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ABSTRACT
The pandemic of the coronavirus disease 2019 (COVID-19) has become a global public health crisis.The
symptoms of COVID-19 range frommild to severe, but the physiological changes associated with
COVID-19 are barely understood. In this study, we performed targeted metabolomic and lipidomic
analyses of plasma from a cohort of patients with COVID-19 who had experienced different symptoms. We
found that metabolite and lipid alterations exhibit apparent correlation with the course of disease in these
patients, indicating that the development of COVID-19 affected their whole-body metabolism. In
particular, malic acid of the TCA cycle and carbamoyl phosphate of the urea cycle result in altered energy
metabolism and hepatic dysfunction, respectively. It should be noted that carbamoyl phosphate is
profoundly down-regulated in patients who died compared with patients with mild symptoms. And, more
importantly, guanosine monophosphate (GMP), which is mediated not only by GMP synthase but also by
CD39 and CD73, is significantly changed between healthy subjects and patients with COVID-19, as well as
between the mild and fatal cases. In addition, dyslipidemia was observed in patients with COVID-19.
Overall, the disturbed metabolic patterns have been found to align with the progress and severity of
COVID-19.This work provides valuable knowledge about plasma biomarkers associated with COVID-19
and potential therapeutic targets, as well as an important resource for further studies of the pathogenesis of
COVID-19.
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INTRODUCTION
The outbreak of COVID-19, caused by severe
acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), has been declared a pandemic by theWorld
Health Organization (WHO). Up to the date of
April 21, 2020, there are around 2.4 million con-
firmed COVID-19 cases and it has caused 162 956
deaths worldwide according to the WHO situation
report. Based on a recent study of 44 672 confirmed
COVID-19 cases up to February 11 by the Chinese
Center for Disease Control and Prevention, over

19% of patients with COVID-19 developed severe
or critical conditions [1]. The global fatality rate is
around 4.8% in all the confirmed cases until March
31, and has even reached 10% in some developed
countries, probably because of greater populations
of elderly people [2].

The main organ attacked by SARS-CoV-2 is
the lower respiratory tract, with some patients
developing life-threatening acute respiratory dis-
tress syndrome (ARDS). Attacks have also been
found or proposed on liver, muscle, gastrointestinal
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tract, lymph node, and heart by SARS-CoV-2 [3–
6]. On the other hand, although more than 80%
of patients with COVID-19 experienced only mild
symptoms, it has been found that the conditions can
rapidly progress from mild to severe, particularly in
the absence of adequatemedical care.Moreover, the
mortality rate of COVID-19 in critically ill cases can
be over 60%, posing great pressure on treatment [7].
However, the physiological changes associated with
COVID-19 under different symptomatic conditions
are barely understood.

Metabolites and lipids are major molecular con-
stituents in human plasma. During critical illness,
metabolic and lipid abnormalities are commonly ob-
served, which are believed to contribute to physiol-
ogy and pathology.Moreover, previous studies have
demonstrated dramatic alterations of metabolome
and lipidome in human plasma caused by var-
ious diseases including viral infections, such as
Ebola virus disease [8,9]. Here, we performed
targeted metabolomic and lipidomic profiles of
plasma samples collected from a cohort of pa-
tients with COVID-19, including fatalities from
COVID-19 and survivors recovered frommild or se-
vere symptoms. Our findings here show that many
of the metabolite and lipid alterations, particularly
those associated with hepatic functions, align with
the progress and severity of the disease, which could
provide valuable knowledge about plasma biomark-
ers associated with COVID-19 as well as potential
therapeutic targets, and shed light on the pathogen-
esis of COVID-19.

