcam, UK) were measured by 
enzyme-linked immunosorbent assay per the manufac
turer’s guidelines.

Plasma Collection and Metabolite 
Extraction
All HCs and recovered patients were instructed to fast for 
12 hours and not take any drugs or dietary supplements for 
48 h before blood collection. The details are listed in 
Supplementary Methods.

Untargeted LC-MS-Based Metabolomic 
Analysis
Metabolites were detected using ultra-high-performance liquid 
chromatography (UltiMate 3000, Thermo Scientific, USA) in 

series on a Q Exactive high-resolution mass spectrometry 
(HRM) system (Thermo Scientific, USA). An ACQUITY 
UPLC HSS T3 column (1.8 μm, 100 mm×2.1 mm) (Waters, 
USA) was used for chromatographic separation. Data were 
acquired by scanning the positive and negative ions separately. 
Samples (2 µL) were injected into the LC-MS system for 
detection of each ion mode. The column temperature was 
maintained at 35° C and the flow rate was set at 0.35 mL/ 
min. The mobile phase in the positive ion mode was made of an 
aqueous solution containing 0.1% formic acid (mobile phase 
A) and 100% methanol containing 0.1% formic acid (mobile 
phase B). The mobile phase in the negative ion mode was made 
of an aqueous solution containing 10 mM ammonium formate 
(mobile phase A) and 95% methanol containing 10 mM 
ammonium formate (mobile phase B). The chromatographic 
gradient was 0 min at 10% B, 1 min at 10% B, 13 min at 98% 
B, 18 min at 98% B, 18.5 min at 10% B, and 20 min at 10% 

Figure 1 Study flowchart of participant recruitment. A schematic overview of the inclusion and exclusion criteria and the number of excluded subjects, and the number of 
patients finally included. Briefly, a total of 634 COVID-19 patients were included. 451 patients were removed from the study for either refusal to participate or in loss to the 
follow-up. Of the remaining 183 patients, 105 patients with underlying diseases before admission were excluded. The remaining 78 patients were stratified and assigned into 
a RM group and a RC group based on the severity of illness at admission. Meanwhile, we included 39 HCs and 18 RAs against criteria, serving as the control group. No 
statistically significant differences in age, sex, and body mass index (BMI) were found between HC and different recovered groups.
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B for both ion modes. Metabolic data were obtained by both 
Q Exactive full scan and MS/MS data using the data- 
dependent acquisition method. The collision energy for posi
tive ions and negative ions was set at 3.8 kV and 3.2 kV, 
respectively. Raw data were converted into a common (ABF) 
format using the Analysis Base File Converter.

Quantification and Statistical Analysis
Peak alignment of the acquired raw data was performed 
using the MSDIAL software package (http://prime.psc. 
riken.jp/compms/msdial/main.html). After removing miss
ing values by 80% rule,25 the signal drifts of the remaining 
matched peak ions were calibrated using global linear 
regression based signal correction (Gorec) to minimise 
the effect of data instability.26,27 Metabolites were identi
fied by the online research of HMDB (https://hmdb.ca/) 
and MSBank (http://www.massbank.jp/) and mzCloud 
(Thermo Scientific, USA) of MS1 and MS2, or on the 
basis of our previous studies.28,29 Partial least square- 
discriminant analysis (PLS-DA) was performed using 
SIMCA-P software (version 11.0; Umetrics) and Mann– 
Whitney U-test with Benjamini-Hochberg-based false dis
covery rate (FDR) correction were used to identify differ
ential metabolites between RAs, RMs, RCs, and HCs. 
Variable importance in the projection (VIP) was calculated 
based on the PLS-DA and used to rank the importance of 
differential metabolites. Principal component analysis 
(PCA) was also conducted using MetaboAnalyst 5.0 to 
evaluate the distribution of participants and the most rele
vant variables. Metabolites with a two-tailed P < 0.05, 
FDR < 0.2, and VIP >1 were deemed statistically signifi
cant. Spearman correlation analysis among the clinical 
indicators and differential metabolites was carried out 
using SPSS software (version 18.0.0) and displayed as 
a correlation matrix using R software (version 3.6.3). 
Metabolite pathway analysis was conducted using the 
online software MetaboAnalyst (https://www.metaboana 
lyst.ca/MetaboAnalyst/).

Results
Clinical Features and Inflammation Levels 
of Recovered COVID-19 Patients 
without Previous Underlying Diseases
A total of 135 participants without underlying diseases 
were prospectively enrolled, including 34 RMs and 44 
RCs who had been discharged for 3 months, 18 RAs, 
and 39 HCs (Figure 1). As shown in Table 1, all recovered 

patients tested positive for IgG and/or IgM. In RMs or 
RCs, factors indicative of poor prognosis, such as lympho
penia, eosinopenia, elevated lactate dehydrogenase (LDH) 
level, aspartate aminotransferase (AST), alanine amino
transferase (ALT) and glucose level, returned to normal. 
However, laboratory indicators related to liver function 
(alkaline phosphatase [ALP]) and renal function (creati
nine and uric acid [UA]) remained aberrant in RMs or RCs 
as compared with HCs or the levels at admission.

During this follow-up, a total of 26 HCs and 90 recov
ered patients (18 RAs, 33 RMs, and 39 RCs) underwent 
chest CT scans. Representative CT images of the different 
groups are shown in Figure 2A. Nineteen (57.58%) of the 
33 RMs and 26 (66.67%) of the 39 RCs had residual lung 
lesions. However, there was no significant difference in 
chest CT findings between the RA and HC groups 
(Table 2). GGO, the most common radiological abnorm
ality at admission, was still frequent in RMs (51.52%, 
P <0.05) and RCs (48.72%, P <0.05). Other radiological 
features, including fibrous stripes, thickening of the adja
cent pleura, and bronchovesicular bundle distortion, were 
also more apparent in RCs than in HCs. AI-derived CT 
features quantifying pneumonia lesions were studied to 
assess the rehabilitation of the lungs (Figure 2B, 
Table 2). There was no obvious difference in pneumonia 
lesions (percentages of GGO volume [PGV], percentages 
of consolidation volume [PCV], and percentages of bilat
eral lung volume [PLV]) between HCs and RAs (Table 2, 
P >0.05). However, PGV, PCV, and PLV in the whole lung 
or left/right lobe in RCs were significantly different from 
those in HCs (P <0.05). In RMs, except for PCV of the left 
lobe (P =0.11), other pneumonia lesions were also signifi
cantly different from those in HCs (P <0.05).

