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Background. Elucidation of the molecular mechanisms involved in the pathogenesis of coronavirus disease 2019 (COVID-19) 
may help to discover therapeutic targets.

Methods. To determine the metabolomic profile of circulating plasma from COVID-19 survivors with pulmonary sequelae 
3 months after discharge, a random, outcome-stratified case-control sample was analyzed. We enrolled 103 recovered COVID-19 
patients as well as 27 healthy donors, and performed pulmonary function tests, computerized tomography (CT) scans, laboratory 
examinations, and liquid chromatography-mass spectrometry.

Results. Plasma metabolite profiles of COVID-19 survivors with abnormal pulmonary function were different from those of healthy 
donors or subjects with normal pulmonary function. These alterations were associated with disease severity and mainly involved amino 
acid and glycerophospholipid metabolic pathways. Furthermore, increased levels of triacylglycerols, phosphatidylcholines, prostaglandin 
E2, arginine, and decreased levels of betain and adenosine were associated with pulmonary CO diffusing capacity and total lung capacity. 
The global plasma metabolomic profile differed between subjects with abnormal and normal pulmonary function.

Conclusions. Further metabolite-based analysis may help to identify the mechanisms underlying pulmonary dysfunction in 
COVID-19 survivors, and provide potential therapeutic targets in the future.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
is a highly pathogenic respiratory virus with high infection and 
fatality rates. Previous studies have shown that, despite recovery 
from severe acute respiratory syndrome (SARS), survivors had 
unresolved health issues, such as persistence of active alveolitis 
and impairment of gas diffusion [1, 2]. Early analysis of corona-
virus disease (COVID-19) survivors suggests a high rate of lung 
function abnormalities [3–6].

Treatment options for pulmonary fibrosis are limited [7]. 
Therefore, there is a critical need to identify the molecular path-
ways involved in the development of pulmonary fibrosis and 

to develop novel treatment strategies. Metabolomics, a rapidly 
emerging field of “omics” research, can provide pathobiological 
molecular profiles that encompass both microbial and host 
interactions. This makes it a valuable tool for identification of 
biomarkers associated with disease development pathways, and 
for understanding the biological mechanisms driving the path-
ogenetic pathways.

Metabolomics approaches were useful for identifying novel 
biomarkers and new pathobiological pathways associated with 
viral infections. SARS-CoV-2 infection has been demonstrated 
to cause multiple organ failure, suggesting systemic patholog-
ical effects [8]. Such systemic alterations may be reflected by a 
change in the levels of plasma metabolites. Therefore, we used 
plasma samples from COVID-19 survivors to profile their 
plasma metabolomes.

METHODS

Study Design and Participants

A total of 130 participants were ultimately included in this pro-
spective study, including 34 mild/moderate patients (RMs), 69 
severe/critical patients (RCs) who had been discharged from 
Wuhan Union Hospital for 3 months, and 27 uninfected healthy 
donors (HDs) who were matched for sex and body mass index 
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(BMI) as controls. We excluded participants with the under-
lying lung diseases. All participants were negative for the SARS-
CoV-2 nucleic acid, as confirmed by real-time polymerase 
chain reaction testing upon recruitment. The patients recovered 
from COVID-19 (recovered patients: RPs) were diagnosed 
and stratified at admission according to the New Coronavirus 
Pneumonia Prevention and Control Program (7th Edition) re-
leased by the National Health Commission of China (see details 
in Supplementary Table 1).

We collected case information and contact information of 
COVID-19 RPs who were discharged between March 1 and 
March 30, 2020 in Wuhan Union Hospital, against mandatory 
discharge criteria (normal body temperature lasting longer 
than 3  days; respiratory symptoms improved significantly; 
negative results of 2 consecutive SARS-CoV-2 RNA tests at 
least 24 hours apart). RPs who met the inclusion criteria and 
were willing to participate were interviewed face-to-face in 
the outpatient clinic of Wuhan Union Hospital at the point of 
3 months after discharge. At the visit, each participant received 
the nucleic acid test and antibody detection for SARS-COV-2, 
pulmonary-function test, and chest computed tomography 
(CT) scan. Routine blood test, biochemical and coagula-
tion tests were completed at the same time. Their peripheral 
blood samples were stored at -80 ℃ for subsequent metabolite 
detection.

Chest CT Scanning, Artificial Intelligence-Based Quantitative Analysis of 
CT Images, and Pulmonary Function Test

The standard protocol used here is in accordance with pre-
viously published method [9–11], and details are listed in 
Supplementary Methods.

Metabolomic Profiling

A liquid chromatography-electrospray ionization-tandem 
mass spectrometry (LC-ESI-MS/MS) system (Shim-pack 
UFLC SHIMADZU CBM A  UPLC system, coupled with 
QTRAP® 6500 + System MS) was used to analyze metabolites. 
To detect metabolites as much as possible, the hydrophilic 
and hydrophobic metabolites were respectively extracted and 
analyzed as per previously reported methods [12], and de-
tails have been listed in Supplementary Methods. The list of 
multiple reaction monitoring (MRM) transitions of detected 
metabolite is shown in Supplementary Table 2. Peak areas of 
metabolites and lipids were obtained using the Analyst soft-
ware (version 1.6.3).

