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Graphical Abstract

∙ The dynamic modulations of sphingolipids and glycerophospholipids were
observed in the serum of COVID-19 subjects, depending on the time course
and severity.
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∙ Several species of phosphatidylcholine, phosphatidylethanolamine, and sph-
ingomyelin might serve as better biomarkers for predicting severe COVID-19
during the early phase than CRP and D-dimer.

∙ These results may help researchers to develop laboratory testing and/or novel
agents for COVID-19.
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Abstract
Background: A heterogeneous clinical phenotype is a characteristic of coron-
avirus disease 2019 (COVID-19). Therefore, investigating biomarkers associated
with disease severity is important for understanding the mechanisms respon-
sible for this heterogeneity and for developing novel agents to prevent critical
conditions. This study aimed to elucidate the modulations of sphingolipids
and glycerophospholipids, which have been shown to possess potent biological
properties.
Methods:Wemeasured the serum sphingolipid and glycerophospholipid levels
in a total of 887 samples from 215 COVID-19 subjects, plus 115 control subjects
without infectious diseases and 109 subjects with infectious diseases other than
COVID-19.
Results: We observed the dynamic modulations of sphingolipids and glyc-
erophospholipids in the serum of COVID-19 subjects, depending on the
time course and severity. The elevation of C16:0 ceramide and lysophos-
phatidylinositol and decreases in C18:1 ceramide, dihydrosphingosine, lysophos-
phatidylglycerol, phosphatidylglycerol and phosphatidylinositol were specific to
COVID-19. Regarding the association with maximum severity, phosphatidyli-
nositol and phosphatidylcholine species with long unsaturated acyl chains
were negatively associated, while lysophosphatidylethanolamine and phos-
phatidylethanolamine were positively associated withmaximum severity during
the early phase. Lysophosphatidylcholine and phosphatidylcholine had strong
negative correlations with CRP, while phosphatidylethanolamine had strong
positive ones. C16:0 ceramide, lysophosphatidylcholine, phosphatidylcholine
and phosphatidylethanolamine species with long unsaturated acyl chains had
negative correlations with D-dimer, while phosphatidylethanolamine species
with short acyl chains andphosphatidylinositol had positive ones. Several species
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of phosphatidylcholine, phosphatidylethanolamine and sphingomyelin might
serve as better biomarkers for predicting severe COVID-19 during the early phase
than CRP and D-dimer. Compared with the lipid modulations seen in mice
treated with lipopolysaccharide, tissue factor, or histone, the lipid modulations
observed in severe COVID-19 were most akin to those in mice administered
lipopolysaccharide.
Conclusion: A better understanding of the disturbances in sphingolipids and
glycerophospholipids observed in this study will prompt further investigation to
develop laboratory testing for predicting maximum severity and/or novel agents
to suppress the aggravation of COVID-19.
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COVID-19, glycerophospholipids, lipidomics, severity, sphingolipids

1 INTRODUCTION

With the global coronavirus disease 2019 (COVID-19)
pandemic, caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), still ongoing, the investiga-
tion of biomarkers associated with COVID-19 remains an
important task. Since the heterogeneity of clinical pheno-
types of COVID-19 has made this disease difficult to deal
with, the identification of biomarkers of COVID-19 sever-
ity is needed to understand the mechanisms responsible
for this heterogeneity and to develop novel agents capa-
ble of preventing severe conditions. At present, biological
responses, such as immunological overreactions, as well
as viral factors, are thought to be involved in the sever-
ity of COVID-19. Among the biological responses, a series
of elegant studies revealed that bioactive lipids are gen-
erated during inflammatory and immune responses and
contribute to their regulation.1,2 In the present study, we
focused on sphingolipids and glycerophospholipids.
Among sphingolipids, the bioactivities of sphingosine 1-