In addition, compared with HCs, the plasma TNF-α 
levels of RMs and RCs were still significantly higher, 
while IL-6 levels in RMs and RCs recovered to levels 
comparable to those in HCs (Figure 3).

Recovered COVID-19 Patients Presented 
Plasma Metabolite Profiles That Were 
Different from HCs
A total of 332 metabolites, including amino acids, bile 
acids, organic acids, acylcarnitines (ACNs), steroids, 
amides, and some lipid species, were identified in the 
135 subjects using the untargeted LC-MS method. In the 
PLS-DA score plot, the metabolites from plasma samples 
of RMs and RCs clustered well away from HCs samples, 
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Table 1 Clinical and Laboratory Findings of Healthy Controls and COVID-19 Patients

Variables HC (N=39) COVID-19 Patients at Admission Recovered COVID-19 Patients

M (N=34) C (N=44) RA (N=18) RM (N=34) RC (N=44)

Characteristics

Age, years 41.0 (32.0, 52.0) 47.50 (42.0, 54.0) 46.50 (38.5, 56.0) 43.50 (38.0,52.0) 47.50 (42.0, 54.0) 46.5 (38.5, 56.0)

Sex

Female 23 (58.97) 25 (73.53) 20 (45.45) 8 (44.44) 25 (73.53) 20 (45.45)

Male 16 (41.03) 9 (26.47) 24 (54.55) 10 (55.56) 9 (26.47) 24 (54.55)

BMI, kg/m2 22.97 (21.23, 25.24) – – 24.18 (22.96,25.21) 23.88 (21.88, 26.23) 24.52 (22.72, 26.83)

Antibody test for SARS-CoV-2

IgG (+) 0 (0.00) – – 16 (88.89) 33 (97.06) 42 (97.67)

IgM (+) 0 (0.00) – – 2 (11.11) 6 (17.65) 9 (20.93)

Laboratory findings

CRP, mg/L 0.71 (0.41, 1.26) 3.24 (0.10, 6.25)a 18.57 (2.82, 32.25)a 0.69 (0.08, 1.29) 1.06 (0.16, 1.69)b 0.70 (0.35, 1.42)c

WBC, × 109 per L 5.50 (4.98, 6.43) 5.91 (4.90, 7.02) 5.16 (4.16, 6.43) 5.25 (4.78, 5.72) 5.18 (4.48, 6.08)b 5.08 (4.42, 5.75)a

RBC, × 1012 per L 4.74 (4.40, 5.21) 4.13 (3.79, 4.44)a 4.25 (3.81, 4.71)a 4.73 (4.37, 5.21) 4.56 (4.34, 5.01)b 4.77 (4.43, 5.22)c

Haemoglobin, g/L 146.0 (134.0, 162.0) 125.5 (120.0, 

134.0)a
130.5 (119.0, 141.0)a 151.0 (139.0, 162.0) 141.5 (138.0, 

155.0)b
146.5 (137.5, 157.0)c

MCV, fl 93.20 (89.70, 95.80) 91.35 (88.50, 

95.10)

91.95 (90.05, 94.65) 94.00 (89.70, 96.20) 91.55 (88.60, 95.00) 92.60 (90.30, 95.40)

MCH, pg 31.30 (30.10, 32.70) 30.75 (29.70, 

31.70)

30.95 (30.05, 31.90) 31.80 (30.00, 33.00) 31.10 (30.00, 

32.10)b
31.00 (30.35, 31.85)

MCHC, g/L 336.00 (332.0, 

343.0)

333.0 (327.0, 

337.0)a
334.0 (331.0, 338.0) 340.0 (337.0, 345.0) 337.0 (333.0, 

344.0)b
334.50 (330.0, 

339.50)

Platelets, × 109 per L 217.0 (180.0, 261.0) 225.50 (190.0, 

260.0)

211.50 (165.5, 

261.0)

192.50 (181.0, 

221.0)

210.0 (173.0, 254.0) 209.0 (181.0, 229.5)

Neutrophils, ×109 /L 3.15 (2.81, 3.84) 3.60 (2.75, 4.60) 3.32 (2.40, 4.48) 3.26 (2.69, 3.56) 2.96 (2.53, 3.81)b 2.93 (2.44, 3.26)ac

Lymphocytes, ×109/L 1.84 (1.45, 2.10) 1.62 (1.36, 2.06) 1.25 (0.88, 1.53)a 1.56 (1.26, 2.02) 1.58 (1.46, 1.95) 1.73 (1.37, 2.05)c

Monocytes, × 109/ L 0.27 (0.23, 0.34) 0.43 (0.32, 0.46)a 0.39 (0.29, 0.44)a 0.30 (0.21, 0.31) 0.27 (0.23, 0.33)b 0.29 (0.20, 0.33)c

Eosinophils, × 109/L 0.09 (0.06, 0.17) 0.10 (0.07, 0.20) 0.04 (0.01, 0.10)a 0.07 (0.04, 0.10) 0.09 (0.06, 0.13)b 0.10 (0.06, 0.14)c

Basophils, × 109/L 0.01 (0.01, 0.01) 0.02 (0.01, 0.03)a 0.02 (0.01, 0.03)a 0.01 (0.00, 0.01) 0.01 (0.01, 0.02)b 0.01 (0.01, 0.01)c

MPV, fl 9.70 (9.10, 10.60) 9.60 (8.90, 10.50) 9.90 (9.10, 10.40) 10.05 (9.30, 11.20) 9.65 (9.20, 10.10) 9.60 (9.15, 10.50)