Statistics

Orthogonal partial least square-discriminate analysis 
(OPLS-DA) was conducted using SIMCA-P software (version 
11.0; Umetrics). For clinical characteristics, laboratory tests, 
and artificial intelligence of chest CT data analyses, Kruskal-
Wallis (K-W) test for multiple groups and Mann-Whitney U 

test for 2 groups were used for continuous variables, and chi-
square test or Fisher’s exact test for category variables. For lung 
function comparison between the 3 groups, analysis of covari-
ance was used for continuous variables by setting the age and 
comorbidities as the covariates, chi-square test or Fisher’s exact 
test for all category variables. For metabolite profile compar-
ison between every 2 groups, the metabolite profiles were first 
log transformed, then linear regression models were fitted for 
each metabolite profile by setting the age and comorbidities as 
covariates. In addition, for metabolite profile multiple tests, we 
used the false discovery rate (FDR) to control the false posi-
tive (FDR < 0.1 and P value < .05). The Spearman correlations 
among the differential metabolites and clinical indices were cal-
culated for correlation analyses. The statistical analyses were 
conducted by SPSS software (version 18.0.0) and R software 
(version 3.6.3). Heatmaps of differential metabolites and rela-
tionships were displayed using the Multi Experiment Viewer 
software (MeV, version 4.7.4). Analyses of metabolite enrich-
ment were conducted using the Metaboanalyst online software 
(http://www.metaboanalyst.ca/).

RESULTS

Demographic and Clinical Features of Recovered COVID-19 Patients

Each of the 103 recovered COVID-19 patient was enrolled at 
3  months after their discharge. Twenty-seven HDs were in-
cluded at the same time. Compared with RPs, HDs had signifi-
cantly less comorbidity, and the only comorbidity in any of the 
HDs was hypertension. Moreover, all the included HDs were 
confirmed as having almost normal CT scans and normal pul-
monary function tests (PFTs). More than 80% RPs tested IgG 
positive for SARS-Cov2 (Table 1), suggesting the importance 
of humoral immunity in their recovery. In RMs or RCs, fac-
tors indicative of poor prognosis, namely lymphopenia and in-
creased aspartate transaminase levels, had returned to normal 
levels compared with those of HDs. However, laboratory 
parameters related to liver function (total bilirubin [TBIL], 
direct bilirubin [DBIL], albumin/globulin [A/G]) and renal 
function (Cys-C) remained aberrant in RMs or RCs, compared 
with those in HDs.

Analysis of CT Images in COVID-19 Survivors

Furthermore, 22 HDs and 98 RPs (32 RMs and 66 RCs) under-
went chest CT, which revealed the presence of lung lesions in 
patients in the recovered groups (Table 2). Artificial intelligence 
(AI)-derived CT features for quantifying pneumonia lesions 
were studied to assess lung rehabilitation. All the findings indi-
cated that the impact of COVID-19 on lungs persisted in RMs 
and RCs. More lesion involvement appeared in the right lung 
lower lobe of RCs compared to the RMs. Moreover, ground-
glass opacities (GGO), the most common radiological abnor-
mality identifiable at admission, was of significantly higher 
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ratio in RCs than in RMs. Additional radiological features, such 
as solid components, appeared more frequently in RCs than in 
RMs. Overall, there was more right lung involvement in the RCs 
compared to the RMs.

Pulmonary Dysfunction: One of the Most Common Sequelae in COVID-19 
Survivors 3 Months After Discharge

Anomalies were mainly noted in lung volume and diffusion 
capacity (Table 3), as revealed by significantly reduced total 

Table 1. Clinical Characteristics and Laboratory Tests of Recovered COVID-19 Patients Grouped by Illness

Characteristics

Group (N = 130)

P valueHealthy donors (n = 27) RMs (n = 34) RCs (n = 69)

Age, median (IQR), years 49.00 (38.00–57.00) 56.00 (44.75–63.25) 61.00 (55.00–68.00) <.0001

Sex

Female, n (%) 14 (51.9%) 20 (58.8%) 37 (53.6%) .84

BMI, median (IQR), kg/m2 23.39 (20.55–25.29) 24.01 (22.49–25.53) 24.35 (22.46–26.64) .16

Serum antibody (n = 127 / 130)

IgM Positive, n (%) 0 (0.0%) 3 (8.8%) 8 (12.1%) .18

IgG Positive, n (%) 1 (3.7%) 29 (85.3%) 64 (97.0%) <.0001

Comorbidities 3 (11.1%) 20 (60.6%) 44 (64.7%) <.0001

Hypertension 3 (11.1%) 8 (24.2%) 29 (42.6%) .0069

Hyperlipidemia 0 (0.0%) 8 (24.2%) 13 (19.1%) .012

Diabetes 0 (0.0%) 5 (15.2%) 16 (23.5%) .0096

Heart disease 0 (0.0%) 2 (6.1%) 7 (10.3%) .27

Cerebrovascular disease 0 (0.0%) 0 (0.0%) 1 (1.5%) 1.00

Liver disease 0 (0.0%) 2 (6.1%) 7 (10.3%) .27

Kidney disease 0 (0.0%) 0 (0.0%) 1 (1.5%) 1.00

Solid tumor 0 (0.0%) 2 (6.1%) 2 (2.9%) .53

LDH, U/L 190.00 (181.00–228.00) 205.00 (185.00–240.50) 233.50 (201.50–267.00) .0052

CRP, median (IQR), mg/L 0.39 (0.11–1.09) 0.73 (0.16–1.45) 1.25 (0.49–2.32) .0032

Hemotologic indicators, median (IQR)

WBCs, x109/L 4.98 (4.37–6.42) 5.27 (4.35–6.67) 5.45 (4.34–6.20) .95

Neutrophil count, x109/L 3.46 (2.340–4.205) 3.05 (2.56–3.95) 3.14 (2.41–4.02) .96

Lymphocyte count, x109/L 1.74 (1.38–2.00) 1.61 (1.42–2.04) 1.65 (1.35–2.03) .80

Neutrophil-to-lymphocyte ratio 1.90 (1.64–2.61) 1.81 (1.47–2.32) 1.86 (1.45–2.59) .73

Liver function indicators, median (IQR)