RESULTS
Study design and patients
Blood samples were harvested at Wuhan Jinyin-
tan Hospital from patients with COVID-19, as
confirmed by laboratory nucleic acid test of SARS-
CoV-2 infection. Serial samples were collected
over the course of disease from nine patients with
fatal (F) outcome (F1–F4), 11 patients diagnosed
as having severe (S) symptoms (S1–S2), and 14
patients diagnosed as having mild (M) symptoms
(M1–M2) (Table S1). Of note, all the patients in
the severe (S) and mild (M) groups had survived
from COVID-19 and been discharged from the
hospital. F1 represents the first samples collected
from patients with COVID-19 who had a fatal
outcome, while F4 represents the last samples
before additional samples could be collected. S1
and M1 represent the samples during the disease
peak of the patients in the severe or mild groups,
respectively, as determined based on the Diagno-
sis and Treatment Protocol for Novel Coronavirus
Pneumonia (6th edition) published by the National

Health Commission of China [10], while S2 and
M2 represent the last samples collected from
patients in each group before the patients were
discharged from the hospital. For comparison,
the blood samples from 10 healthy volunteers,
whose throat swabs and serological testing were
negative for SARS-CoV-2, were collected. The
hydrophilic and hydrophobic metabolites were
extracted from each plasma sample, respectively,
and measured using a liquid chromatography
electrospray ionization tandem mass spectrometry
(LC-ESI-MS/MS) system. Metabolite identifi-
cation was conducted with use of a home-made
database with retention time and ion pairs. For
those metabolites without authentic standards in
our database, we used MS/MS spectra to search
against public databases to improve confidence in
metabolite identification. The orthogonal partial
least-squares discriminant analysis (OPLS-DA) was
used to discriminate metabolomic profiles between
the groups of patients with COVID-19 and healthy
people (Figs S1–S4). In total, 431 metabolites
and 698 lipids were identified and quantified, and
both metabolome and lipidome showed dramatic
alterations in the plasma of patients withCOVID-19
(Tables S2 and S3).

Plasma metabolomic alterations
associated with clinical symptoms of
COVID-19
For different courses of fatalities from COVID-
19 (F1–F4), we analyzed the metabolites that un-
derwent significant change [F4 vs. H, |log2fold
change (FC)|>1 typically P < 0.05]. For F vs. H,
87 of the total 431 metabolites were significantly
different (P < 0.05) at F1, while the number of sig-
nificantly altered metabolites increased to 162 at F4
in the fatalities; andmost of the changes were down-
regulated (Table S2). We found a positive correla-
tion between the alteration of metabolites and the
course of disease deterioration in patients with a fa-
tal outcome (Fig. 1A and Table S4), indicating that
the development of disease affects themetabolismof
metabolites.

We also profiled the metabolites in the differ-
ent courses of severe and mild COVID-19 (S1 and
S2; M1 and M2), and analyzed those that under-
went significant change [S1 vs. H, |log2FC|>1, typ-
ically P < 0.05; M1 vs. H, |log2FC|>1, typically
P < 0.05] (Fig. 1B and Table S5). There are ap-
parently fewer metabolites with significant changes
(|log2FC|>1, typically P < 0.05) observed in pa-
tient groups with severe and mild symptoms when
compared with those of patients that died, and al-
most all the significantly altered metabolites were
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Figure 1. COVID-19 signatures in the plasma metabolome. Selected average plasma metabolite expression levels and associated P values for the
COVID-19 fatality patient group vs. the healthy volunteer group (A), and severe or mild vs. healthy groups (B). F, fatalities; first, second, third and fourth
samples, F1, F2, F3 and F4. S, severe patients; first and second samples, S1 and S2. M, mild patients; first and second samples, M1 and M2.

down-regulated.These results indicate that the alter-
ations ofmetabolic pathwaysweremore extensive in
fatal COVID-19 cases than in patients with severe
and mild symptoms who survived.

In addition, it is noteworthy that although the pa-
tients in both the severe and mild groups had met
the hospital discharge criteria at time points S2 and
M2, in that their COVID-19 nucleic acid tests were
negative twice consecutively, our metabolomic data
clearly show that many of their metabolites had not
returned tonormal levelswhen comparedwith those
in healthy volunteers (Fig. 1B), suggesting that these
discharged patients had not fully recovered from the
physiological impacts of COVID-19.