AST, U/L 22.00 (19.00, 25.00) 22.50 (17.00, 

29.00)

29.00 (20.50, 46.00)a 25.00 (22.00, 

30.00)a
21.00 (18.00, 25.00) 23.00 (20.00, 26.50)c

ALT, U/L 21.50 (16.00, 31.00) 29.50 (21.00, 

39.00)a
31.50 (20.00, 50.00)a 24.50 (17.00, 55.00) 21.50 (16.00, 

35.00)b
22.00 (18.00, 40.50)

AST/ALT 1.00 (0.78, 1.26) 0.75 (0.56, 1.00)a 1.06 (0.72, 1.26) 1.08 (0.55, 1.38) 0.88 (0.71, 1.17)b 0.95 (0.71, 1.17)c

ALP, U/L 68.00 (56.00, 81.00) 50.00 (43.00, 

63.00)a
47.50 (40.00, 65.50)a 54.50 (48.0, 75.0) 57.00 (47.00, 

68.0)ab

59.00 (46.50, 70.50)a

(Continued)
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Table 1 (Continued). 

Variables HC (N=39) COVID-19 Patients at Admission Recovered COVID-19 Patients

M (N=34) C (N=44) RA (N=18) RM (N=34) RC (N=44)

LDH, U/L 182.0 (158.0, 195.0) 167.5 (146.0, 

205.0)

235.50 (189.0, 

334.0)a
185.50 (168.0, 

205.0)

173.00 (157.0, 

186.0)

177.0 (165.0, 

193.50)c

γ-GT, U/L 18.00 (14.00, 27.00) 23.50 (16.00, 

44.00)

23.50 (17.00, 42.00) 24.00 (17.00, 61.00) 20.00 (16.00, 

31.00)b
19.50 (14.00, 29.50)c

TBIL, µmol /L 12.00 (9.50, 17.60) 9.55 (7.90, 10.30)a 8.80 (7.70, 11.45)a 14.65 (13.10, 18.20) 11.80 (9.30, 15.20)b 13.10 (10.65, 16.20)c

DBIL, µmol/L 2.80 (2.20, 4.10) 2.50 (2.00, 3.00)a 3.00 (2.25, 3.55) 3.35 (2.80, 4.40) 2.95 (2.50, 3.80)b 3.25 (2.50, 4.40)c

IBIL, µmol/L 9.70 (7.50, 13.60) 7.00 (6.00, 8.00)a 6.10 (5.15, 8.05)a 11.70 (9.90, 13.80) 9.00 (6.90, 11.40)b 9.75 (8.00, 12.45)c

Total protein, g/L 76.50 (73.30, 80.00) 65.90 (63.20, 

70.00)a
63.30 (58.90, 68.20)a 78.35 (77.00, 80.00) 77.10 (73.60, 

79.10)b
76.75 (75.00, 79.40)c

Albumin, g/L 46.60 (44.40, 48.50) 38.60 (35.70, 

41.80)a
33.45 (28.40, 38.15)a 47.70 (45.20, 48.20) 46.15 (44.50, 

49.40)b
47.15 (46.05, 49.40)c

Globin, g/L 29.60 (27.40, 32.20) 27.00 (25.70, 

30.80)a
29.75 (27.05, 32.95) 30.90 (29.60, 33.70) 29.90 (27.60, 

32.60)b
29.55 (27.90, 31.55)

Albumin/globin 1.60 (1.40, 1.70) 1.40 (1.20, 1.50)a 1.10 (1.00, 1.40)a 1.50 (1.40, 1.60) 1.60 (1.40, 1.70)b 1.60 (1.50, 1.70)c

eGFR, mL/min per 1.73 

m2

102.05 (89.56, 

111.11)

107.9 (98.82, 

117.97)a
99.21 (94.20, 

112.77)

101.58 (92.78, 

109.72)

105.39 (97.77, 

111.90)

104.10 (91.55, 

113.00)

BUN, mmol/L 4.88 (4.02, 5.79) 4.08 (3.31, 5.01)a 3.76 (3.15, 4.74)a 4.68 (4.22, 5.30) 4.38 (3.97, 5.33) 4.89 (4.17, 5.76) c

Creatinine, μmol/L 71.1 (62.2, 78.6) 54.85 (48.9, 60.6)a 67.85 (55.75, 82.15) 73.80 (57.9, 80.7) 60.65 (55.90, 

68.10)ab

67.0 (57.30, 78.70)

UA, µmol/L 320.7 (266.7, 417.1) 261.5 (197.0, 

315.6)a
236.05 (199.75, 

323.0)a
357.25 (256.0, 

451.6)

296.75 (237.1, 

367.7)b
369.1 (309.85, 

439.1)ac

Glucose, mmol/L 5.15 (4.94, 5.35) 5.19 (4.88, 5.68) 5.63 (5.24, 6.45)a 5.18 (5.02, 5.61) 5.14 (4.87, 5.50) 5.34 (4.96, 5.56)c

Mg, mmol/L 0.89 (0.86, 0.93) 0.86 (0.81, 0.89)a 0.82 (0.77, 0.90)a 0.91 (0.89, 0.94) 0.86 (0.82, 0.88)a 0.87 (0.83, 0.91)c

P, mmol/L 0.96 (0.81, 1.05) 1.21 (1.04, 1.37)a 1.04 (0.92, 1.31) a 0.96 (0.86, 1.08) 1.04 (0.94, 1.10)b 0.96 (0.83, 1.07)c

Ca, mmol/L 2.19 (2.14, 2.26) 2.10 (2.04, 2.19)a 1.98 (1.90, 2.07)a 2.20 (2.14, 2.30) 2.20 (2.16, 2.25)b 2.20 (2.16, 2.25)c

Creatine kinase, U/L 98.00 (79.0, 133.0) 63.50 (43.50, 97.0)a 73.00 (47.00, 117.0)a 95.00 (80.0, 144.0) 91.50 (71.0, 104.0)b 108.50 (78.0, 

