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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has induced an ongoing
global health crisis. Here we utilized a combination of targeted amino acids (AAs) and clinical
biochemical profiling to analyze the plasma of coronavirus disease 2019 (COVID-19) sub-
jects at the hospitalization stage and 1-month post-infection convalescent stage, respec-
tively, to investigate the systematic injury during COVID-19 disease progress. We found the
virus-induced inflammatory status and reduced liver synthesis capacity in hospitalized pa-
tients, which manifested with increased branched-chain AAs (BCAAs), aromatic AAs (AAAs),
one-carbon related metabolites, and decreased methionine. Most of these disturbances dur-
ing infection recover except for the increased levels of medium-chain acylcarnitines (ACs) in
the convalescent subjects, implying the existence of incomplete fatty acids oxidation during
recovery periods. Our results suggested that the imbalance of the AA profiling in COVID-19
patients. The majority of disturbed AAs recovered in 1 month. The incomplete fatty acid
oxidation products suggested it might take longer time for convalescent patients to get
complete recovery.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent of the ongoing
pandemic coronavirus disease 2019 (COVID-19). In addition to the directly damaged pulmonary type
IT alveolar cells resulting from the SARS-CoV-2 virus [1], unrestrained inflammatory cell infiltration can
mediate damage in the lung or liver through excessive secretion of proteases and reactive oxygen species
[2]. Till now, the incidence of liver injury has reached 60% in COVID-19, mainly indicated by abnor-
mal levels of ALT/AST accompanied by slightly increased bilirubin [3-5]. Huang et al. found serum hy-
poalbuminemia could predict poor prognosis of COVID-19 [6]. However, there still lacks comprehensive
metabolic profiling that contributed to liver dysfunction in COVID-19 subjects, and the metabolic dys-
function in convalescent subject post-SARS-CoV-2 infection remains unknown.

Amino acids (AAs), which are mainly synthesized in the liver, play an important role in the immune
system and redox status except for its benefits of energy supplement [7,8]. Circulating levels of most
AAs could be influenced by the catabolic conditions as severe infection or injury. Branched-chain AAs
(BCAAs) have been investigated for decades as agents for enhancing muscle protein synthesis during exer-
cise training or in aging [9,10]. Furthermore, the catabolic products of BCA As, acylcarnitines (ACs), result
from incomplete fatty acid oxidation, could provide a shuttle mechanism for acyl-coenzyme A between
different subcellular organelles and give insight in the BCAA catabolism ability [11]. Secondly, the roles
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Table 1 Demographical characteristics of the COVID-19 patients at the hospitalized and recovery stages

Variables Control (n=48) COVID-H (n=28) COVID-R (n=21)
Sex-n (%)

Male 17 (35.4) 4 (21.4) 7 (33.3)
Female 31 (64.6) 24 (78.6) 14 (66.7)
Age-years

Mean + SEM 55.69 + 1.69 64.67 + 3.06 38.38 + 1.91
Median (IQR) 63 (40-64) 67 (61-79) 38 (31-44.5)
Range 37-67 27-92 25-60
Time from admission to discharge, days

Mean + SEM 435+ 4.67 16.9 + 1.67
Median (IQR) 36 (22-66) 15 (12-283.5)
Range 15-89 2-29
Disease severity-n (%)

Non-severe 6 (21.4) 19 (90.5)
Severe 22 (78.6) 2 (9.5)
Disease history-n (%)

Diabetes 1(@2.1) 6 (21.4) 0(0)
Hypertension 9(18.8) 12 (42.9) 0(0)
Coronary heart diseases 4(8.3) 4(14.3) 0(0)

Stroke 0(0) 4(14.3) 0(0)
Cardiomyopathy 0(0) 3(10.7) 0(0)
Hepatitis 2(4.2) 0(0) 0(0)

COPD 0(0) 4(14.3) 0(0)

Abbreviations: COPD, chronic obstructive pulmonary disease; IQR, interquartile range; SEM, standard error of mean.

[13], its precursor is also highly effective in enhancing immunity under various disease states [14]. Thirdly, other AAs
(such as serine and glycine) and metabolites involved in the one-carbon cycle (such as choline and trimethyllysine
(TML)) could provide substrates for methylation reaction, maintaining redox status, and satisfying many require-
ments for essential lipids/nucleotides/proteins biosynthesis [15,16].