TBIL, μmol/L 16.90 (13.70–20.25) 14.10 (10.75–19.55) 13.70 (11.00–16.90) .024

DBIL, μmol/L 5.80 (4.85–6.70) 5.15 (3.58–6.73) 5.10 (3.80–6.00) .053

ALT, U/L 18.00 (13.00–25.50) 18.00 (13.25–26.75) 22.00 (14.00–28.00) .66

AST, U/L 22.00 (19.50–24.00) 19.50 (17.00–24.75) 21.00 (19.00–26.00) .39

ALP, U/L 70.00 (65.00–85.50) 76.50 (67.00–87.00) 77.00 (62.00–95.00) .70

GGT, U/L 19.00 (13.00–41.00) 20.00 (17.25–26.00) 22.00 (18.00–29.00) .52

TP, g/L 76.50 (73.75–79.50) 75.95 (74.18–80.18) 77.00 (74.90–78.80) .92

Albumin, g/L 47.50 (45.85–48.65) 47.15 (45.33–48.10) 45.60 (44.10–47.40) .0077

Globin, g/L 29.00 (27.85–31.20) 29.70 (26.75–33.03) 31.30 (29.00–33.40) .11

A/G 1.60 (1.50–1.70) 1.50 (1.50–1.70) 1.50 (1.40–1.60) .022

Renal function indicators, median (IQR)

Creatinine, μmol/L 68.60 (63.70–77.05) 68.60 (62.40–75.90) 71.65 (63.93–77.88) .65

BUN, mmol/L 5.20 (4.30–5.85) 5.00 (4.625–5.93) 5.10 (4.43–5.98) .96

Cys-C, mg/L 0.95 (0.87–1.10) 0.99 (0.87–1.15) 1.06 (0.96–1.32) .017

Coagulation function indicators, median (IQR)

PLT, x109/L 209.00 (157.50–262.50) 212.50 (184.00–236.00) 211.00 (169.00–245.00) .93

D-Dimer, μg/mL 0.29 (0.25–0.37) 0.36 (0.29–0.45) 0.41 (0.29–0.54) .0043

PT, s 12.90 (12.60–13.30) 13.10 (12.70–13.60) 12.80 (12.40–13.40) .34

APTT, s 35.80 (34.10–39.25) 36.30 (33.70–37.20) 36.40 (33.70–38.40) .86

FIB, g/L 2.90 (2.54–3.38) 3.06 (2.76–3.41) 3.15 (2.90–3.53) .16

TT, s 16.30 (15.80–16.75) 16.60 (16.20–17.20) 16.50 (16.30–17.50) .13

Data were presented as median (interquartile range) for continuous variables and n (%) for category variables. Kruskal-Wallis (K-W) test was used for continuous variables and chi-square 
test or Fisher’s exact test for all category variables.
Abbreviations: A/G, albumin/globin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; APTT, activated partial thromboplastin time; AST, aspartate amino transferase; BMI, body mass 
index; BUN, blood urea nitrogen; CRP, C-reactive protein; Cys-C, cystain C; DBIL, direct bilirubin; FIB, fibrinogen; GGT, γ-glutamyl transpeptidase; IQR, interquartile range; LDH, lactate de-
hydrogenase; PLT, platelet; PT, prothrombin time; RCs, recovered severe/critical patients; RMs, recovered mild/moderate patients; TBIL, total bilirubin; TP, total protein; TT, thrombin time; 
WBCs, white blood cells. 
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lung capacity (TLC), functional residual capacity (FRC), and 
diffusing capacity of the lungs for CO (DLCO) values in the 
COVID-19 recovered groups (all P < .05).

Global Metabolite Profiles in COVID-19 Survivors vs Uninfected Individuals

A total of 1124 metabolites (Supplementary Table 2) were de-
tected from 127 plasma samples (excluding 3 hemolysis sam-
ples). In QC analysis, CV values of more 90% of the metabolites 
were less than 20%, respectively (Supplementary Figure 1). 
Fifty-two metabolites were differentially expressed in RMs and 
RCs, when compared with HDs (Figure 1A). Furthermore, 

plasma metabolic alterations in RCs were more significant than 
that in RMs (Figure 1B, 1C).

Metabolomic Profiling in COVID-19 Survivors With Abnormal Pulmonary 
Diffusion Capacity

In OPLS-DA analysis, the samples of COVID-19 RPs with 
normal and abnormal DLCO (ND&RM, ND&RC, AD&RM, 
and AD&RC) were separated from those of HDs, illustrating 
their differential plasma metabolite profiles (Figure 2A). 
Compared with HDs, 51, 37, 95, and 169 metabolites were 
marked differentials in these 4 groups, respectively (Figure 2B). 

Table 2. Artificial Intelligence of Chest CT in Recovering COVID-19 Patients Grouped by Illness

Characteristics

Group (N = 120/130) P value

Healthy donors (n = 22) RMs (n = 32) RCs (n = 66) Overall RMs vs RCs

Age, median (IQR), years 50.00 (39.50–57.00) 56.00 (47.75–63.25) 61.00 (55.00–68.00) .0002 .012

Sex

Female, n (%) 12 (54.5%) 19 (59.4%) 36 (54.5%) .89 -

Pneumonia score calculated by AI, median (IQR)

Total score 0.00 (0.00–0.00) 2.00 (0.00–4.00) 4.00 (0.00–8.00) <.0001 .015

Left lung score 0.00 (0.00–0.00) 0.00 (0.00–2.00) 2.00 (0.00–4.00) <.0001 .026

Right lung score 0.00 (0.00–0.00) 1.00 (0.00–2.00) 2.00 (0.00–6.00) <.0001 .015

Left lung upper lobe score 0.00 (0.00–0.00) 0.00 (0.00–0.00) 0.00 (0.00–2.00) .0001 .02