125.50)c

CK-MB activity, U/L 13.00 (10.00, 17.00) 10.00 (8.00, 12.00)a 12.00 (9.00, 15.00) 13.00 (10.00, 14.00) 11.00 (8.00, 13.00)a 12.00 (9.00, 14.00)

α-HBDH, U/L 144.0 (129.0, 155.0) 133.0 (114.0, 

167.50)

185.50 (153.0, 

287.0)a
145.0 (129.00, 

156.0)

132.0 (123.0, 

141.0)a
137.0 (127.50, 

154.50)c

CO2, mmol/L 24.50 (23.10, 26.10) 28.05 (26.70, 

29.30)a
24.40 (22.60, 28.80) 25.05 (22.80, 27.30) 24.20 (21.70, 

25.20)b
24.85 (23.90, 27.40)

PT, s 12.10 (11.50, 12.50) 12.90 (12.50, 

13.40)a
12.80 (12.20, 13.50)a 11.80 (11.60, 12.30) 12.20 (11.90, 

12.50)b
12.30 (11.60, 12.80)c

INR 0.91 (0.85, 0.95) 0.99 (0.95, 1.04)a 0.99 (0.93, 1.09)a 0.88 (0.86, 0.93) 0.92 (0.89, 0.95)b 0.93 (0.86, 0.98)c

APTT, s 35.70 (34.10, 38.40) 35.60 (33.60, 

40.30)

36.50 (33.70, 39.70) 35.55 (33.50, 39.50) 37.00 (33.80, 39.10) 37.60 (35.70, 39.20)

(Continued)
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while those from RAs were inseparable from HCs 
(Supplementary Figure 1A, Figure 4A and B), and the 
PCA plots showed the same trend (Supplementary 
Figure 1B–G), which indicates that the metabolic levels 
of RAs recovered to levels comparable to those in HCs, 
while RMs and RCs did not. Finally, there were 27 and 59 
differential metabolites in RMs and RCs, respectively, 
compared with HCs (P < 0.05, FDR< 0.2, and VIP>1, 
Figure 4C–F, Table S1).

Among these differential metabolites, 14 metabolites 
showed comparable changes in RMs and RCs, including 
decreased levels of taurine, succinic acid, hippuric acid, 
cyclic AMP, inosine, hypoxanthine, and increased aconi
tate, abscisic acid, inosine-5-monophosphate (IMP), and 
deoxycytidine, among others (Figure 5A). However, most 
metabolite changes were unique to each group.

To further understand these metabolomic changes, 
pathway enrichment analysis was performed to explore 
the biological implications of these differential metabo
lites. The metabolic disorders mainly involved glycero
phospholipid metabolism, purine metabolism, 
tricarboxylic (TCA) cycle, and phenylalanine metabolism 
in the RMs and RCs (Figure 5B and C).

Potential Correlation Between the 
Differential Metabolites and Inflammation 
in Recovered COVID-19 Patients
To understand the mechanism of the metabolite changes 
in recovered COVID-19 patients, the relationship 
between these differential metabolites and inflammation 
and clinical markers was investigated by examining the 
correlation among HCs, RMs, and RCs. Only correlations 

with P < 0.05 and correlation coefficients (r) > 0.3 or 
<-0.3 were displayed in correlation matrix (Figure 6, 
Table S2). It was worth noting that many of these rela
tionships differed between HCs and recovered COVID-19 
patients (Figure 6A–F).

Inflammatory markers, such as TNF-α, CRP, and IL-6, 
were closely associated with lipid species of some PE, PC, 
or organic acids such as succinate, citramalic acid, or 
ACN, or amino acids, such as serine and methionine in 
the HCs, but such associations were not found in the 
recovered COVID-19 patients. Nonetheless, methoxyindo
leacetic acid (MIAA), mucate, choline, glutamine, and 
pyroglutamate were positively associated with CRP, 
TNF-α, and IL-6 in the recovered patients (Figure 6A).

Potential Correlation Between the 
Differential Metabolites and Clinical 
Organ-Function Markers in Recovered 
COVID-19 Patients
As shown in Figure 6B, the level of kidney function 
variously showed unique relationships with differential 
metabolites in the recovered COVID-19 patients. For 
example, the levels of glutamine, pyroglutamate, ACNs 
of ACN 8:0, ACN 12:1, organic acids of citric acid, and 
aconitate were positively correlated with the levels of UA 
and urea nitrogen (BUN). In addition, IMP, cyclic AMP, 
ACN 8:0, 2-deoxycytidine, citric acid, and aconitate were 
negatively correlated with eGFR.

Many unique associations were found between residual 
lung lesions and differential metabolites in recovered 
COVID-19 patients but were not observed in HCs. For 
example, in the RCs, citric acid, cyclic AMP, indolelactate, 

Table 1 (Continued). 

Variables HC (N=39) COVID-19 Patients at Admission Recovered COVID-19 Patients

M (N=34) C (N=44) RA (N=18) RM (N=34) RC (N=44)

FIB, g/l 2.98 (2.77, 3.20) 3.55 (3.08, 3.99)a 3.78 (3.15, 4.84)a 3.04 (2.82, 3.29) 3.03 (2.77, 3.34)b 2.97 (2.73, 3.21)c