The objective of this work is to assess the metabolic AA profile and clinical biochemical disturbance associated with
COVID-19 by targeted liquid chromatography tandem mass spectrometry (LC-MS). The alterations in the hospital-
ized subjects were also verified in convalescent subjects 1-month post-SARS-CoV-2 infection. Such a combination
of the metabolic and clinical index in the different stages of disease progression will provide a more comprehensive
understanding of virus-induced dysfunction in COVID-19 patients.

Materials and methods

Study cohorts and samples collection

This was a retrospective study. We obtained the medical records for hospitalized Covid-19 patients (COVID-H) be-
tween 5 February 2020 to 20 April 2020 at Tongji Hospital of Tongji Medical College, Huazhong University of Science
and Technology, Wuhan, China. The demographical characteristics of all subjects were summarized in Table 1. A total
of 45 samples (1plasma=15; Mserum=30) collected from 28 patients in hospitalized group were divided into two aliquots:
one part for clinical biochemistry tests and the other part was kept for metabolic measurement.

The recovered samples were collected from 21 COVID-19 subjects that willing to have a 1-month return visit to
hospital (average days: 28.27 4= 2.08). The 48 control subjects from a previous epidemiological survey cohort without
SARS-CoV-2 infection were matched with the hospitalized and convalescent COVID-19 patients from age and sex.
The subjects with fever (body temperature higher than 37.3 degrees) and higher white blood cell (>9.5 x 10°/1) were
excluded for controls.

The study was approved by the Research Ethics Committee of Tongji Medical College, Huazhong University of
Science and Technology, Wuhan, China with written informed consent from all participants.
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Clinical biochemistry tests

The plasma biochemistry parameters were measured in the biochemistry laboratory at Tongji Hospital of Tongji
Medical School using the Sysmex XE-2100 automatic hematology analyzer. These parameters included routine blood
index, liver function tests and kidney function tests for all subjects. Besides, a panel of the cytokines, including in-
terleukin (IL)-1f3, IL-2vy, IL-6, IL-8, IL-10, and tumor necrosis factor-ot (TNF-«), were measured using enhanced
chemical luminescence method on IMMULITE-1000 (SIEMENS, Germany), an automated immunoassay analyzer
for assessing the inflammatory status towards COVID-19 in hospitalized and convalescent patients.

Targeted metabolic analysis for metabolite quantification

All plasma/serum samples (n=84 for plasma and n=30 for serum) were inactivated and sterilized at 56°C for 30 min
before metabolic profiling [17]. The targeted metabolomics profiling was performed to measure the concentration
of 37 metabolites in plasma or serum samples of the COVID-19 subjects by targeted liquid chromatography tandem
mass spectrometry (SCIEX AB, QTRAP4500, UPLC-MS/MS system) [18,19]. The metabolites were identified by
comparing with the retention time and the multiple reaction monitoring mass data from their corresponding internal
standards. And each metabolite was quantified by comparing with the signal integrals from internal standards. Of
them, 21 metabolites were calculated based on their corresponding internal standard to get the absolute concentration
and 16 metabolites were calculated based on their similar internal standard to get the relative concentration. All the
standards for targeted metabolites and their internal standards are listed in Supplementary Table S1. The LC gradient
condition and targeted MS instrument parameters are listed in Supplementary Table S2. To take consideration of the
difference between plasma and serum, we compared the targeted metabolites in plasma and serum from the same
subject (n=15) to investigate the effects of sample type on the detected metabolites.

Statistical analysis

The concentration values of each clinical biochemistry and metabolite index were expressed as mean + SEM. The
statistical analysis was performed by using SPSS software (Version 20, U.S.A.) and GraphPad Prism software (Version
7, U.S.A.). The one-way ANOVA with the original false discovery rate (FDR) method of Benjamini and Hochberg
correction was used for multiple comparisons. Otherwise, the Kruskal-Wallis test with FDR correction was used for
the non-parametric dataset. The results were considered significant when the adjusted P-value was less than 0.05.

Separately, the multinomial logistic regression models with FDR correction were conducted to examine
cross-sectional associations of each variable with baseline status (such as gender, age, disease history) among
COVID-H, COVID-19 subjects at the recovery stage (COVID-R), and their corresponding controls.