To further analyze the metabolomic data,
the differentiating metabolites were divided into
those shared by all groups (F vs. H, S vs. H, and
Mvs.H) or those unique to the fatal group (F vs.H).
Then, we performed Kyoto Encyclopedia of Genes
and Genomes (KEGG) functional enrichment
analysis to annotate the potential functional impli-
cation of differentiating metabolites among these
groups (Fig. 2). In all three symptomatic groups,
the differentiating metabolites were enriched in 12
metabolic pathways and the most important three
pathways were highlighted including pyrimidine
metabolism, fructose andmannosemetabolism, and
carbon metabolism (Fig. 2A and B; Table S6).
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Figure 3. Potential metabolomic biomarkers of COVID-19, in terms of the relative intensity for each metabolite. Each dot represents a patient sample,
and each patient group is differently colored as indicated. F, fatalities; S, the patients with severe symptom; M, the patients with mild symptom; H,
healthy volunteers. ∗P< 0.05, ∗∗P< 0.01.

In the fatality group, differentiating metabolites
significantly enriched in four additional pathways:
thyroid hormone synthesis, thyroid hormone signal-
ing, purine metabolism, and autoimmune thyroid
(Fig. 2C and D; Table S7), suggesting that the al-
terations in these pathways are associated with the
progress and deterioration of COVID-19.

A prominent signature observed among pa-
tients who died from COVID-19 was an acute
reduction of metabolites in patient plasma with the
aggravation of the course of COVID-19. By
comparing healthy subjects and fatal cases, we
highlighted the top five differentiating metabolites
(Fig. 3). For instance, malic acid, an intermediate
of the tricarboxylic acid (TCA) cycle, exhibited the
greatest log2FC (–5.2) among all significantly al-
tered metabolites in the fatalities. Similarly, aspartic
acid was markedly down-regulated in the plasma of
patients (Tables S4 and S5). Thereby, we postulate
that deficiencies in malic acid and aspartate are
caused, at least in part, by SARS-CoV-2 replication
hijacking nucleic acids from host cells, because the
TCA cycle and aspartate would be preferential for
purine and pyrimidine nucleotide biosynthesis.
Another differentiating metabolite guanosine
monophosphate (GMP) was observed, important
for metabolic reactions mediated not only by
GMP synthase but also CD39 and CD73. Both
CD39 and CD73 are immunomodulatory enzymes,
suggesting that CD39/CD73 axis imbalance may

occur in patients with COVID-19. In addition, we
observed that the level of carbamoyl phosphate was
significantly and gradually reduced over the course
of COVID-19 fatalities. Carbamoyl phosphate is
synthesized from free amino donors by carbamoyl
phosphate synthetase I (CPSI) in mitochondria of
liver cells, and participates in the urea cycle to re-
move excess ammonia and produce urea [11–14].
Its reduction in fatal cases ofCOVID-19 suggests the
possibility of liver damage, which could also impair
amino acid andpyrimidinemetabolisms asCPSI can
also maintain the pyrimidine pool. Notably, both
GMP and carbamoyl phosphate show significant
changes between fatal and mild patients, indicating
that the disease progression is associated with im-
mune dysfunction and nucleotide metabolism.

Plasma lipidomic alterations correspond
to clinical symptoms of COVID-19
We analyzed the lipids in different courses of fa-
tal COVID-19 cases (F1–F4) that underwent sig-
nificant change [F4 vs. H, |log2FC|>1, typically
P < 0.05]. Most of the significantly changed lipids
are up-regulated and a positive correlation could be
readily observed between the alteration of lipids and
the course of disease deterioration in the fatal cases
(Fig. 4A and Table S8). Lipid subclasses includ-
ing diglycerides (DGs), free fatty acids (FAAs),
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Figure 4. COVID-19 signatures in the plasma lipidome. Selected average plasma lipid
expression levels and associated P values for the COVID-19 fatality group vs. the
healthy volunteer group (A), and severe or mild vs. healthy groups (B). AA, arachidonic

and triglycerides (TGs), were identified in higher
abundance in the fatality group (F vs. H), and
the relative abundances of these lipids increased
with deterioration of the disease. In particular,
DG(16:0/20:2/0:0) exhibited the greatest log2FC
(+4.15) in DGs, and TG(14:0/22:1/22:3) exhib-
ited the greatest log2FC (+4.17) in all significantly
altered TGs. Increases in DGs, FFAs, and TGs un-
der pathological conditions have been previously re-
ported. For instance, lipolysis of adipose tissue in-
creases because of EBOV infection, which converts
TG to FFA andDG, and also results in enhanced re-
cycling of the fatty acids back into TGs [9].