TT, s 16.00 (15.50, 16.20) 15.25 (14.70, 

16.20)a
15.30 (14.60, 15.90)a 16.15 (15.50, 16.40) 16.10 (15.60, 

16.80)b
16.10 (15.70, 16.60)c

Notes: Data was shown as median (interquartile range, IQR), or n (%). Categorical variables were compared between two groups by using χ2 test. Comparisons were made 
in terms continuous variables between two groups by using t-test for variables with a normal distribution and Wilcoxon rank sum test for variables with the non-normal 
distribution. aP <0.05, HC versus M or C or RA or RM or RC. bP <0.05, M versus RM. cP <0.05, C versus RC. 
Abbreviations: HC, health control; M, moderate; C, severe and critical; RA, recovered asymptomatic; RM, recovered moderate; RC, recovered severe and critical; CRP, 
C-reactive protein; WBC, white blood cell; RBC, red blood cell; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular 
hemoglobin concentration; MPV, mean platelet volume; AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; LDH, lactate dehydro
genase; γ-GT, γ-glutamyl transpeptidase; TBIL, total bilirubin; DBIL, direct bilirubin; IBIL, indirect bilirubin; eGFR, estimated glomerular filtration rate; BUN, blood urea 
nitrogen; UA, urine acid; Mg, Magnesium; P, phosphorus; Ca, calcium; α-HBDH, α-hydroxybutyrate dehydrogenase; CK-MB, creatine kinase–myocardial band; PT, 
prothrombin time; INR, international normalized ratio; APTT, activated partial thromboplastin time; FIB, fibrinogen; TT, thrombin time.
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MIAA, ACN 8:0, and some lipid species (PC, lysopho
sphatidylcholine [LPC]) were positively correlated with 
CT findings, while lactoylglutathione and ribitol were 
negatively correlated with the residual lung lesions in 
RCs (Figure 6C).

In terms of heart function, many differential metabo
lites had a strong relationship with the levels of α-HBDH 
and CK in the HCs, whereas such correlations disappeared 
in recovered COVID-19 patients. For example, PE, PC, 
and phosphatidylinositol (PI) were remarkably positively 
correlated with the level of CK in the HCs, while 

methionine, arginine, ACN 5:0, ACN 8:0, 3-phospho- 
glycerate, and succinate were significantly associated 
with the level of α-HBDH in the HCs. However, the levels 
of chlorotyrosine, GCA, hippurate, indoleacetic acid 
(IAA), and 2-methylindole had a unique relationship with 
the level of CK-MB in the RCs (Figure 6D).

The liver function indicators of ALT, AST, and LDH 
showed complex relationships with multiple differential 
metabolites, especially in HCs (Figure 6E). For example, 
the lipid species (PE, PC), indole and its derivatives 
(indoxyl sulfate [indoxyl-s], indolelactate, IAA, MIAA, 

Figure 2 CT images and quantitative analysis with artificial intelligence (AI) system. Vertical scans of four representative patients were illustrated: (A) A 52-year-old male 
from HCs; A 54-year-old male from Ras; A 52-year-old male from RMs; A 53-year-old male from RCs. (B) COVID-19 pneumonia lesions from a patient in RCs detected by 
the AI system are displayed with blue pseudo color.
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and 2-methylindole), bile acids (GCA), and amino acids 
(methionine, taurine) were remarkably related to the levels 
of ALT, AST, or LDH in the HCs, while no such associa
tions were found in RMs and RCs. However, cyclic AMP, 

arginine, ribitol, and aconitate were positively correlated 
with ALT, AST, or LDH levels in RCs and RMs. 
Importantly, in recovered patients, especially in RCs, cyc
lic AMP had significant positive correlations with four 

Table 2 Chest CT Findings Based on Manual Evaluation and Artificial Intelligence (AI) Analysis of Chest CT in Healthy Controls and 
Recovered COVID-19 Patients

Variables HC (N=26) Recovered COVID-19 Patients

RA (N=18) RM(N=33) RC (N=39)

Manual evaluation, n (%)

Lesions 5 (19.23) 2 (27.78) 19 (57.58)a 26 (66.67)a

GGO 4 (15.38) 5 (27.78) 17 (51.52)a 19 (48.72)a

Fibrous stripe 5 (19.23) 4 (22.22) 11 (33.33) 17 (43.59)a

Bronchovesicular bundle distortion 0 (0.00) 1 (5.56) 2 (6.06) 11 (28.21)a

Thickening of the adjacent pleura 0 (0.00) 0 (0.00) 1 (3.03) 10 (25.64)a

Pleural effusion 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)

AI evaluation, median (IQR)

Lesions proportion of bilateral lungs, % 0.00 (0.00, 0.00) 0.00 (0.00, 0.01) 0.00 (0.00, 0.11)a 0.01 (0.00, 0.09)a

GGO proportion of bilateral lungs, % 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) 0.00 (0.00, 0.09)a 0.01 (0.00, 0.06)a

Consolidation proportion of bilateral lungs, % 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) 0.00 (0.00, 0.02)a 0.00 (0.00, 0.01)a

Lesions proportion of the right lung, % 0.00 (0.00, 0.00) 0.00 (0.00, 0.02) 0.00 (0.00, 0.13)a 0.00 (0.00, 0.07)a

GGO proportion of the right lung, % 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) 0.00 (0.00, 0.12)a 0.00 (0.00, 0.07)a

Consolidation proportion of the right lung, % 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) 0.00 (0.00, 0.02)a 0.00 (0.00, 0.01)a

Lesions proportion of the left lung, % 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) 0.00 (0.00, 0.05)a 0.00 (0.00, 0.09)a

GGO proportion of the left lung, % 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) 0.00 (0.00, 0.01)a 0.00 (0.00, 0.08)a

Consolidation proportion of the left lung, % 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) 0.00 (0.00, 0.01)

Notes: Categorical variables between two groups were compared by employing χ2 test or Fisher’s exact test. Comparisons of continuous variables between two groups 
were made by using Wilcoxon rank sum test because of all variables with the non-normal distribution. aP <0.05, HC versus RM or RC. 
Abbreviations: COVID-19, coronavirus disease 2019; HC, healthy control; RA, recovered asymptomatic; RM, recovered moderate; RC, recovered severe and critical; AI, 
artificial intelligence; GGO, ground glass opacity.

Figure 3 Plasma TNF-α and IL-6 concentrations of recovered COVID-19 patients and HCs. Plasma TNF-α (A) and IL-6 (B) were measured in healthy controls (HCs, n=39), 
recovered asymptomatic patients (RAs, n=18), recovered moderate patients (RMs, n=34), and recovered severe/critical patients (RCs, n=44) by ELISA. Data were expressed 
as boxplots with median and interquartile range. Significance of comparisons between RAs, RMs, or RCs vs HCs was determined by the Wilcoxon rank sum test and 
indicated as: ns (not significant), ****P < 0.0001. 
Abbreviation: ns, not significant.
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clinical organ-function markers (kidney, lung, heart, and 
liver) at the same time (Figure 6B–E).