Besides, the multivariate data analysis, including the principal component analysis (PCA), Partial
Least-Squares-Discriminant Analysis (PLS-DA) and Orthogonal Partial Least-Squares-Discriminant Analysis
(O-PLS-DA), were used for extracting information from the dataset with multiple metabolic and biochemical
variables simultaneously. All constructed models were validated by the permutation test and cross-validation
ANOVA (CV-ANOVA). The figures were plotted under the R environment (Version 3.5.2).

Results

Demographic and general characteristics

A total of 45 samples from 28 subjects in a group of hospitalized COVID-19 (COVID-H), 21 subjects at 1-month
recovery stage following SARS-CoV-2 infection (COVID-R), and 48 control samples were included in the present
study (Table 1). The average age in the COVID-H group was 64.67 + 3.06 years, and 24 (78.6%) were female. Of
these patients, 21 out of 28 (75%) subjects had at least one certain fundamental disease. The average hospitalized days
from admission to discharge were 43.5 %+ 4.67 for COVID-H patients. The 22 (78.6%) subjects were diagnosed as
severe according to the diagnostic criteria. Compared with the COVID-H group, the average age in the COVID-R
group was 38.38 £ 1.91 years (P<0.001) (14 [66.7%] for female) and 19 [90.5%] diagnosed as mild during their
hospitalization. The hospitalized days (16.9 £ 1.67) were shorter than the days in the COVID-H group. For the 48
subjects in the control group, 32 subjects were chosen for well-matched with the hospitalized patients from age and sex
(Control-Old, average age: 64.25 £ 0.30, 24 (75%) were female), and 16 subjects were matched with the convalescent
patients (Control-Young, average age: 38.5 &= 0.18, 7 (43%) female).

Clinical biochemistry profiling of COVID-19 patients in hospitalization

and convalescence period
According to the analysis flowchart in Figure 1A, the COVID-19 patients in the hospitalization showed stimulated
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Figure 1. Clinical biochemistry alteration of COVID-19 patients in hospitalized and convalescent period

(A) A brief diagram for analyzing kinds of clinical tests. (B-E) Changed biochemical tests for routine blood index, liver function
index, kidney function index, and cytokines of three groups. Keys: Con, Control (®); COVID-H, hospitalized subjects of COVID-19
(m); COVID-R, Recovered subjects of COVID-19 (A); WBC, white blood cell; Hb, Hemoglobin; Lym%, percentage of lymphocyte;
hs-CRP, hyper sensitive-C Reaction Protein; eGFR, estimated glomerular filtration rate; TNF-«, tumor necrosis factor-«. All values
were represented as mean + SEM. Statistical significance was evaluated by and one-way ANOVA test (A-C) and unpaired t test
(D) with FDR correction. *P<0.05, **P<0.01, **P<0.001.

inflammatory responses, including higher levels of C-reaction protein (CRP), neutrophil counts, and a lower percent-
age of lymphocyte (Figure 1B,C, Supplementary Table S3). The decreased hemoglobin levels suggested the anemia
caused by the SARS-CoV-2 infection. Besides, the decreased levels of total protein (TP) and albumin (ALB) in the
hospitalized patients implied the impaired liver ability to synthesize proteins (Figure 1C). The levels of ALT and AST
had an elevated trend in hospitalized patients, even they did not reach the statistical significance for differentiating
three groups (Supplementary S3). The slight changes in urea and eGFR implied that the virus affects the renal func-
tion mildly. More importantly, most of the clinical biochemistry index, which manifested by routine blood index,
hepatic function index, and cytokines (Figure 1B-E), of the COVID-19 patients recovered to normal in the patients
after a 1-month convalescent period.