We observed that phosphatidylcholines
(PCs) were gradually reduced over the course of
COVID-19 fatal cases. We also analyzed the lipids
in different courses of severe and mild COVID-19
(S1 and S2;M1 andM2) that underwent significant
change [S1 vs. H, |log2FC|>1, typically P < 0.05;
M1 vs. H, |log2FC|>1, typically P < 0.05] (Fig. 4B
andTable S9). As formetabolites, the total numbers
of significantly altered lipids (|log2FC|>1, typically
P < 0.05) in the severe and mild groups (S1 vs. H,
S2 vs. H, M1 vs. H, and M2 vs. H) were similar,
but these were significantly less than the number of
altered lipids in the fatality group, indicating that
alterations of lipidmetabolismweremuchmore dra-
matic in fatal COVID-19 cases than in survivors. For
patients with either severe or mild symptoms, many
of their lipids had not returned to normal before
discharge from hospital (Fig. 4B, S2 vs. H and M2
vs. H), even though SARS-CoV-2 could not be de-
tected and the major clinical signs had disappeared
in these patients based on official discharge criteria.
Clearly, as noted for observations of metabolomic
alterations, these discharged patients, no matter
if they had experienced severe or mild symptoms,
had not fully recovered from the aftermath of
COVID-19 in the aspects of both metabolite and
lipid metabolisms.

Furthermore, the differentiating lipids were
divided into those shared by all groups (F vs. H
and S vs. H plus M vs. H) or those unique to the
fatality group (F vs. H), and subsequently subjected
to KEGG functional enrichment analysis. As shared
by all the three symptomatic groups, the differen-
tiating lipids were enriched for highlighting seven
metabolic pathways, in particular, phosphatidyli-
nositol signaling system, long-term depression,
leishmaniasis, and inositol phosphate metabolism
(Fig. 5A and B; Table S10). In the case of the fatality
group, differentiating lipids were significantly en-
riched in six pathways: retrograde endocannabinoid
signaling, pathogenic Escherichia coli infection,
Kaposi sarcoma-associated herpesvirus infection,
glycosylphosphatidylinositol-anchor biosynthesis,



RESEARCH ARTICLE Wu et al. 1163

Figure 4. (Continued) acid; BA, bile acid; CAR, carnitine; CE, cholesterol ester; Cer,
ceramide; DG, diacylglycerides; TG, triglycerides; FA, fatty acid; FFA, free fatty acids;
LPA, lysophosphatidic acid; PC, phosphatidylcholine; LPC, lysophosphatidylcholine;
PE, phosphatidylethanolamine; LPE, lysophosphatidyl ethanolamine; LPG, lysophos-
phatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; LPO, lipid peroxide.

glycerophospholipid metabolism, and autophagy
(Fig. 5C and D; Table S11).

To highlight the top differentiating lipids, we
detailed eight down-regulated lipids and seven up-
regulated lipids in patients with COVID-19 com-
pared with those in the healthy group (Fig. 6 and
Table S12), suggesting dyslipidemia in patients with
COVID-19.

Logistic regression and receiver
operating characteristic curve analysis
To rule out the possibility of potential biomarkers
induced by age difference and/or gender disparity,
wedeveloped a logistic regressionmodel for patients
with COVID-19 and healthy controls. As shown in
Table 1, the odds ratio (OR) for age is 0.95, indicat-
ing that age does not significantly affect the five key
plasma metabolites (Fig. 3). Although OR for gen-
der is 3.67, the P value is higher than 0.05, indicat-
ing that gender is not strongly associated with the
metabolite panel. Therefore, neither age nor gender
markedly contribute to the plasma metabolite panel
highlighted by comparing COVID-19 with healthy
controls.