phosphate (S1P) and ceramides have been widely studied.
Regarding organ injuries and inflammation, S1P possesses
potent anti-apoptotic and pro-survival properties3 and gen-
erally suppresses inflammation,4 while ceramides facili-
tate apoptosis5 and inflammation.6 At present, five kinds
of S1P receptors, S1P1–S1P5, have been identified, and
S1P is produced from sphingosine (Sph) by S1P kinases.3
Ceramides are derived from sphingomyelin (SM) and can
be converted into Sph. In addition to S1P, dihydrosphin-
gosine 1-phosphate (dhS1P) is known as another analogue
for S1P receptors. DhS1P is produced fromdihydrosphingo-
sine (dhSph), and dhSph can be processed into ceramides
via dihydroceramides.7
Among glycerophospholipids, receptors for lysophos-

phatidic acids (LPA), lysophosphatidylserine (LPS),

lysophosphatidylinositol (LPI) and lysophosphatidyl-
glycerol (LPG) have been identified.8 LPA is produced
mainly from lysophosphatidylcholine (LPC) by autotaxin.
The roles of LPA in inflammation and immune response
depend on six kinds of LPA receptors, LPA1–LPA6.
LPA1, LPA2 and LPA6 might aggravate the immune
response, whereas LPA3–5 might attenuate it.9–11 LPC
is produced from phosphatidylcholine (PC). Recent
studies have also suggested the possible involvement
of LPS in the immune response. Three kinds of LPS
receptors, namely GPR34, P2Y10 and GPR174, have
been identified. LPS suppresses the activation of T lym-
phocytes through GPR174,12 while LPS facilitates the
migration of CD4 T cells through P2Y10.13 LPI and LPG
act on GPR55, and this axis has been considered as a
pro-inflammatory pathway.14 LPI and LPG are produced
from phosphatidylinositol (PI) and phosphatidylglyc-
erol (PG), respectively. Lysophosphatidylethanolamine
(LPE) and its precursor phosphatidylethanolamine
(PE) have been shown to be involved in the immune
response.15
Until now, several mass spectrometry studies have per-

formed lipidomics analyses of samples collected from
COVID-19 subjects. However, few studies included a large
number (over 200) of subjects, and none of these stud-
ies investigated the modulations of sphingolipids and
glycerophospholipids longitudinally in detail. Since the
clinical conditions of patients with COVID-19 can change
dramatically on a daily basis, the investigation of serial
changes in lipid levels is important. Therefore, we mea-
sured the serum sphingolipid and glycerophospholipid
levels in a total of 887 samples from 215 COVID-19 subjects
together with 115 control subjects without infectious dis-
eases and 109 subjects with infectious diseases other than
COVID-19.
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2 RESULTS

2.1 Glycerolysophospholipids other
than LPA, diacylphospholipids other than
PS, and sphingolipids other than S1P and
dhS1P were reasonably evaluated by
measuring their serum concentrations

Since the sampling of plasma samples under strict con-
ditions, as performed in a previous study,16 was difficult
because of biosafety concerns at our hospital, we first
determined what types of lipids could be reasonably eval-
uated using serum samples. As shown in Figure S1, the
LPA, S1P, dhS1P and PS levels were quite different between
serum samples and plasma samples collected under strict
conditions. Although a significant difference was observed
for LPS, LPI and C16:0 ceramide, the differences were
within 10%, suggesting that the modulations of these
lipids could be evaluated using serum samples. Regarding
the other lipids, no significant differences were observed.
Considering these results, we deemed that the serum con-
centrations of the measured lipids, excluding LPA, S1P,
dhS1P and PS, suitably reflected those in vivo.

2.2 Sphingomyelin, sphingosine and
ceramides were modulated in time-course
and severity-dependent manners in
COVID-19 subjects

Figure 1 shows the time course for the sphingolipid mod-
ulations. The serum total SM levels increased in the
COVID-19 subjects as well as the subjects with non-
COVID-19 infectious diseases (Figure 1A). The extent of
these increases was greater in subjects with severe COVID-
19. The SM levels were higher even before the onset
of COVID-19 and in asymptomatic COVID-19 subjects
(Figure S2G). The SM levels weremaintained at higher lev-
els throughout the monitored time course, although the
extent of the SM increase was particularly large from days
1 to 9 in maximum severity group 4.
Ceramide modulations seemed to depend on the

ceramide species and the maximum severity of COVID-
19. The C16:0 ceramide levels increased only in maximum
severity group 4 (Figure 1B). The C18:0 ceramide levels
were higher in the COVID-19 subjects, especially in max-
imum severity group 4 (Figure 1C). The C18:1 ceramide
level decreased in maximum severity groups 1 and 3, while
they increased in maximum severity group 4 (Figure 1D).
The C20:0 and C22:0 ceramide levels decreased in the
COVID-19 subjects, while the extent of the decrease was
rather small in maximum severity group 4 (Figure 1E,F).