To eliminate the effects of confound factors (including disease history, age, and sex), the statistical significance
was adjusted by FDR-correction using multinomial logistic regression in Supplementary Table S4. When compared
the biochemical profile between COVID-H and controls, we discovered a significant decrease in the levels of TP
(P=0.002, OR =0.75) and ALB (P=0.003, OR = 0.75), together with an increase in the levels of inflammatory factors
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Figure 2. Metabolic profiling alterations of COVID-19 patients in hospitalized and convalescent periods

(A) A brief diagram for analyzing kinds of metabolites. (B—-F) Changed metabolic analysis for BCAAs, AAAs, one-carbon unit metabo-
lites, other AAs, and carnitine-related metabolites of three groups. Keys: Con, Control (®); COVID-H, hospitalized subjects of
COVID-19 (m); COVID-R, Recovered subjects of COVID-19 (A); Val, valine; Leu, leucine; lle, isoleucine; Tyr, tyrosine; Phe, pheny-
lalanine; Trp, tryptophan; Ser, serine; Gly, glycine; Met, methionine; DMG, Dimethylglycine; Gin, glutamine; Cit, citrulline; Orn, Orthi-
nine; Thr, threonine; Cys, cysteine; AC, acylcarnitine; TML, trimethyllysine. All values were represented as mean + SEM. Statistical
significance was evaluated by one-way ANOVA test with FDR correction. *P<0.05, **P<0.01, **P<0.001.

(CRP, P=0.003, OR = 1.83). In the comparison between COVID-H and COVID-R, we found a significant decrease
in the levels of TP/ALB and cytokines (IL-13/6/8/10 and TNF-«) in the COVID-R.

Targeted metabolic profiling alterations of COVID-19 patients in

hospitalization and convalescence period

Targeted metabolic profiling was measured using LC-MS between COVID-19 patients and controls following the
analysis flowchart in Figure 2A. Considering the levels of glutamate, aspartate, and arginine showed an obvious dif-
ference between plasma and serum, the three AAs were excluded for further analysis (Supplementary Table S5). To
consider our small sample size, we kept both the plasma and serum results to avoid the selection bias. The differ-
ence between sample numbers in COVID-H group by keeping the 15 subjects with two aliquot samples or not was
compared. There are no significant difference for the targeted metabolites (Supplementary Table S6). The comparison
among different subgroups, including Control versus COVID-H and Control old versus COVID-H, are quite similar
which confirmed the feasibility of our method (Supplementary Table S7).

The levels of AAs, including BCAAs (valine, leucine, and isoleucine) and aromatic AAs (AAAs: tyrosine, pheny-
lalanine, and tryptophan) were increased significantly in COVID-H compared with controls (Table 2, Figure 2B,C,E).
The levels of these AAs in the convalescent subjects showed the tendency back to normal, with statistical significance
for glutamine, cysteine, phenylalanine, and tryptophan. Accordingly, the catabolic products of BCAAs, acylcarnitines
(ACs) presented the similar pattern in the COVID-H and get recovered in the COVID-R group (Figure 2F).

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Table 2 Concentration of detected AAs in different groups