Next, we generated ROC curves to assess the
potential usefulness of plasmametabolite signatures
for diagnosis of COVID-19. Our ROC analyses
revealed that the combined five plasma metabo-
lites were effective in discriminating COVID-19
patients from controls, with an area under the curve
(AUC) value of 1.00 (data not shown).Then we an-
alyzed the ROC curve of each metabolite between
COVID-19 and healthy subjects, revealing that
malic acid and D-xylulose 5-phosphate (Xu-5-P)
show the best AUC values of 0.994 and 0.959,
respectively (Fig. 7A). Furthermore, the combined
five plasmametabolite panel discriminating the fatal
group frommild group (Fig. 7B), severe group from
the mild group (Fig. 7C), and fatal group from the
severe group (Fig. 7D) in ROC analyses, showAUC
values of 0.865, 0.708, and 0.737, respectively.
Therefore, the combined five plasma metabolites
could be a useful panel for COVID-19 diagnosis.
Moreover, we further generated ROC curves of
down-regulated lipids (Fig. 7E) and up-regulated
lipids (Fig. 7F) for discriminating between pa-
tients with COVID-19 and healthy controls,
respectively. Intriguingly, ROC curve analysis

of glycerol 3-phosphate with an AUC value of
1.00 was observed, suggesting that circulating
glycerol 3-phosphate would be a good biomarker
for COVID-19. These obtained results suggest that
metabolomics and lipidomics provide a potential
tool for disease diagnosis and drug targets in the
current pandemic.

DISCUSSION
The main purposes of this study were to gener-
ate a high-quality resource of metabolomic and
lipidomic datasets associated with COVID-19 and
identify potential biomarkers for disease diagnosis
for a better understanding of the pathogenesis of
COVID-19.

Among the highlighted biomarkers, malic acid
andglycerol 3-phosphate showed the greatest reduc-
tionwhen comparing patientswhodiedwith healthy
volunteers, but also showed dramatic reduction in
groups with severe and mild symptoms. Malic acid
has important physiological functions, as it can di-
rectly enter the TCA cycle to participate in human
energy metabolism. It can also accelerate ammonia
transformation to lower the concentration of ammo-
nia in the liver and, therefore, protect it [15,16].The
dramatic reduction of malic acid is consistent with
the hepatic impairment associated with COVID-19.
Moreover, malic acid has been found to protect en-
dothelial cells of human blood vessels and prevent
damage to endothelial cells.

Xu-5-P is a metabolite of the pentose phosphate
pathway that mediates the effects of carbohydrate
feeding on the glycolytic pathway, as well as fatty
acid and triglyceride synthesis. Xu-5-P is the coordi-
nating signal that activates phosphofructokinase in
glycolysis and promotes transcription of the genes
for lipogenesis, the hexose monophosphate shunt,
and glycolysis, and is required for de novo synthe-
sis of fat and hepatic energy use [17–20]. The re-
duction of Xu-5-P suggests that altered glucose and
lipid metabolisms are also a reflection of hepatic
impairment.

Carbamoyl phosphate is an important interme-
diate metabolite involved in removing excess am-
monia in the urea cycle [11,12]. This metabolite is
the downstream product of CPSI in mitochondria
of liver cells. The observed down-regulation of car-
bamoyl phosphate levels is associatedwith the sever-
ity of COVID-19, as its level in the mild patients
was affected to the least extent. Importantly, dra-
matic reduction in carbamoyl phosphate is usually
associated with urea cycle disorder, raising concern
about the possibility of hyperammonemia and liver
failure in patients with COVID-19.This postulation
seems to be consistent with deficiency of malic acid,
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Table 1. Multivariable analysis of the associations of age
and gender with COVID-19.