The C24:0 ceramide levels were lower in the COVID-
19 subjects and might have been independent of disease
severity (Figure 1G). Significant modulations of the C18:0,
C20:0, C22:0 and C24:0 ceramide levels were observed
even before the onset of COVID-19, while modulations of
the C18:0, C22:0 and C24:0 ceramide levels were observed
in asymptomatic COVID-19 subjects (Figure S2A–F).
The Sph levels seemed to increase, especially in maxi-

mum severity group 4, while those of dhSph decreased in
maximum severity group 1 (Figure 1H,I). On days 25–40,
they were significantly lower in COVID-19 subjects with
a milder maximum severity. The dhSph levels were lower
in maximum severity group 1 even before disease onset.
Regarding S1P and dhS1P, theywere lower in theCOVID-19
subjects, with larger extents seen in the higher maximum
severity groups (Figure 1J,K). Significant reductions in S1P
and dhS1P were also observed before disease onset and/or
in asymptomatic subjects (Figure S2J).
For the subjects with non-COVID-19 infectious diseases,

most of the monitored sphingolipids were modulated in
the same directions as those seen in subjects with COVID-
19. However, the increase in C16:0 ceramide in maximum
severity group 4 and the decreases in C18:1 ceramide
and dhSph in the milder maximum severity groups were
unique to COVID-19.

2.3 Serum PC and PE increased and PG
decreased in COVID-19 subjects, while
serum LPC, LPE and LPI decreased in
COVID-19 subjects with mild disease but
increased in COVID-19 subjects with severe
disease

Figure 2 shows an overview of the modulations of all
the serum glycerophospholipids. The total LPC levels
decreased in maximum severity groups 1–3 but recovered
by days 25–40, while the total LPC levels were not mod-
ulated in maximum severity group 4 (Figure 2A). The
total PC levels increased in all the maximum severity
groups, especially maximum severity group 4, on days 4–
6 (Figure 2B). Decreased total LPS levels were observed in
maximum severity groups 1 and 2 during the early phase
(Figure 2C). The serum total PS levels were significantly
lower in maximum severity groups 1 and 2 at several time
points (Figure 2D). The serum LPE levels were modulated
in different directions between maximum severity groups
1–3 and group 4. The serum total LPE levels decreased
on days 1–12 in maximum severity groups 1–3, whereas
they increased on days 13–15 in maximum severity group
4 (Figure 2E). The serum total PE levels increased in all
themaximum severity groups (Figure 2F). The serum total
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F IGURE 1 Modulations of sphingolipids during the time course of COVID-19. Serum sphingolipid levels were measured longitudinally
in symptomatic COVID-19 subjects (n = 203). The significance of the Steel–Dwass test following the Kruskal–Wallis test among healthy
subjects and COVID-19 subjects with a specific maximum severity is shown as *p < .05, **p < .01, or ***p < .001 for the comparison with
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LPG levels decreased during the early phase (days 1–3) in
maximum severity group 1, while they increased signif-
icantly during the late phase (Figure 2G). The total PG
levels remained at lower levels throughout the monitored
time course (Figure 2H). The serum LPI levels were mod-
ulated in different directions, depending on the maximum
severity of COVID-19 and the time course. The serum LPI
levels were lower during the early phase of the disease
from symptomonset until days 25–40 inmaximumseverity
group 1, while the serum total LPI levels increased on days
7–12 in maximum severity group 4 (Figure 2I). The serum
total PI levelswere notmodulated dramatically (Figure 2J).
In asymptomatic subjects, the total LPC and LPI levels
decreased significantly, while the total PC levels increased
significantly, compared with the levels in healthy subjects
(Figure S2L–U).