Left lung lower lobe score 0.00 (0.00–0.00) 0.00 (0.00–2.00) 1.00 (0.00–2.00) .0006 .105

Right lung upper lobe score 0.00 (0.00–0.00) 0.00 (0.00–2.00) 0.00 (0.00–2.00) .0002 .092

Right lung middle lobe score 0.00 (0.00–0.00) 0.00 (0.00–0.00) 0.00 (0.00–2.00) .0043 .056

Right lung lower lobe score 0.00 (0.00–0.00) 0.00 (0.00–2.00) 2.00 (0.00–2.00) <.0001 .025

Lesion ratio of GGO in lungs, median (IQR), %

Total GGO ratio 0.01 (0.00–0.01) 0.05 (0.010–0.170) 0.42 (0.023–1.51) <.0001 .012

Left lung GGO ratio 0.01 (0.00–0.028) 0.015 (0.00–0.16) 0.24 (0.01–1.015) .0001 .011

Right lung GGO ratio 0.00 (0.00–0.00) 0.05 (0.00–0.25) 0.44 (0.02–2.202) <.0001 .005

Left lung upper lobe GGO ratio 0.00 (0.00–0.018) 0.00 (0.00–0.028) 0.08 (0.00–0.62) .0003 .004

Left lung lower lobe GGO ratio 0.00 (0.00–0.043) 0.025 (0.00–0.29) 0.105 (0.00–1.14) .0058 .077

Right lung upper lobe GGO ratio 0.00 (0.00–0.00) 0.00 (0.00–0.15) 0.065 (0.00–1.12) <.0001 .015

Right lung middle lobe GGO ratio 0.00 (0.00–0.00) 0.00 (0.00–0.00) 0.00 (0.00–0.16) .0016 .015

Right lung lower lobe GGO ratio 0.00 (0.00–0.0075) 0.025 (0.00–0.19) 0.36 (0.00–2.71) <.0001 .01

Lesion ratio of solid components in lungs, median (IQR), %

Total solid components ratio 0.00 (0.00–0.0075) 0.00 (0.00–0.02) 0.01 (0.00–0.05) .0026 .08

Left lung solid components ratio 0.00 (0.00–0.01) 0.00 (0.00–0.013) 0.01 (0.00–0.03) .022 .076

Right lung solid components ratio 0.00 (0.00–0.00) 0.00 (0.00–0.03) 0.01 (0.00–0.06) .0006 .07

Left lung upper lobe solid components ratio 0.00 (0.00–0.01) 0.00 (0.00–0.01) 0.00 (0.00–0.018) .59 -

Left lung lower lobe solid components ratio 0.00 (0.00–0.00) 0.00 (0.00–0.01) 0.005 (0.00–0.03) .0027 .066

Right lung upper lobe solid components ratio 0.00 (0.00–0.00) 0.00 (0.00–0.02) 0.005 (0.00–0.02) .0062 .102

Right lung middle lobe solid components ratio 0.00 (0.00–0.00) 0.00 (0.00–0.00) 0.00 (0.00–0.00) .013 .048

Right lung lower lobe solid components ratio 0.00 (0.00–0.00) 0.00 (0.00–0.02) 0.015 (0.00–0.128) .0016 .038

Total lesion ratio in lungs, median (IQR), %

Total lesion ratio 0.01 (0.00–0.02) 0.05 (0.01–0.22) 0.485 (0.03–1.74) <.0001 .013

Left lung lesion ratio 0.01 (0.00–0.038) 0.02 (0.00–0.17) 0.24 (0.013–1.04) .0002 .015

Right lung lesion ratio 0.00 (0.00–0.01) 0.055 (0.00–0.263) 0.49 (0.023–2.30) <.0001 .006

Left lung upper lobe lesion ratio 0.00 (0.00–0.03) 0.01 (0.00–0.05) 0.08 (0.00–0.623) .0013 .016

Left lung lower lobe lesion ratio 0.00 (0.00–0.04) 0.03 (0.00–0.30) 0.125 (0.00–1.15) .0055 .074

Right lung upper lobe lesion ratio 0.00 (0.00–0.00) 0.00 (0.00–0.16) 0.085 (0.00–1.14) <.0001 .016

Right lung middle lobe lesion ratio 0.00 (0.00–0.00) 0.00 (0.00–0.00) 0.00 (0.00–0.16) .0024 .027

Right lung lower lobe lesion ratio 0.00 (0.00–0.01) 0.035 (0.00–0.23) 0.40 (0.00–2.88) <.0001 .015

Data were presented as median (interquartile range) for continuous variables and n (%) for category variables. Kruskal-Wallis (K-W) test was used for continuous variables between 3 groups 
and chi-square test or Fisher’s exact test for all category variables. The comparison of RMs and RCs group was analyzed by Mann-Whitney U test or chi-square test. For variables with overall 
P values greater than .05, we did not perform subgroup comparisons.
Abbreviations: BMI, body mass index; GGO, ground-glass opacity; IQR, interquartile range; RCs, recovered severe/critical patients; RMs, recovered mild/moderate patients.
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Twenty-one metabolites, including betaine, purine, stearidonic 
acid, vitamin D3, guanosine, few species of phosphatidylcholines 
(PCs), were the common differentials in those with abnormal 
DLCO (Supplementary Table 3).

Additionally, each group exhibited unique metabolite character-
istics, such as elevated levels of glycerolipids and decreased levels 

of some acylcarnitine (AC) and organic acid (OA) in the AD&RC 
group. Compared with the alterations in the AD&RC group, the dif-
ference in the AD&RM group was mild, as evidenced by increased 
sphingomyelin (SM) and reduced OAs (Figure 2C and 2D).