Control Con-Old Con-Young COVID-H COVID-R
ConC (uM) (n=48) (n=32) (n=16) (n=45) (n=21) P-value? P-value® P-value® P-value®
Ala 457.35+13.48 453.22 +14.94 465.63 +27.89 462.2+23.88 518.86+32.3 0.860 0.090 0.751 0.238
Ser 125.41 +4.99 129.58 +6.37 11716 +7.72 171.61 +9.11 135.21 +£9.19  0.000 0.315 0.000 0.158
Pro 175.88 £ 7.72 17756 £ 11.09 1725+ 7.11 165.73 + 5.96 173.05 +10.7  0.305 0.837 0.352 0.968
Val 250.5 + 8.86 24719+ 11.32 257.13 + 14.27 306.28 + 15.82 280.29 + 21.1 0.003 0.204 0.003 0.370
Thr 121.21+3.82 124.08+4.69 11549+658 16584+ 11.98 136.25+ 10.27 0.001 0.182 0.002 0.098
Lys 171.63+5.25 171.69+6.85 171.5+8.08 21242+ 12.86 183.52+ 1252 0.005 0.389 0.007 0.426
Met 17.32+074  1836+088  1524+1.22  1283+053 1494+129  0.000 0.094 0.000 0.870
His 75.14 +1.83 7362 +24 78.17 + 2.61 73.44 +3.15 81.99 1+ 4.26 0.643 0.151 0.964 0.484
Phe 65.25 +2.08 67.22 +2.87 61.31 +2.31 106.29 + 6.4 63.07 £+ 3.59 0.000 0.582 0.000 0.683
Tyr 57.38 +1.99 60.4 + 2.59 51.34 +2.43 72.99 +4.29 63.7 +4.76 0.002 0.231 0.014 0.028
Cys 39.41 4+ 3.3 4518 + 4.35 27.86 + 3.23 75.97 +6.27 28.42 +2.63 0.000 0.011 0.000 0.893
Gly 342.6 +16.24 355.09 +21.46 317.63 +22.68 402.36 +19.3 333.67 +22.33 0.019 0.756 0.110 0.623
Leu 113.25+4.83 11508+6.69 109.58+571 137.24+6.41 12126+ 103 0.003 0.424 0.022 0.329
lle 66.99 + 2.98 69.82 + 4.01 61.35 + 3.74 80.9 + 4.61 74.25 1+ 7.53 0.013 0.379 0.074 0.136
Cit 6.51 +0.29 6.62 + 0.38 6.28 +0.43 6.33+ 05 5.01 +0.36 0.756 0.004 0.643 0.029
Orn 0.26 + 0.01 0.26 + 0.01 0.27 +0.01 0.31 +0.02 0.23+0.03 0.028 0.234 0.028 0.158
Trp 0.35+0.01 0.35 +0.02 0.356+0.02 0.45 + 0.03 0.563 +0.03 0.002 0.000 0.002 0.000
GIn 12.69 + 0.42 12.56 + 0.56 12.94+ 0.6 1454+ 0.48 12.94 + 0.55 0.005 0.733 0.010 0.999
Carnitine 50.18 + 2.32 4917 +2.15 5219 + 5.57 48.79 + 4.18 47.02 + 3.08 0.773 0.439 0.937 0.424
Betaine 49.18 +2.12 46.93 + 2.52 53.68 + 3.74 51.76 + 4.3 46.98 + 3.06 0.5692 0.564 0.336 0.170
Choline 12.59 + 1.4 12.63+1.86  1249+201  1712+141  9.05+0.62 0.024 0.024 0.053 0.119
TML 0.81+0.03 0.8+ 0.04 0.82 +0.06 1.26 £ 0.13 0.74 +0.07 0.002 0.255 0.002 0.346
DMG 3.568 +0.16 3.51+02 3.71+0.29 5.03 + 0.45 3.59+0.33 0.004 0.970 0.003 0.791
C2-AC 8.37 + 0.51 8.92 + 0.56 7.29+0.99 11.72 +1.91 9.85+0.71 0.096 0.104 0.165 0.087
C3-AC 0.35+0.02 0.35 +0.03 0.34 +0.04 0.41 + 0.06 0.39+0.04 0.317 0.337 0.345 0.439
C4-AC 0.19+0.01 0.19 +0.02 0.2+ 0.02 0.25+0.04 0.16 +0.02 0.185 0.126 0.161 0.105
C5-AC 0.06 + 0.01 0.06 + 0.01 0.07 + 0.01 0.11 +0.02 0.11 +0.01 0.010 0.000 0.006 0.010
C6-AC 0.03 + 0.01 0.04 +0.01 0.02 + 0.01 0.05 + 0.01 0.05 + 0.01 0.012 0.026 0.051 0.005
C8-AC 0.08 + 0.01 0.09 + 0.02 0.06 + 0.01 0.12+0.01 0.16 + 0.02 0.040 0.000 0.184 0.000
C10-AC 0.16 + 0.01 0.17 +0.02 0.14 + 0.01 0.20 + 0.02 0.28 + 0.03 0.041 0.000 0.185 0.000

ConC: Concentration

Keys: Ala, alanine; Ser, serine; pro, Proline; Val, valine; Thr, theronine; Lys, lysine; Met, methionine; His, histidine; Phe, phenylalanine; Tyr, tyrosine; Cys, cysteine; Gly,
glycine; Leu, leucine; lle, isoleucine; Cit, citrulline; Orn, Orthinine; Trp, tryptophan; Gin, glutamine; TML, trimethyllysine; DMG, Dimethylglycine. AC, acylcarnitine; Con,
Control; Con-0ld, control matched with COVID-H from age and sex; Con-Young, control matched with COVID-R from age and sex; COVID-H, hospitalized subjects
of COVID-19; COVID-R, Recovered subjects of COVID-19. All values were presented as mean + SEM.

P-value?: P value between control and COVID-H. P-valueP: P value between control and COVID-R. P-value®: P value between control-Old and COVID-H. P-valued:
P value between control-Young and COVID-R.