2.4 Serum sphingolipid and
glycerophospholipid levels contributed to
the differentiation of COVID-19 subjects
from healthy subjects and subjects with
non- COVID-19 infectious diseases,
depending on the time course and lipid
species

Although a principal component analysis (PCA) could not
completely discriminate COVID-19 subjects from healthy
subjects, their distributions did not thoroughly overlap
each other (Figure S3). Therefore, to understand the lipid
modulations characteristic of COVID-19 subjects better,
compared with healthy subjects, we performed an orthog-
onal projection to latent structure discriminant analysis
(OPLS-DA) using lipid levels (excluding PS, S1P and
dhS1P). The detailed results are shown in Figures S4A–F,
S5A–F, and S6A–F. Tounderstand the results and the influ-
ence of the time course, the time courses of the variable
importance in projection (VIP) scores of theT scores for the
top 10most important lipids for differentiating both groups
at any time pointwere plotted as a heatmap (Figure 3A). To
view the time courses of representative lipids, we selected
lipids using cluster analyses based on the time courses of
the VIP scores in the OPLS-DA. The time courses of the
lipids that were selected as being representative of lipid
clusters are shown in Figure 3B–H.

The directions of themodulations ofmany sphingolipids
and glycerophospholipids in theCOVID-19 subjects resem-
bled those in subjects with non-COVID-19 infectious
diseases (Figures 1 and 2). When we perform a PCA,
although not completely separated, the distribution of
the COVID-19 subjects and that of the subjects with
non-COVID-19 infectious diseases could be partially dis-
criminated (Figure S7). Therefore, we next performed an
OPLS-DA to investigate significant lipidmodulations char-
acteristic of COVID-19 subjects, compared to subjects with
non-COVID-19 infectious diseases. The detailed results are
shown in Figures S4G–L, S5G–L, and S6G–L. To under-
stand the results and the influence of the time courses,
the VIP scores of the lipids are shown in Figure 4A.
Figure 4B–I shows representative lipids selected by cluster
analyses.

2.5 PI and PC, especially PC species
with long unsaturated acyl chains, were
negatively and PE, except for 40:1 PE, was
positively associated with maximum
severity during the early phase

Next, to investigate the association of sphingolipids
and glycerophospholipids with the maximum severity of
COVID-19 at each time point, we performed correlation
analyses using age, sex and the presence of diabetes, hyper-
tension and current smoking as covariates of interest.
Figure 5 shows the correlation coefficients and p values
of the lipids and clinical parameters with the top 15 p val-
ues at each time point. During the early phases of days
1–3 and days 4–6, several PI species had negative correla-
tions with maximum severity; later, most PE species had
positive correlations. Notably, 40:1PE had a unique posi-
tive correlation with maximum severity, the time course
of which is shown in Figure S8A. From days 10–12, PC
species with long unsaturated acyl chains had negative
correlations with relatively low p values. The p values of
the PE and PC species were as low as those for the clin-
ical laboratory data. Interestingly, several PC species with
long unsaturated acyl chains had positive correlationswith
maximum severity even before symptom onset, although
the p values were relatively high. The time courses of the
representative lipids are shown in Figure S8B–G.