Potential correlations between coagulation function 
and differential metabolites in the HCs and recovered 
patients are shown in Figure 6F. Metabolites, such as 
3-amino-methyl hexanoate, abscisate, GCA, ACN 8:0, 
ACN 5:0, and methionine were found to be significantly 
related with PT, APTT, or FIB only in HCs, while indo
lylmethyl glucosinolate (IMG), three lipid species had 
significant potential correlations only in RMs or RCs, but 
not in HCs.

Metabolites, as the downstream products of genes and 
proteins, are implicated in a wide array of biological 

processes and play key roles in the homeostasis of biolo
gical systems.30 PCs, ACNs, bile acids, and amino acids 
are important biomolecules that are involved in the regula
tion of energy metabolism, inflammation, cell prolifera
tion, invasion, and apoptosis, and disordered metabolism 
has been reported in many diseases.28,31,32 Consistently, 
these metabolites had close relationships with clinical 
markers of organ function, coagulation, and inflammation 
in the HCs, indicating that they play pivotal roles during 
these physiological processes. However, these relation
ships were not observed in the recovered COVID-19 
patients, suggesting that the status of these recovered 
COVID-19 patients may not be restored to the level of 

Figure 4 Profiling of metabolites from plasma samples of RMs and RCs as compared with HCs 3 months post discharge. Score plots of PLS-DA based on the 332 
metabolites detected in the (A) RMs vs HCs and (B) RCs vs HCs. Venn diagram showing the number of differential metabolites in (C) RMs vs HCs and (D) RCs vs HCs. 
(E and F) Volcano plots of altered metabolites in RM, and RC patients as compared with HCs, the x-axis is the value of log2(FC), FC (fold change) represents the average 
level of metabolites in RMs or RCs relative to the average level in HCs, and the y-axis is -log (P value). The red dots represent the metabolites with two tailed P -value < 0.05.
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the HCs, even though their clinical indicators were in the 
normal range.

Disordered Metabolic Pathways in 
Recovered COVID-19 Patients without 
Previous Underlying Diseases 3 Months 
After Discharge
As shown in Figure 7, the differential metabolites between 
HCs and recovered patients (RMs and RCs) were mainly 

related to the pathways of glycerophospholipid and fatty acid 
metabolism, purine metabolism, TCA cycle, bile acid meta
bolism, phenylalanine, tyrosine, and tryptophan metabolism. 
Notably, the UA level was lower in the RCs at admission, 
whereas it was higher in the RCs 3 months post-discharge 
than in HCs (Table 1). UA, a purine derivative, is the final 
oxidation product of purine metabolism. Interestingly, we 
found that many metabolites, such as inosine, hypoxanthine, 
guanine, and cyclic AMP, in the purine metabolism were 
decreased in the recovered COVID-19 patients (Figure 7). 

Figure 5 Significantly changed metabolites in RMs and RCs compared to HCs 3 months after discharge from hospital. (A) Heat map of changed metabolites in RMs and RCs 
as compared to HCs. Only differential metabolites with P <0.01, FDR <0.2, and VIP >1 are displayed, and the shades of the color indicate the relative level of metabolites 
(blue and yellow are indicative of relatively lower and higher level, respectively, and black shows the mean level). The disturbed metabolic pathways showed various 
metabolism changes when comparing (B) RMs to HCs, and (C) RCs to HCs. The value of P and pathway impact is calculated from the pathway enrichment and topology 
analysis, respectively. The node color is based on its p value and the node radius is determined based on their pathway impact values.
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Correlation analysis revealed that the increased level of UA 
was obviously correlated with the levels of citric acid, aco
nitate, amino acids of pyroglutamate, glutamine, ACN 12:1, 

MIAA, and cyclic AMP (Figure 6B). This suggests that 
a potentially metabolic-related new injury may be present 
in recovered patients.

Figure 6 Potential correlations between clinical indexes and differential metabolites. Correlation matrix is based on Spearman interactions analysis of the levels of clinical 
indexes and differential metabolites found in recovered moderate (RM), severe and critical (RC) patients as compared to healthy controls (HC). The color-intensity indicates 
correlation strength. The red and blue colors signify positive and negative correlations, respectively. The greater the color-intensity, the stronger the correlation. *P <0.05; 
**P <0.01; ***P <0.001. Figures A-F present the significant potential correlations between differential metabolites and clinical indicators related to inflammation (A), the 
functions of kidney (B), lung (C), heart (D), liver (E), and coagulation system (F) respectively.

Figure 7 Main disordered metabolic pathways in RMs and RCs when compared with HCs 3 months after discharge. &, Δ the metabolite was obviously altered in the RMs 
and RCs when compared with HCs (RM vs HC with P <0.05 and FDR <0.2: &; RC vs HC with P <0.05 and FDR <0.2: Δ), respectively. The color of red and blue for 
metabolites illustrated that the metabolite was increased or decreased in RMs and/or RCs when compared with HCs, respectively. 
Abbreviations: PUFAS, polyunsaturated fatty acids; LPC, lysophosphatidylcholine; PC, phosphatidylcholine; SM, sphingomyelin; GMP, guanosine 5’-monophosphate; Cyclic 
AMP, cyclic adenosine monophosphate; GCA, glycocholic acid; CDCA, chenodeoxycholic acid; GCDCS, glycochenodeoxycholate-3-sulfate; GUDCA, glycoursodeoxycholic 
acid; IAA, indoleacetic acid; Indoxyl-S, 3-indoxyl sulfate.
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Discussion
Changes in biochemical and inflammatory indicators and 
chest CT abnormalities were frequently found in COVID- 
19 patients with moderate or severe illness during the 
acute phase, but not usually in asymptomatic patients.32 

In our study, clinical examinations and inflammatory cyto
kines (IL-6 and TNF-α) suggested that RAs recovered 
well, but RMs and RCs still had abnormalities in clinical 
markers and CT findings 3 months after discharge as 
compared with HCs. In particular, TNF-α levels were 
still abnormally elevated in RMs and RCs. These clinical 
results indicated that there was a significant difference in 
the recovery state of RAs, RMs, and RCs when compared 
with HCs.