Values in bold denote P<0.05.

AAs involved in one-carbon metabolism including serine, glycine, choline, and dimethylglycine (DMG) were also
increased significantly, together with the decreased level of methionine in the COVID-H (Figure 2D). The levels of
serine and glycine recover in the group of COVID-R, while the decreased levels of methionine and choline in the
convalescent group showed significance compared with the controls.

The metabolites involved in the carnitine pathway showed an increased in COVID-H. These changes in
medium-chain ACs decreased in COVID-R but they did not recover to the normal levels except for TML, which
implied the existence of incomplete fatty acid (3-oxidation in the convalescent period.

In a similar way, the FDR-corrected multinomial logistic regression determined significant increase in the levels
of serine (P=0.006, OR = 1.02), phenylalanine (P=0.001, OR = 1.07), cysteine (P=0.014, OR = 1.03), and TML
(P=0.021, OR = 13.04), together with a decreased methionine level (P=0.004, OR = 0.76) in COVID-H when com-
pared with controls (Supplementary Table S8). The increased level of methionine and decreased level of TML showed
significance in the convalescent subjects when compared with hospitalized patients. Notably, the levels of aromatic
tyrosine were increased significantly in differentiating COVID-R and control group when considering the confound
factors.

6 (© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 3. Scores plot and its corresponding w* plot for differentiating each paired group

Variables with weight values higher than 0.15 were regarded as contributed to the group separation. (A) O-PLS-DA scores plot
and w* plot for the comparison between hospitalized patients and its corresponding control group. R? = 0.306, Q% = 0.576,
Pcv-anova=1.15 x 10~15; (B) O-PLS-DA scores plot and w* plot for the comparison between hospitalized patients and recovered
subjects. R% = 0.352, Q% = 0.679, Pcv.anova=1.65 x 10~'4; (C) O-PLS-DA scores plot and w* plot for the comparison between
convalescent subjects and its corresponding control group. R2 = 0.109, Q2 = 0.434, Pcy.anova=7-37 x 1079, Keys: Con, Control
(®@); COVID-H, hospitalized subjects of COVID-19 (®); COVID-R, Recovered subjects of COVID-19 (@).

Multivariate data analysis of the metabolic and biochemical profiling

dataset

The multivariate analysis, containing metabolic and biochemistry profile, revealed a distinct pattern associated with
infectious status (Supplementary Figure SIA-C). The cluster tree plot based on the fold change ratio relative to con-
trol showed COVID-R patients were more close to the control group, regardless of the metabolic or biochemical
profile (Supplementary Figure S2A,B). It indicated that the metabolic and biochemical dysfunction in COVID-R is
recovering compared with COVID-H.

The O-PLS-DA models were performed for exploring variables contributed to compared two groups (Figure 3).
The predictable Q* value and a significant P-value from CV-ANOVA revealed an obvious separation between every
two-group comparison, indicating distinct metabolic pattern in different infectious status. For the validated models,
variables with weight values higher than 0.15 were regarded as significant. Ten AAs and one-carbon metabolites (ser-
ine, TML) showed a clear increase in COVID-H when compared with controls, together with the decreased levels for
TP, Hb, ALB, and methionine (Figure 3A). The cytokine factors, such as IL-2, IL-10, and TNF-« presented higher
expression in group COVID-H when compared with COVID-R (Figure 3B). Notably, models between patients at
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the convalescent stage and control were also validated by CV-ANOVA. The ACs-related metabolites, including in-
creased C5-AC, C6-AC, C8-AC, and C10-AC, together with decreased levels of citrulline (Cit) and ALP in COVID-R
when compared with controls (Figure 3C), indicated the existence of incomplete fatty acid (3-oxidation in the con-
valescent period [11]. Furthermore, the comparison between COVID-H, COVID-R with their aged-matched con-
trol (Control-Old and Control-Young) showed similar metabolic patterns when compared with those of all control
samples (Supplementary Figure S3A,B). These results revealed that metabolic and biochemical profiling dataset can
distinguish different metabolism patterns in diverse infectious status. Most of the metabolic dysfunction may be re-
covered in 1-month convalescent stage except for the AC-related metabolites, which might imply the virus-induced
long-term effects on patients.