healthy subjects or between COVID-19 subjects with a specific maximum severity. Blue, green, yellow and red stars represent the difference
between healthy subjects and, maximum severity 1, maximum severity 2, maximum severity 3, or maximum severity 4. The difference among
COVID-19 subjects with a specific maximum severity is described in black. The difference between healthy subjects and subjects with
non-COVID-19 infectious diseases was evaluated with the Mann–Whitney U test. The ranges in healthy subjects (n = 115) and those in
subjects with non-COVID infectious diseases (n = 109) are shown as the 95% confidence interval (CI); the ranges and those in COVID-19
subjects with specific maximum severity defined in the Methods section are shown as mean ± SEM.
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F IGURE 2 The modulations of glycerophospholipids during the time course of COVID-19. The total levels of serum
glycerophospholipids were measured longitudinally in symptomatic COVID-19 subjects (n = 203). The significance of the Steel–Dwass test
following the Kruskal–Wallis test among healthy subjects and COVID-19 with specific maximum severity is shown as *p < .05, **p < .01, or
***p < .001 for the comparison with healthy subjects or between subjects with specific maximum severity. Blue, green, yellow and red stars
represent the difference between healthy subjects and, maximum severity 1, maximum severity 2, maximum severity 3, or maximum severity
4. The difference among COVID-19 subjects with a specific maximum severity is described in black. The difference between healthy subjects
and subjects with non-COVID-19 infectious diseases was evaluated with the Mann–Whitney U test. The ranges in healthy subjects (n = 115)
and those with non-COVID infectious diseases (n = 109) are shown as 95 % confidence interval (CI) the ranges in COVID-19 subjects with a
specific maximum severity defined in the Methods section are shown as the mean ± SEM.
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F IGURE 3 Important lipids for differentiating COVID-19 subjects from healthy subjects in an OPLS-DA. An OPLS-DA using the
measured lipid levels (excluding PS, S1P and dhS1P) and the clinical phenotypes was performed to investigate significant lipid modulations
characteristic of COVID-19 subjects, compared with healthy subjects. (A) Time courses of the VIP scores of the T scores for the top 10 most
important lipids for differentiating both groups at any time point, shown as a heat map. (B–H) Time courses of lipids that were representative
of lipid clusters are shown in a manner similar to that used in Figures 1 and 2.
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F IGURE 4 Important lipids for differentiating COVID-19 subjects from subjects with non-COVID-19 infectious diseases in an OPLS-DA.
An OPLS-DA using the measured lipid levels (excluding PS, S1P and dhS1P) and the clinical phenotypes was performed to investigate
significant lipid modulations characteristic of COVID-19 subjects, compared with subjects with non-COVID-19 infectious diseases. (A) Time
courses of the VIP scores of the T scores for the top 10 most important lipids for differentiating both groups at any time point, shown as a
heat-map. (B–I) Time courses of lipids that were representative of lipid clusters are shown in a manner similar to that used in Figures 1 and 2.
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F IGURE 5 Associations of monitored lipids with the maximum severity of COVID-19. Kendall rank correlation analyses were
performed between lipids or clinical parameters and the maximum severity of COVID-19, considering age, sex and the presence of diabetes,
hypertension and current smoking as covariates of interest. Time courses of the correlation coefficients and p values (shown as -log10
[p value]) of the lipids and clinical parameters with the top 15 p values at a specific time point
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2.6 Sphingolipids and
glycerophospholipids were significantly
correlated with CRP and D-dimer
depending on lipid species and sampling
point

Figure 6 shows the time courses for the correlation coef-
ficients with the CRP and D-dimer levels of the top 10
lipids with the lowest p values at any time point as a heat
map. For the associations with CRP (Figure 6A,B), sev-
eral LPC species and PC species had rather strong negative
correlations throughout the time course, while several PE
species had rather strong positive correlations. We also
observed rather strong negative correlations of 18:0 LPS,
18:1 LPS, 18:2 LPS and 16:1 LPE and positive correlations
of 40:7 SM with the CRP levels. The time courses of the
representative lipids are shown in Figure S9. For the asso-
ciations with D-dimer (Figure 6C,D), C16:0 ceramide and
38:2 SMhad positive correlations. AmongLPC species, 14:0
LPC, 16:1 LPC and 20:5 LPC had rather strong negative
correlations. Among PC species, the association with D-
dimer depended on the PC species: 40:7 PC had negative
correlations, whereas 34:3 PC had positive correlations.
Meanwhile, 36:6 PC and 38:7 PC had rather strong nega-
tive correlations after days 13–15. AmongPE andPI species,
the associations with D-dimer depended not only on their
species, but also on the sampling points. The time courses
for the representative lipids are shown in Figure S10.