Plasma metabolite profiles in RAs, RMs, RCs, and 
HCs showed that the plasma metabolome in RAs was 
similar to that in HCs, indicating that RAs may have no 
difference with HCs in body metabolism. However, in the 
RMs and RCs, the metabolic disorders mainly implicated 
amino acids, indoles and its derivatives, bile acids, organic 
acids, and lipids of PC and PE, among others (Figure 5, 
Table S1). Previous studies revealed that COVID-19 
patients during the infection period had metabolic abnorm
alities in TCA cycle, purine and lipid metabolism.11–14,19 

In our study, we found that these pathways remained 
disturbed in the recovered COVID-19 patients 3 months 
after discharge when compared with HCs, especially in the 
RCs, which suggests that metabolic abnormalities in 
COVID-19 patients failed to fully return to normal levels 
even 3 months after discharge from the hospital.

Our results provided evidence to support the recent 
findings that abnormal tryptophan metabolism in 
COVID-19 patients.15,17,18 Importantly, bacterial break
down products of tryptophan, such as indole, indoleaceta
mide, and methyl-3-indole-acetate have been reported to 
be significantly reduced in critically ill patients.16 In our 
study, the metabolic disorders in convalescent phase of 
severe/critical COVID-19 patients also involved microbial 
metabolism, such as decreased indole derivatives of IAA, 
indolelactate, abnormal bile acids of GCA, 
Glycochenodeoxycholate-3-sulfate (GCDCS), cheno
deoxycholic acid (CDCA) (Figures 5A and 7). Intestinal 
microbiota in patients with active SARS-CoV-2 gastroin
testinal infection is characterized by the enrichment of 
opportunistic pathogens, loss of salutary bacteria, and 
increased functional capacity for related metabolite 
metabolism.33,34 Consistently, our study suggested that 
the SARS-CoV-2 may upset the balance of intestinal 

flora metabolism, and further aggravate abnormal metabo
lism in the recovered COVID-19 patients. Indole and 
indole derivatives are produced from tryptophan by bac
teria in the colonic lumen. Microbiota-derived indoles and 
metabolites are involved in mucosal integrity and protec
tion from inflammation. IAA, a tryptophan catabolite, is 
known to affect intestinal permeability and host 
immunity.35 Reduced tryptophan-related indole derivatives 
are indicative of the loss of gut microbiota homeostasis. 
Primary bile acids are mainly produced in the liver and 
further metabolized by the gut microbiota,36,37 and its 
metabolism by bacteria plays an important role in the 
maintenance of the intestinal barrier.38 The disordered 
metabolism of bile acids in recovered COVID-19 patients 
might suggest that the intestinal barrier has not been fully 
repaired. In summary, the abnormal intestinal flora meta
bolism prompted us to pay more attention to the nutritional 
status of COVID-19 patients and restore the metabolic 
balance of gut microbiota in order to promote the recovery 
of the patients.

The lungs are one of the most attacked organs during 
SARS-CoV-2 infection, and many COVID-19 patients 
present with pulmonary lesions on CT. In our study, we 
found that the CT findings of RMs and RCs were still 
different from those of HCs, such as greater PLV, PGV, 
and PCV. Our analysis revealed that the levels of many 
altered metabolites were uniquely associated with the 
levels of PLV, PGV, and PCV. For example, in the RCs, 
these metabolites included indolelactate, cyclic AMP, 
ACN 8:0, citric acid, lactoylglutathione, and ribitol 
(Figure 6C). Cell wall ribitol polymers from gram positive 
organisms can mediate inflammation and cause dysfunc
tion of pulmonary endothelial cells.39 In our study, ribitol 
levels were found to be increased in RCs, which indicated 
that lung inflammation may still exist in these recovered 
COVID-19 patients. Citric acid can induce substantial air
way constriction and increase airway responsiveness.40 

The upregulated citric acid in both RMs and RCs indicated 
that the patients’ airways were still very sensitive. Cyclic 
AMP is an important signalling molecule, but is decreased 
in both RMs and RCs. Cyclic AMP has been reported to 
protect against airway inflammation and relieve pulmonary 
oedema,41,42 which suggests that airway inflammation in 
recovered patients may be in an unbalanced state. The 
disorders of lung-function-related metabolites demon
strated that SARS-CoV-2 infection exerted a long-term 
effect on the lungs. Although the recovered COVID-19 
patients may present no symptoms subjectively, it is 
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imperative for them to monitor their lung function regu
larly and identify any abnormalities in time.

We also found that the levels of some clinical indices 
related to liver (ALP) and renal function (creatinine and 
UA) in the recovered COVID-19 patients were still dif
ferent from those in the HCs or their levels at admission. 
Surprisingly, the levels of many differential metabolites, 
including lipid species of PE, PC, indoles, bile acids, and 
amino acids, had a strong relationship with the levels of 
ALP, AST, LDH, and α-HBDH in the HCs, whereas no 
such associations were observed in the recovered 
COVID-19 patients (Figure 6D and E). PCs, bile acids, 
and amino acids are important biomolecules that play 
vital roles in cell proliferation, invasion, apoptosis, and 
inflammation, and their abnormal metabolism has been 
reported to be related to many diseases.28,31,43 Liver is 
one of the major organs that metabolize amino acids, PCs 
and bile acids. Consistently, our data illustrated that these 
metabolites were closely related to the functions of the 
liver and heart which may help maintain biological home
ostasis in the HCs, but these significant correlations were 
not found in recovered patients. Dysregulation of these 
metabolites has been reported in many liver- and heart- 
related diseases.28,44 The elevation of bile acid deriva
tives, such as CDCA and GCDCS, in the plasma of 
recovered patients, compared with HCs, may indicate 
impaired hepatic detoxification function and injury of 
biliary ducts.45 Analysis of metabolomic data revealed 
that serum lipid levels were reduced in COVID-19 
patients during.13,19 In our study, various lipids were 
still downregulated in the recovered patients. Thus, 
these findings suggest that metabolic homeostasis of the 
liver may not be fully restored in patients with recovered 
COVID-19.