Variables Odds ratio 95% CI P valuea

Age 0.95 (0.89, 1.01) 0.14
Gender 3.67 (0.80, 20.86) 0.11
aP values were calculated using the 2-sided test.

asmentioned above. In addition, themetabolisms of
purine and thyroid hormones were significantly al-
tered in the fatality group.Purinemetabolismmainly
occurs in human liver, and the thyroid hormone
can affect hepatic protein synthesis and glycogen de-
composition. Therefore, our findings imply that de-
velopment of COVID-19may cause hepatic impair-
ment in these patients, which is consistent with the
observations that a large number of patients with
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Figure 7. ROC curve analysis for the predictive power of biomarkers for distinguishing between patients with COVID-19 and
healthy controls. (A) ROC curve analysis for the predictive power of each plasma metabolite for distinguishing COVID-19
groups from healthy controls. (B) ROC curve analysis for the predictive power of combined five plasma metabolites for distin-
guishing fatal group from mild group. (C) ROC curve analysis for the predictive power of combined five plasma metabolites
for distinguishing severe group from mild group. (D) ROC curve analysis for the predictive power of combined five plasma
metabolites for distinguishing fatal group from severe group. (E) ROC curve analysis for the predictive power of combined
down-regulated lipids for distinguishing fatal group from healthy controls. (F) ROC curve analysis for the predictive power of
combined up-regulated lipids for distinguishing fatal group from healthy controls.
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COVID-19 patients showed liver function abnor-
malities (Table S13) [6].

Reduction in dihydrouracil, an intermedi-
ate breakdown product of uracil and guanosine
monophosphate (GMP) [21], is proposed to
be caused by defects of human metabolism. It
should be noted that GMP production is not only
mediated by GMP synthase but also by CD39
and CD73. Indeed, the CD39/CD73 axis plays a
crucial role in immunity and inflammation [22].
Another metabolite, glycerol 3-phosphate, is a
conserved three-carbon sugar and an obligatory
component of energy-producing reactions in-
cluding glycolysis and glycerolipid biosynthesis
[23]. Glycerol 3-phosphate is an important mo-
bile regulator of systemic acquired resistance,
which provides broad spectrum systemic immu-
nity in response to pathogenic infections [24].
These metabolites show good correlation with the
progress and severity of COVID-19, and could,
therefore, serve as biochemical indicators for
immune dysfunction of this disease. SARS-CoV-2
replication uses nucleic acids from host cells, prob-
ably causing the metabolic perturbation, including
depletion of malic acid, GMP, and carbamoyl
phosphate.

The lipids involved in the glycerol metabolism
pathway, which maintains the balance of the
energy metabolites in the body, were up-regulated,
suggesting that SARS-CoV-2, like many other
viruses, probably hijacks cellular metabolism [25].
Our data show that the metabolic pathway of
glycerophospholipids, closely related with car-
diovascular diseases, was significantly changed
in patients with COVID-19. We did not find
any obvious pattern or significant difference in
underlying diseases, such as hypertension, cardiac
disease, diabetes, cerebrovascular disease, chronic
hepatitis, and cancer, taken from the patient’
medical records of patients, but fatality from
COVID-19 could be related to cardiac impair-
ment. Interestingly, it has been recently reported
that COVID-19 can cause loss of the senses of
smell and taste [26], and our KEGG analysis also
showed that the taste transduction pathway is
affected.

The metabolomic and lipidomic analyses also
show that, although patients in both the severe and
mild symptom groups had met the official hospi-
tal discharge criteria in that their COVID-19 nu-
cleic acid tests for were negative twice consecutively,
and major clinical signs had disappeared, many of
their fundamental metabolites and lipids had not re-
turned to normal by the time they were discharged.
It is suggested that the discharged patients, regard-
less of the severity of their previous symptoms,

had not fully recovered from the disease in the as-
pect of metabolism. Therefore, even after the clear-
ance of SARS-CoV-2 from patients’ bodies, patients
in convalescence could benefit from better nutri-
tion and care for faster and full recovery from the
disease.

Themetabolomic and lipidomic alterations in pa-
tient plasma mainly reflect the systematic responses
of the metabolisms of diverse cell types and organ
systems affected by SARS-CoV-2.Therefore, the in-
terpretations of the datasets should be integrated
with other types of system studies, such as the tran-
scriptome and proteome of specific tissue and body
fluid samples, as well as clinical observations and
laboratory examinations, to provide a clearer and
more comprehensive picture of the development
of this disease. Moreover, such integration would
help us to better understand the impacts of COVID-
19 on specific cells and/or tissues infected by
SARS-CoV-2.