2.7 Several different correlations
between lipids and clinical parameters,
especially D-dimer levels, were observed
between COVID-19 subjects and subjects
with non-COVID-19 infectious diseases

When we investigated the correlations with other clinical
parameters in all the samples collected from symptomatic
COVID-19 subjects and compared the results with those
for the subjects with non-COVID-19 infectious diseases,
some differences were observed between the two groups
in terms of the directions of the correlations (Figure 7A,B).
The directions of the correlations of the total SM levels
with the clinical parameters were the same between the
two groups. Among the ceramides, C22:0 ceramide had sig-
nificant positive correlations with the CRP and D-dimer
levels in the COVID-19 subjects; C24:0 ceramide had sig-
nificant positive correlations with PT-INR and APTT and
a negative correlation with the fibrinogen level, while the
direction of the correlations was negative in the subjects
with non-COVID-19 infectious diseases. The correlations
of Sph or dhSph with the complete blood counts and the
D-dimer level were also in different directions in the two

groups. In COVID-19 subjects, significant positive corre-
lations with the D-dimer level were observed, whereas
significant negative correlations were observed in subjects
with non-COVID-19 infectious diseases. Regarding glyc-
erophospholipids, some complete blood count parameters
had different correlations with LPE, LPI and PE. The total
LPC, LPS, LPE, PG and PI levels also had different correla-
tions with some coagulation test parameters. In particular,
LPE had a positive correlation with the D-dimer level in
COVID-19 subjects, while it had a negative correlation in
subjects with non-COVID-19 infectious diseases.

2.8 ROC analyses revealed the
possibility that several species of PC, PE
and SMmight serve as better biomarkers
for differentiating the maximum severity
of COVID-19 during the early phase (days
1–6) than CRP and D-dimer

To compare the abilities of themeasured lipids and CRP or
D-dimer levels to predict themaximum severity of COVID-
19, we performed ROC analyses. The top 20 parameters
with the lowest p values are shown in Figure 7C,D and
Figures S11–S13. Although the p values were rather high
because of the small number of subjects, 28:0 PS, 34:0 PI
and 14:0 LPS could be biomarkers capable of predicting
COVID-19 severity before symptomonset (Figure 7C). Dur-
ing the early phases (days 1–3 and days 4–6), several species
of PC, PE and SM, as well as LPE and PI, had higher ROCs
with lower p values, comparedwith the results for CRP and
D-dimer (Figure S11). During the days 7–9, days 10–12 and
days 13–15, the CRP and D-dimer levels could be used to
differentiate themaximum severity accurately (Figures S12
and S13). The ranking of the parameters with the top three
lowest p values is shown in Figure 7D.

2.9 Lipid modulations in COVID-19
subjects resemble those seen in
lipopolysaccharide-induced septic mouse
models but also exhibit several unique
characteristics

Lastly, to understand the results more mechanistically,
we investigated the modulations of the monitored lipids
in the non-COVID-19 infectious disease group and in
related mouse models. In the subjects with non-COVID-19
infectious diseases, we performed an OPLS-DA to differ-
entiate cases with confirmed bacterial infection (n = 80)
from others (n = 29) (Figure S14A,B). Considering these
results together with the results for the COVID-19 subjects,
the lipid modulations seen during COVID-19 might have
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F IGURE 6 Time courses for the correlations of the monitored lipids with CRP and D-dimer. Spearman rank correlation analyses were
used to compare the lipids or clinical parameters and CRP (A,B) or D-dimer (C,D) at specific time points. The time courses of the correlation
coefficients (A,C) and the p values (B,D, shown as -log10 [p value]) of the lipids and clinical parameters with the top 10 p values at any time
point are shown as a heat-map. The correlation coefficients and p values of non-significant results are shown as blanks.

unique characteristics, since they resemble bacterial infec-
tion from the aspects of the elevations in 16:0 LPG and 16:1
LPG and the decrease in PC, whereas they resemble non-
bacterial infection from the aspect of the decrease in SM.
We next compared the modulations of lipids in three