Kidney injury is a common complication of COVID- 
1946 and leads to the accumulation of metabolites that are 
toxic to other systems. Our study showed that many 
altered metabolites showed unique associations with the 
indicators of renal function in the recovered COVID-19 
patients, such as the significant relationships between the 
level of citric acid and aconitate, and the level of clinical 
markers of UA and eGFR (Figure 6B). Citric acid and 
aconitate can directly enter the TCA cycle for energy 
production in the mitochondria. Previous studies have 
reported that the metabolism of the TCA cycle in 
COVID-19 patients is disrupted.11,12,17 The disrupted 
TCA cycle has also been observed in chronic and diabetic 
kidney diseases, which may be caused by mitochondrial 

dysfunction.47,48 In this study, the abnormally elevated 
levels of citric acid and aconitate in recovered COVID- 
19 patients suggested the existence of occult kidney injury 
caused by mitochondrial dysfunction. Furthermore, both 
clinical tests and metabolomic analyses showed that UA 
levels were higher in RCs than in HCs. However, we 
found that in recovered COVID-19 patients, many meta
bolites in purine metabolism (such as inosine, hypox
anthine, guanine, and cyclic AMP) were reduced 
(Figure 7). Therefore, we speculate that xanthine oxidase 
(an enzyme that produces UA) may be highly expressed, 
or renal excretion is impaired in RC patients. UA is 
a uremic toxin identified by the European Uremic Toxin 
Working Group;49 thus, in the future, the discharged 
COVID-19 patients should be tested for renal function 
markers on a regular basis.

Other organs may also be affected in patients who 
recovered from COVID-19. Taurine is an essential sul
phur-containing semi-essential amino acid which plays 
a crucial physiological role.50 In cardiovascular diseases, 
taurine can not only lower blood pressure and improve 
vascular function in prehypertensive status,51 but also 
reduce the potential of atherogenesis in animal 
models.52,53 Cardiomyocyte atrophy and cardiac dysfunc
tion were reportedly caused by taurine depletion.54 

Moreover, taurine depletion can lead to pancreatic β-cell 
malfunction, which may reduce plasma insulin levels.55 In 
our study, taurine was reduced in the recovered COVID-19 
patients, which has also been validated in our another 
cohort study (another five representative metabolites [argi
nine, indoleacetic acid, uric acid, pyroglutamic acid and 
PE 40:8] also have been validated)20 (Supplementary 
Figure 2). The relationship between taurine and α-HBDH 
was reversed from a positive correlation in the HCs to 
a negative one in the RMs (Figure 6D), indicating that the 
cardiovascular function might be affected by the abnor
mally reduced taurine in recovered COVID-19 patients.

COVID-19 is characterised by the excessive produc
tion of pro-inflammatory cytokines associated with 
adverse clinical outcomes.56 TNF-α, which was reported 
to be abnormally elevated in COVID-19 patients, was still 
significantly higher in RMs and RCs in our study 
(Figure 3). Moreover, we found that both CRP and TNF- 
α were positively correlated with choline in RCs, and the 
latter was also elevated. Choline is an essential nutrient 
that is required for many important physiological func
tions, including methyl group metabolism, structural integ
rity, and cell signalling.57,58 Elevated concentration of 
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plasma choline has been reported to be associated with 
cardiometabolic risk factors and history of cardiovascular 
disease in elderly subjects.59 Additionally, Metabolic 
alterations in choline are related to a higher risk of type 
2 diabetes due to impaired insulin sensitivity.60 Therefore, 
elevated TNF-α and choline levels and their significant 
correlations in RCs prompted us to hypothesise that the 
residual impacts of SARS-CoV-2 infection may persist in 
recovered patients, especially in severely ill patients.

Although our study attempts to fully understand the 
changes in the laboratory, chest CT findings, and plasma 
metabolome of COVID-19 patients who have been dis
charged from the hospital for 3 months and have no pre
vious underlying diseases, some limitations need to be 
addressed. First, although potential correlation between 
differential metabolites and clinical parameters were 
founded, the involved mechanism remains unclear. 
Future experiment involving mechanism will be needed. 
Second, metabolite profiles were analysed in the plasma, 
but not in the organs or tissues of recovered COVID-19 
patients. Thus, it is not possible to determine the exact 
metabolic changes in each organ. Further studies in vivo 
will be needed to confirm their interpretation of organ 
specific long-term effects. Third, we did not perform meta
bolome analysis in these patients during hospitalisation to 
elucidate plasma metabolites associated with the recovery 
phase; further investigation from a longitudinal cohort is 
needed. Fourth, our results were based on a single cohort 
of discharged COVID-19 patients in China, and future 
studies in different racial, ethnic, and geographical cohorts 
will be indispensable for extending our current under
standing of metabolic dysregulation in recovered 
COVID-19 patients.

Conclusion
In summary, our work highlighted that the plasma meta
bolome, inflammation, and clinical indicators of recovered 
COVID-19 patients with moderate and severe or critical 
illness 3 months after discharge are still distinct from HCs, 
but not in RAs. Pathway analysis revealed that these 
alterations in RMs and RCs mainly involved the metabolic 
pathways of the TCA cycle, purines, indoles, phospholi
pids, taurine, and phenylalanine metabolism. Importantly, 
we uncovered metabolite clusters that were pathologically 
relevant to organ recovery in COVID-19 patients that 
warrant further mechanistic pursuits and follow-up.
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