In summary, the metabolomic and lipidomic
datasets of cohorts of patients with COVID-19
under different symptomatic conditions are highly
valuable resources for a better understanding of the
host metabolic responses associated with the dis-
ease, to expand our knowledge about the pathogen-
esis, accelerate identification of disease biomarkers
and development of diagnostic assays, and provide
hints for potential therapeutic strategies.

MATERIALS AND METHODS
Materials and methods are detailed described in
Supplementary data.

SUPPLEMENTARY DATA
Supplementary data are available atNSR online.

ACKNOWLEDGEMENTS
We thank the patients, and the nurses and clinical staff who
are providing care for these patients. We thank Drs. Yan Wang
and Yong Liu at Wuhan University for helpful discussions. We
also thank many staff members at Wuhan Jinyintan Hospital and
Wuhan Metware Biotechnology Co., Ltd. for their contributions
and assistance in this study. We sincerely pay tribute to our col-
leagues striving at the forefront of care of COVID-19 patients and
those studying this novel coronavirus in Wuhan and other places
around the world.

FUNDING
This work was supported by the Strategic Priority Research
Program of CAS (XDB29010300 to X.Z.), the National Sci-

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaa086#supplementary-data


1168 Natl Sci Rev, 2020, Vol. 7, No. 7 RESEARCH ARTICLE

ence and Technology Major Project (2020ZX09201-001 to
D.-Y.Z. and 2018ZX10101004 to X.Z.), the National Natural
Science Foundation of China (81971818 and 81772047 to Y.S.,
81873964 to Y.Q. and 31670161 to X.Z.), the Fundamental
Research Funds for the Central Universities (20720200013 to
S-H.L.) and a grant from Clinical Research Center for Anesthe-
siology of Hubei Province (2019ACA167).

Conflict of interest statement.None declared.

REFERENCES
1. The Novel Coronavirus Pneumonia Emergency Response Epi-
demiology Team. The epidemiological characteristics of an out-
break of 2019 novel coronavirus diseases (COVID-19) — China,
2020. China CDC Weekly 2020; 2: 113–22.

2. WHO. Coronavirus disease 2019 (COVID-19) Situation Report—
71. https://www.who.int/docs/default-source/coronaviruse/
situation-reports/20200331-sitrep-71-covid-19.pdf?sfvrsn=
4360e92b 8 (31 March 2020, date last accessed).

3. Wang D, Hu B and Hu C et al. Clinical characteristics of 138 hos-
pitalized patients with 2019 novel coronavirus-infected pneu-
monia in Wuhan, China. JAMA 2020; 323: 1061–9.

4. Huang C, Wang Y and Li X et al. Clinical features of patients
infected with 2019 novel coronavirus in Wuhan, China. Lancet
2020; 395: 497–506.

5. Chen N, Zhou M and Dong X et al. Epidemiological and clini-
cal characteristics of 99 cases of 2019 novel coronavirus pneu-
monia in Wuhan, China: a descriptive study. Lancet 2020; 395:
507–13.

6. Zhang C, Shi L and Wang FS. Liver injury in COVID-19: man-
agement and challenges. Lancet Gastroenterol Hepatol 2020;
5: 428–30.

7. Yang X, Yu Y and Xu J et al. Clinical course and outcomes of crit-
ically ill patients with SARS-CoV-2 pneumonia inWuhan, China:
a single-centered, retrospective, observational study. Lancet
Respir Med 2020; 8: 475–81.

8. Eisfeld AJ, Halfmann PJ and Wendler JP et al. Multi-platform
’omics analysis of human Ebola virus disease pathogenesis. Cell
Host Microbe 2017; 22: 817–29.

9. Kyle JE, Burnum-Johnson KE and Wendler JP et al. Plasma
lipidome reveals critical illness and recovery from human
Ebola virus disease. Proc Natl Acad Sci USA 2019; 116:
3919–28.

10. National Health Commission of China. Diagnosis and Treatment
Protocol for Novel Coronavirus Pneumonia, 6th edn (in Chinese).
http://www.nhc.gov.cn/yzygj/s7653p/202002/8334a8326dd94
d329df351d7da8aefc2/files/b218cfeb1bc54639af227f922bf6b
817.pdf (18 February 2020, date last accessed).