RPs was clustered according to COVID-19 severity (Figure 
2A); this separation was considerably more significant compared 

Table 3. Pulmonary Function Tests of Recovering COVID-19 Patients Grouped by Illness

Characteristics

Group (N = 121)

P valueHealthy donors (n = 27) RMs (n = 32) RCs (n = 62)

Age, median (IQR), years 49.00 (38.00–57.00) 56.00 (47.25–63.75) 60.00 (54.75–67.25) <.0001

Spirometry, median (IQR)

FEV1 (L), % predicted 99.80 (93.50–111.90) 98.60 (92.85–116.78) 96.65 (89.15–109.38) .086

<80% pred, n/N (%) 0/27 (0.0%) 2/32 (6.3%) 4/62 (6.5%) .55

FEV1/FVC, % 78.58 (75.34–82.52) 74.70 (71.54–79.83) 77.27 (73.19–81.24) .14

<70%, n/N (%) 0/27 (0.0%) 6/32 (18.8%) 10/62 (16.1%) .038

Lung volume, median (IQR)

TLC (L) % predicted 98.90 (92.00–105.40) 98.25 (88.23–106.45) 88.80 (81.60–95.58) .0001

<80% pred, n/N (%) 0/27 (0.0%) 2/32 (6.3%) 13/62 (21.0%) .007

FRC (L) % predicted 111.30 (104.60–121.90) 102.80 (86.40–122.80) 91.70 (81.25–103.05) .001

RV (L) % predicted 101.70 (90.70–112.60) 93.55 (86.55–104.65) 83.20 (72.30–92.75) .0007

<65% pred, n/N (%) 0/27 (0.0%) 0/32 (0.0%) 9/62 (14.5%) .009

Diffusion capacity, median (IQR)

DLCO, mmol/min/kPa 8.35 (7.01–8.80) 6.62 (5.88–7.96) 6.22 (5.49–7.29) .0007

DLCO% predicted 94.30 (86.80–99.60) 83.60 (75.40–93.68) 80.15 (72.90–90.48) .0002

<80% pred, n/N (%) 0/27 (0.0%) 13/32 (40.6%) 29/62 (46.8%) <.0001

60%–80% pred, n/N (%) 0/27 (0.0%) 13/32 (40.6%) 26/62 (41.9%) <.0001

40%–60% pred, n/N (%) 0/27 (0.0%) 0/32 (0.0%) 3/62 (4.8%) .43

DLCO/VA,mmol/min/kPa/L 1.50 (1.36–1.63) 1.39 (1.22–1.53) 1.41 (1.28–1.56) .016

DLCO/VA% predicted 94.20 (85.20–103.00) 89.00 (81.53–99.45) 97.15 (84.65–107.15) .003

<80% pred, n/N (%) 0/27 (0.0%) 7/32 (21.9%) 9/62 (14.5%) .026

Fractional exhaled nitric oxide, median (IQR)

FeNO, ppb 17.00 (14.00–24.00) 19.00 (15.00–26.25) 19.00 (15.00–25.00) .54

CaNO, ppb 5.40 (2.90–7.00) 5.15 (3.43–8.18) 5.60 (3.10–7.90) .13

Data were presented as median (interquartile range) for continuous variables and n (%) for category variables. Analysis of covariance was used for continuous variables by setting the age 
and comorbidities as the predictor variables. Chi-square test or Fisher’s exact test for all category variables. DLCO was measured through single-breath method.
Abbreviations: BMI, body mass index; CaNO, exhaled alveolar fraction of nitric oxide; DLCO, diffusing capacity of the lung for carbon monoxide; FeNO, fractional exhaled nitric oxide; FEV1, 
forced expiratory volume in 1 second; FRC, functional residual capacity; FVC, forced vital capacity; IQR, interquartile range; RCs, recovered severe/critical patients; RMs, recovered mild/
moderate patients; RV, residual volume; TLC, total lung capacity; VA, alveolar ventilation. 

Figure 1. Venn diagram of the number of differential metabolites. (A) Between the comparisons of HD with RM and RC, respectively. (B) and (C) Volcano plots of altered 
metabolites found in RM and RC compared with HDs, respectively. The X-axis represents the log2 value (FC), FC indicates the ratio of mean level of the metabolite in the RM 
or RC to the mean value of HDs; the Y-axis denotes the –log(p-value). Abbreviations: HD, healthy donors; RC, severe/critical patients; RM, mild/moderate patients. 

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab147#supplementary-data
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to that for DLCO. AD&RM and AD&RC samples presented 
many unique alterations, such as increased levels of AC, OA, 
SM in the AD&RM; while increased levels of amino acid (AA), 
fatty acid (FA), and triacylglycerol (TG) in the AD&RC group 
(Figure 3A and 3B). Compared with the AD&RM group, de-
creased short-chain AC, FA, and inversely increased AA and 
OA were in the AD&RC group (Figure 3C, Supplementary 
Table 3).

Pathway enrichment of differential metabolites re-
vealed that lysine degradation, taurine and hypotaurine 

metabolism, alpha-linolenic acid metabolism, and 
glycerophospholipid metabolism were mainly disturbed in 
the subjects with abnormal pulmonary diffusion capacity 
(Figure 3D and 3E).