Discussion

The COVID-19 pandemic often reported liver injury apart from the pulmonary symptom. In the present study, we
utilized a combination of targeted AA profile and clinical biochemical profile to analyze the plasma of COVID-19
subjects at the hospitalization stage and 1-month post-infection convalescent stage, respectively. We presented several
findings. First, the SARS-CoV-2 virus led to stimulated systemic inflammatory and reduced liver synthesis capacity
in COVID-19 subjects, which manifested the disturbed BCAAs, AAAs, and one-carbon AAs metabolism. Second,
increased levels of AC related metabolites in the convalescent subjects indicated the long-term effects on patients.

In patients with SARS-CoV-2 infection, there are two distinct but overlapped phases: an initial viral response fol-
lowed by host hyperinflammatory responses [20,21]. The excessive host inflammatory response ultimately leads to
vascular damage, immunopathology, and worsening clinical outcomes [22]. In our study, we found immune rela-
tive cells (neutrophils) were increased significantly in COVID-H patients and subsequently decreased in the recov-
ery state (Figure 4). Excess neutrophil could be a source of extracellular traps, which may elicit the severe multi-
organ consequences [23] and predict poor outcomes in COVID-19 subjects [24]. The increasing plasma cytokines
(IL-13/2R/6/8/10 and TNF-o) confirmed the cytokine storm following the virus infection. Besides, the increased
IL-6 also could stimulate an acute-phase protein (CRP) in hepatocytes. On the other hand, the omics-driven global
metabolomics [17,25] and proteomics [17,26] works confirmed disturbance in the coagulation system and inflam-
matory modulators in COVID-19 patients.

AA metabolism plays a vital role in physiology and pathophysiology. The increased levels of AA acid profiles, to-
gether with the reduced liver total protein synthesis capacity (decreased total protein and ALB) implied the changed
AAs come from the protein breakdown instead of the altered AA clearance. In the present study, the specific AAs,
including glycine, serine, threonine, choline, DMG that involved in one-carbon metabolism, were increased in se-
vere COVID-19 patients. One-carbon metabolism generates diverse outputs, such as the synthesis of nucleotides,
lipids, and proteins; the maintenance of redox balance; and the substrates for methylation reactions [16]. A previous
study found one-carbon metabolism intermediate S-adenosylmethionine (SAM) plays as a key metabolite in sup-
porting LPS-induced inflammation via direct communication between the ‘metabolic state’ and the ‘chromatin state’
during inflammation [27]. And targeting SAM generation in pro-inflammatory macrophages represents a potential
therapeutic approach to suppress inflammation. However, methionine exerts antioxidant function in animals mainly
through the glutathione pathway and the redox pathway [28], was decreased in severe COVID-19 patients, which
indicates higher oxidative stress state following SARS-CoV-2 infection.

We also found BCAAs were increased in severe COVID-19 patients and decreased in convalescent patients. In-
creased BCAAs induced eNOS expression, ROS production, and pro-inflammatory responses through the transcrip-
tion factor NF-kB in endothelial cells [29,30]. Prospective observational studies also show that higher levels of circu-
lating BCA As are positively associated with markers of insulin resistance [31] and risk of incident T2DM [32,33]. Re-
cent genetic studies have also implicated the metabolism of BCA As in the development of diabetes [34,35]. Therefore,
the existence of diabetic complications may deteriorate metabolic dysfunction and accelerate SARS-CoV-2 induced
liver injury and mortality through BCAA dysfunctional metabolism in patients with diabetes.

The present study has several limitations. First, only 45 samples from 28 patients were collected in the infection
group, which might induce clinical bias. Second, even the multinomial logistic regression was adjusted the potential
bias in this small cohort, there still have some other symptoms and unforeseen confounders we could not fully correct.

In conclusion, the SARS-CoV-2 induced imbalance of the AA profiling for COVID-19 patients. The majority of
disturbed AAs recovered in 1-month while the incomplete fatty acid oxidation products suggested it might take longer
time for the patients at the convalescent stage to get complete recovery from this disease.

8 (© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
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Figure 4. Summarized alteration of metabolic disturbances in hepatic dysfunction induced by the SARS-CoV-2 virus
The red arrows indicated the upward index in hospitalized patients. The blue arrows indicated the downward index in hospitalized
patients.
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