11. Sigoillot FD, Kotsis DH and Serre V et al. Nuclear localization
and mitogen-activated protein kinase phosphorylation of the
multifunctional protein CAD. J Biol Chem 2005; 280: 25611–20.

12. Struck J, Uhlein M and Morgenthaler NG et al. Release of
the mitochondrial enzyme carbamoyl phosphate synthase under
septic conditions. Shock 2005; 23: 533–8.

13. Schnater JM, Bruder E and Bertschin S et al. Subcutaneous and
intrahepatic growth of human hepatoblastoma in immunodefi-
cient mice. J Hepatol 2006; 45: 377–86.

14. Chen KF, Lai YY and Sun HS et al. Transcriptional repression
of human cad gene by hypoxia inducible factor-1alpha. Nucleic
Acids Res 2005; 33: 5190–8.

15. Chi Z, Wang ZP and Wang GY et al.Microbial biosynthesis and
secretion of l-malic acid and its applications. Crit Rev Biotechnol
2016; 36: 99–107.

16. Qiang F. Effect of Malate-oligosaccharide Solution on antioxi-
dant capacity of endurance athletes. Open Biomed Eng J 2015;
9: 326–9.

17. Veech RL. A humble hexose monophosphate pathway metabo-
lite regulates short- and long-term control of lipogenesis. Proc
Natl Acad Sci USA 2003; 100: 5578–80.

18. Shaeri J, Wright I and Rathbone EB et al. Characterization of
enzymatic D-xylulose 5-phosphate synthesis. Biotechnol Bioeng
2008; 101: 761–7.

19. Nakayama Y, Kinoshita A and Tomita M. Dynamic simulation of
red blood cell metabolism and its application to the analysis of
a pathological condition. Theor Biol Med Model 2005; 2: 18.

20. Kabashima T, Kawaguchi T and Wadzinski BE et al. Xylulose 5-
phosphate mediates glucose-induced lipogenesis by xylulose 5-
phosphate-activated protein phosphatase in rat liver. Proc Natl
Acad Sci USA 2003; 100: 5107–12.

21. Jacobs BAW, Snoeren N and SamimM et al. The impact of liver
resection on the dihydrouracil:uracil plasma ratio in patients
with colorectal liver metastases. Eur J Clin Pharmacol 2018; 74:
737–44.

22. Antonioli L, Pacher P and Vizi ES et al. CD39 and CD73 in immu-
nity and inflammation. Trends Mol Med 2013; 19: 355–67.

23. Glycerol-3-phosphate cytidylyltransferase. In: Schomburg D,
Schomburg I and Chang A (eds). Springer Handbook of Enzymes.
Berlin & Heidelberg: Springer, 2007, 404–11.

24. Chanda B, Xia Y and Mandal MK et al. Glycerol-3-phosphate
is a critical mobile inducer of systemic immunity in plants. Nat
Genet 2011; 43: 421–7.

25. Thaker SK, Ch’ng J and Christofk HR. Viral hijacking of cellular
metabolism. BMC Biol 2019; 17: 59.

26. Yan CH, Faraji F and Prajapati DP et al. Association of
chemosensory dysfunction and Covid-19 in patients presenting
with influenza-like symptoms. Int Forum Allergy Rhinol 2020;
doi: 10.1002/alr.22579.

https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200331-sitrep-71-covid-19.pdf?sfvrsn=4360e92b_8
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200331-sitrep-71-covid-19.pdf?sfvrsn=4360e92b_8
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200331-sitrep-71-covid-19.pdf?sfvrsn=4360e92b_8
http://www.nhc.gov.cn/yzygj/s7653p/202002/8334a8326dd94d329df351d7da8aefc2/files/b218cfeb1bc54639af227f922bf6b817.pdf
http://www.nhc.gov.cn/yzygj/s7653p/202002/8334a8326dd94d329df351d7da8aefc2/files/b218cfeb1bc54639af227f922bf6b817.pdf
http://www.nhc.gov.cn/yzygj/s7653p/202002/8334a8326dd94d329df351d7da8aefc2/files/b218cfeb1bc54639af227f922bf6b817.pdf