Metabolic Characteristics of Patients Recovered From COVID-19 With 
Abnormal Total Lung Capacity

Thirteen subjects with abnormal DLCO also presented ab-
normal TLC (AT). Compared with HDs, 111 and 54 metabol-
ites were significantly altered in the normal TLC (NT) and AT 

Figure 2. Characterization of metabolic profiles of recovered COVID-19 patients who presented abnormal pulmonary diffusion capacity at 3 months after discharge from 
the hospital. Recovered (A) score plots of OPLS-DA based on the detected 1124 features (included metabolites and lipids) in the groups of healthy donors, normal or abnormal 
pulmonary diffusion capacity presented in the recovered mild and severe COVID-19 patients (ND&RM, AD&RM, and ND&RC, AD&RC). (B) Venn diagram displays the number 
of differential features in the ND&RM, AD&RM, ND&RC, and AD&RC when compared with those in HD. (C) and (D) Volcano plots of altered metabolites found in AD&RC and 
AD&RM compared with HDs. The X-axis represents the log2(FC) value; FC indicates the ratio of mean level of the metabolite in the AD&RC or AD&RM to the mean value 
of HDs; the Y-axis denotes –log(p-value). The gray dots represent the metabolites with P > .01. Abbreviations: AD&RC, recovered severe/critical patients with abnormal 
DLCO%pred; AD&RM, recovered mild/moderate patients with abnormal DLCO%pred; COVID-19, coronavirus disease 2019; HD, healthy donors; ND&RC, recovered severe/
critical patients with normal DLCO%pred; ND&RM, recovered mild/moderate patients with normal DLCO%pred; OPLS-DA, orthogonal partial least square-discriminate 
analysis. 

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab147#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab147#supplementary-data
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groups, respectively (Figure 4A). Compared with HDs or NT 
subjects, levels of some FA, such as epoxyeicosatrienoic acid, 
linolenic acid (FA 18:3), and palmitoleic acid (FA 16:1) were 
decreased, and acetyltyrosine, acetylleucine, methylhistidine, 
some species of OA, PC, PE, and AC were increased (Figure 
4B). Pathway enrichment analyses of differential metabol-
ites showed that alpha-linolenic acid, arginine, proline, and 
Vitamin B6 metabolism were mainly disturbed in the AT 
subjects (Figure 4C).

Metabolite Profiles of COVID-19 Survivors With Abnormal Diffusion 
Capacity and Chest CT Findings

Thirty and 27 RPs with normal and abnormal DLCO pre-
sented abnormal CT findings (ACT&ND and ACT&AD), 
respectively. Compared with HDs, 44, 73, 63, and 57 metab-
olites were significantly altered in these 4 groups, respectively 
(Figure 5A). Compared with abnormal CT groups, levels of 
OA, methylhisitidine, carnitine C5:1, and TGs were increased 
in the ACT&AD group, while levels of some TGs and bile 
acids, including glycocholic acid, glycochenodeoxycholate, and 

glycinedeoxycholate were increased in the ACT&ND group 
(Figure 5B and 5C).

Associations of Differential Metabolites With Clinical Parameters of 
Pulmonary Functions and CT

During correlation analysis, many differential metabolites dis-
played significant relationships with the index of pulmonary 
diffusion capacity. For example, levels of DLCO%pred and 
DLCO/VA%pred were negatively associated with levels of ar-
ginine, and some SM in the RM samples, and levels of prosta-
glandin E2 (PGE2) and prostaglandin E3 (PGE3), some species 
of TG in the RC samples (Figure 6A and 6B).

In the association of TLC-related index, many metabol-
ites such as kynurenine, acetyltyrosine, acetylleucine and 
methylhistidine, some TGs, PCs were negatively correlated with 
the levels of TLC%pred or RV%pred; conversely, vitamin D3, 
guanosine, and stearidonic acid were positively associated with 
this index (Figure 6C).

The levels of total GGO ratio, total solid ratio, or total 
lesion ratio were negatively correlated with levels of 

Figure 3. Significantly altered metabolites in COVID-19 survivors presented abnormal pulmonary diffusion capacity at 3 months after their hospital discharge compared to 
survivors with normal pulmonary diffusion capacity. Heat map of significantly changed lipids and metabolites (P < .05 with FC > 1.2 or <0.83) between normal and abnormal 
pulmonary diffusion capacity survivors of mild (A) or severe (B) type (ND&RM vs. AD&RM, and ND&RC vs. AD&RC), or between recovered mild and severe COVID-19 survivors 
with abnormal pulmonary diffusion capacity (C) type (AD&RM vs AD&RC) (red, green, and black, denote relative higher, lower and mean level, respectively). (D) (E) Related 
disturbed pathways of differential metabolites in the AD&RM and AD&RCs, respectively. Abbreviations: COVID-19, coronavirus disease, 2019.
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taurocholic acid, guanosine, trihydroxythrombadienoate, and 
hydroxymethylacetophenone; conversely, they were positively 
correlated with levels of citrulline and TG (Figure 6D).

DISCUSSION

Our results demonstrated that the COVID19 survivors who 
had more severe/critical infection also had more abnormal 
PFTs. Pathway analysis revealed that these alterations related 
to abnormal pulmonary function mainly involved the meta-
bolic pathways of arginine biosynthesis, and metabolism of 
arginine, proline, taurine, hypotaurine, glycerophospholipid, 
glycerolipid, =and sphingolipid. This may suggest that the met-
abolic alterations appear to be a marker of more severe clinical 
presentations, as well as more abnormal PFTs.

Impaired diffusion capacity is the most common lung func-
tion abnormality. Among plasma metabolic alterations, we 
found that lipid alterations in RPs with abnormal diffusion ca-
pacity were significant (Figures 2 and 3). Furthermore, these 
alterations were associated with COVID-19 severity (Figure 
3C). Among these lipids, levels of TG and PC were remarkably 

associated with the levels of DLCO%pred, or DLCO/VA%pred 
(Figure 6A and 6B). Previous studies revealed that the levels 
of TG and PC were significantly altered in COVID-19 patients 
[12–14], while the high levels of TG (18:2/18:3/20:4) and low 
levels of PC (18:0/20:3) can be used as potential biomarkers 
of COVID-19 [12]. Even at 3 months after discharge, levels of 
many individual TGs remained significantly high in COVID-19 
RPs, especially in the RCs. TGs were negatively associated with 
DLCO% pred. TG is a major energy storage molecule in cells. 
Excessive accumulation of TG in humans is associated with met-
abolic diseases and diabetes [15]. Similarly, there is a negative 
correlation between TG levels and DLCO among hyperlipemic 
patients, which may be related to alterations in surface-active 
lipoproteins in the lungs, caused by hyperlipoproteinemia or 
fat microembolism [16]. Since COVID-19 particularly affects 
the lungs, we hypothesize that SARS-CoV-2 may reduce DLCO 
by modulating pulmonary surface-active lipoproteins, thereby 
causing more TGs to be released into the circulation. This ef-
fect may be long-lasting among COVID-19 survivors, even 
at 3  months after discharge. Therefore, improvement of TG 

Figure 4. Significantly altered metabolites in COVID-19 survivors who presented abnormal total lung capacity at 3 months after their hospital discharge compared to sur-
vivors with normal total lung capacity. (A) Venn diagram showing the number of differential metabolites between the comparisons of HD with NT and AT, respectively. (B) Heat 
map of differential features (P < .05 with FC > 1.2 or <0.83) discovered in the AT group when compared with NT group (red, green, and black denote relatively higher, lower, 
and mean levels, respectively). (C) Related disturbed pathways of differential lipids and metabolites in the AT group. Abbreviations: AT, abnormal total lung capacity; COVID-
19, coronavirus disease 2019; HD, healthy donors; NT,  normal total lung capacity.
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metabolism may provide a novel strategy for identification of 
therapeutic targets.

Prostaglandin E2 (PGE2), an eicosanoid, is a major immune 
mediator, and is used as a therapeutic target for treating var-
ious diseases [17]. Additionally, PGE2 is upregulated in cases 
of influenza A virus (IAV) and Helicobacter infections, which 
may inhibit the production of type I  interferon and cause ap-
optosis in macrophages to further accelerate viral replication 
[18, 19]. Additionally, PGE2 inhibition can suppress antigen 
presentation and T-cell-mediated immunity. Targeted suppres-
sion of PGE2 has been shown to improve survival against IAV 
infection [18]. In our study, PGE2 levels were higher in the 
AD&RC group than those in ND&RC group. Furthermore, 
PGE2 levels were negatively associated with DLCO%pred and 
DLCO/VA%pred values. These trends have also been reported 
in patients with interstitial pneumonia and chronic obstructive 

pulmonary disease (COPD) [20, 21]. PGE2 elevation among 
abnormal DLCO COVID-19 survivors might indicate their al-
tered inflammation status.

Amino acid metabolism was dramatically altered in the 
plasma samples of those with abnormal lung function. Arginine 
plays an important role in regulating T-cell metabolism and 
in mediating immune response [22]. Arginine concentration 
is reportedly increased in the lungs of Pseudomonas-infected 
mouse [23]. Additionally, the expression of arginase or nitric 
oxide synthase—enzymes necessary for arginine catabolism—
are reportedly linked to airway remodeling in COPD [24], 
smooth muscle relaxation, and vasodilation [25]. Herein, ele-
vated arginine levels may be related to cellular immune status 
or airway remodeling in COVID-19 RPs with abnormal DLCO.

We also found that betaine levels decreased in the AD&RC 
group. Betaine is a crucial methyl donor and osmoprotectant. It 

Figure 5. Significantly altered metabolites in COVID-19 survivors who presented abnormal CT results at 3 months after their hospital discharge. (A) Venn diagram showing 
the number of differential metabolites between the comparisons of HD and ND&NCT, ND&ACT, AD&NCT, and AD&ACT,AT. Heat map of differential features discovered in 
the ACT groups when compared with NCT groups with abnormal (B) and normal (C) pulmonary diffusion capacity. Red, green, and black denote relatively higher, lower, and 
mean levels, respectively. Abbreviations: AD&RC, recovered severe/critical patients with abnormal DLCO%pred; AD&RM, recovered mild/moderate patients with abnormal 
DLCO%pred; HD, healthy donors; ND&RC, recovered severe/critical patients with normal DLCO%pred; ND&RM, recovered mild/moderate patients with normal DLCO%pred. 
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is important for many biological processes, such as resisting ox-
idative stress by improving the metabolism of sulfur-containing 
amino acids, by alleviating apoptosis and endoplasmic retic-
ulum stress, and by suppressing nuclear factor-κB activity [26]. 
Further, betaine demonstrates significant anti-inflammatory 
function, and is conducive for treating diseases such as cancer, 
obesity, and diabetes [27–30]. Furthermore, the antioxidant 
function of betaine can improve oxidative stress induced by 
asthma [31] or lung injury [32] and protect against lung cancer 
by reducing the effect of tobacco smoke [33]. Consistently, in 
our study, low betaine levels were positively associated with 
reduced levels of DLCO%pred and DLCO/VA%pred in the 
AD&RC groups. A low betaine level may be indicative of its in-
creased utilization in modulation of the metabolism of sulfur-
containing amino acid to combat oxidative stress. This effect 
could enhance the antioxidant capacity of lungs in AD&RC 
subjects, thereby providing a potential application of betaine 
for treating AD&RCs patients in the future.

Adenosine, generated by ATP hydrolysis, accumulates during 
tissue damage and hypoxia, and may contribute to vasodilata-
tion and reducing inflammation [34, 35] However, the acute 
increase of adenosine provides anti-inflammatory benefits and 
a tissue-protective effect, whereas its chronic or long-lasting el-
evation presents an inverse effect [35]. This phenomenon has 
also been observed in acute or chronic pulmonary injury. In 
our study, adenosine levels were low among AD&RCs com-
pared with those in HDs or in participants with normal DLCO. 
Furthermore, the adenosine level was positively associated 
with DLCO%pred and DLCO/VA%pred values in AD&RCs. 
Increasing evidence indicates that adenosine protects cells, 
including lymphocytes, neutrophils, and macrophages, from 

airway inflammation. Therefore, adenosine is a useful biomarker 
for monitoring airway inflammation, efficacy of anti-inflamma-
tory treatments, and may even aid in COPD and asthma diag-
nosis [36–39]. Decreased adenosine may be related to airway 
inflammation in COVID-19 survivors with abnormal DLCO.

Following abnormal DLCO, restrictive ventilatory de-
fects are a major cause of lung function impairment. In our 
study, levels of methylated and acetylated amino acids, such 
as methylhistidine, acetylleucine, acetyltyrosine, and acetyl-
beta-alanine, were increased in subjects with abnormal TLC 
readings, compared with those in the normal TLC participants 
or HDs. Acetyl-amino acids are commonly generated from the 
hydrolysis of acetylated proteins, and are further catabolized 
to free amino acids by aminoacylase (ACY) [40]. Further, in-
creased levels of urinary acetyl-amino acids have been found 
in children with ACY1 deficiency [41]. Methylation and acet-
ylation of DNA and proteins play an important role in many 
biological processes [42]. Decreased histone acetylation is 
related to pulmonary fibrosis, whereas the inhibition of his-
tone deacetylase promotes fibroblast apoptosis, both of which 
provide novel pulmonary fibrosis therapy strategies [43, 44]. 
Further, increments in levels of methyl- and acetyl-amino acids 
were negatively correlated with TLC%pred, FVC%pred, and 
RV%pred levels, suggesting DNA or protein disturbance in ab-
normal TLC groups.

This study had several limitations. First, this was a single-
center prospective study with a relatively small sample size. 
Second, patients with asymptomatic infection were not in-
cluded in this study. Third, blood routine tests, liver and 
kidney function tests, and chest CT findings were not sensi-
tive indicators of the organ injury presented by metabolomics. 

Figure 6. Correlation analysis between clinical parameters and differential metabolites. Heat map of coefficients of Spearman correlation analysis between levels of differ-
ential metabolites and pulmonary diffusion capacity parameters in the recovered mild (A) and severe (B) COVID-19 patients. Heat map of coefficients of Spearman correlation 
analysis between levels of differential metabolites and clinical parameters of abnormal total lung capacity (C) or CT (D). Red, blue, and white denote relatively higher, lower, 
and mean levels, respectively. Correlations with P < .05 are marked with stars(*). Abbreviations: COVID-19, coronavirus disease-2019; CT, computed tomography.
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Therefore, future large-sized cohort studies using more sensi-
tive measures are warranted.

In conclusion, our results demonstrated that plasma metabo-
lite profiles of COVID-19 survivors with abnormal pulmonary 
function remarkably differed from those of HDs. Pathway anal-
ysis revealed that these alterations related to abnormal pulmo-
nary function mainly involved the metabolic pathways of lysine 
degradation, and metabolism of taurine, hypotaurine, alpha-
linolenic acid, glycerophospholipid, arginine, and proline, as 
well as arginine biosynthesis. 

Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases online. 
Consisting of data provided by the authors to benefit the reader, the posted 
materials are not copyedited and are the sole responsibility of the authors, so 
questions or comments should be addressed to the corresponding author.

Nonstandard abbreviations. COVID-19, coronavirus disease-2019; 
CT, computed tomography; SARS, severe acute respiratory syndrome; 
RM, mild/moderate patients; RC, severe/critical patients; HD, healthy 
donors; BMI, body mass index; RP, recovered patients; LC-EST-MS/MS, 
liquid chromatography-electrospray ionization tandem mass spectrom-
etry; MRM, multiple reaction monitoring; OPLS-DA, orthogonal partial 
least squares-discriminate analysis; K-W, Kruskal-Wallis test; FDR, false 
discovery rate; PFTs, pulmonary function tests; TBIL, total bilirubin; 
DBIL, direct bilirubin; A/G, albumin/globulin; AI, artificial intelligence; 
GGO, ground-glass opacities; ALP, alkaline phosphatase; ALT, alanine 
aminotransferase; APTT, activated partial thromboplastin time; AST, as-
partate amino transferase; BUN, blood urea nitrogen; CRP, C-reactive pro-
tein; Cys-C, cystain C; FIB, fibrinogen; GGT, γ-glutamyl transpeptidase; 
IQR, interquartile range; LDH, lactate dehydrogenase; PLT, platelet; PT, 
prothrombin time; TP, total protein; TT, thrombin time; WBCs, white 
blood cells; TLC, total lung capacity; FRC, functional residual capacity; 
DLCO, diffusing capacity of the lungs for CO; ND, normal DLCO; AD, 
abnormal DLCO, ND&RM, recovered mild/moderate patients with 
normal DLCO%pred; ND&RC, recovered severe/critical patients with 
normal DLCO%pred; AD&RM, recovered mild/moderate patients with 
abnormal DLCO%pred; AD&RC, recovered severe/critical patients with 
abnormal DLCO%pred; CaNO, exhaled alveolar fraction of nitric oxide; 
FeNO, fractional exhaled nitric oxide; FEV, forced expiratory volume 
in 1 second; FVC, forced vital capacity; VA, alveolar ventilation; PC, 
phosphatidylcholines; AC, acetylcarnitine; OA, organic acid; SM, sphingo-
myelin; AA, amino acid; FA, fatty acid; TG, triacylglycerol; AT, abnormal 
TLC; NT, normal TLC; ACT, abnormal CT; NCT, normal CT;   PGE2, 
prostaglandin E2; PGE3, prostaglandin E3; IAV, influenza A virus; COPD, 
chronic obstructive pulmonary disease; ACY, aminoacylase. 
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