related mouse models using lipopolysaccharide (Lipo),

tissue factor (TF) and histone (His). An overview of
the lipid modulations is shown in Figure 8. Among
the three models, the modulations of lipids in the
lipopolysaccharide-induced septic mouse models seemed
most akin to those seen in severe COVID-19. Among the
modulations of lipids observed in severe COVID-19, the
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F IGURE 7 Correlations between the monitored lipids and clinical parameters in COVID-19 subjects and subjects with non-COVID-19
infectious diseases and ROC analyses for the prediction of maximum severity. (A,B) Spearman rank correlation analyses for the lipids and
clinical parameters in all the analysed samples obtained from symptomatic COVID-19 subjects (A) and subjects with non-COVID-19
infectious diseases (B). (C,D) Area under curve (AUC) of the ROC analyses for differentiating maximum severity groups 2–4 from maximum
severity group 1 before symptom onset: (C) AUC before symptom onset. (D) Time course of the parameters with the top three lowest p values
at a specific time point
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F IGURE 8 Modulations of sphingolipids and glycerophospholipids in mice administered lipopolysaccharides, tissue factor, or histone.
Modulations of plasma sphingolipids and glycerophospholipids in mice treated with lipopolysaccharides (Lipo, n = 6–7), tissue factor (TF,
n = 6–7), or histone (His, n = 6), prepared as described in the Methods section. The data are shown as the mean ± SD. *p < .05, **p < .01,
***p < .001, ****p < .0001
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elevations in SM, C16:0 ceramide, C18:0 ceramide, C18:1
ceramide, Sph, LPS, PC and PE and the reduction in S1P
were observed in the mice treated with lipopolysaccha-
ride, while elevations in SM and PC were observed in
mice administered TF, and elevations in C18:0 ceramide,
C18:1 ceramide, Sph, LPG and LPI were observed in mice
injected with histone. To analyse the results inmore detail,
volcano plotswere prepared and the results of anOPLS-DA
are shown (Figure S15). PC species with long unsaturated
acyl chains andLPEdecreased,while PC specieswith short
acyl chains and most species of PE and SM increased in
mice treated with lipopolysaccharide.

3 DISCUSSION

In this study, we performed targeted lipidomics analyses
for sphingolipids and glycerophospholipids longitudinally
with a rather large number of subjects and observed the
dynamic changes in the serum samples of COVID-19 sub-
jects, depending on the time course andmaximum severity
as well as the molecular lipid species. We observed sev-
eral modulations that were not concordant with previous
reports. We think that these discrepancies can most likely
be explained by differences in study design: compared
with previous studies, our study examined the lipid lev-
els in more detail and with longitudinal observations
divided into short spans. We also examined the associa-
tions according to severity.We adopted this design because
the time course and disease severity can have large effects
on lipid modulation. Moreover, considering that targeted
lipidomics is, in general, superior to untargeted lipidomics
from the aspect of quantification, we believe that the
present study provides information that will aid our under-
standing of lipid modulations in COVID-19. The main
results of the present study are summarised in Figure S16.
Severer COVID-19 subjects had higher serum SM lev-

els. Contrary to the present findings, several studies
using untargeted lipidomics reported decreased SM lev-
els depending on disease severity,17–20 whereas one study
using targeted lipidomics showed an increase in SM, with
the exception of 32:2 SM.21 Ceramide modulations largely
depend on the molecular species. The levels of C16:0
ceramide and C18:0 ceramide increased, whereas the lev-
els of C18:1, C20:0, C22:0 and C24:0 ceramide decreased in
the COVID-19 subjects. Among the ceramide species that
were monitored in the present study, Khodadoust et al.,
Gray et al. and Janneh et al. reported marked increases in
C22:0, C18:0 and C24:0 ceramide, respectively,22–24 while
Torretta et al. reported increases in C16:0, C18:0 and
C20:0 ceramide and a decrease in C24:0 ceramide18 and
Li et al. reported decreases in C22:0 and C24:0 ceramide.25
From the aspect of the association with disease severity,

the present study showed increases in all the monitored
ceramide species except C24:0 ceramide in maximum
severity group 4, which seemed concordant with the pre-
vious reports18,22,26–28 except two reports demonstrating
decreased ceramide levels in severer patients.17,25 Regard-
ing Sph and dhSph, we observed the increase in Sph in
severer COVID-19 patients, while the decrease in dhSph
in milder COVID-19 patients and the increase in Sph in
severeCOVID-19 patients. The elevation of Sph and dhSph,
especially in severe patients, was reported in a previous
study using untargeted lipidomics18 and the decrease of
Sph and dhSph in COVID-19 patients was reported in one
report with targeted lipidomics.24 Although serum S1P
and dhS1P levels can hardly reflect their concentration
in vivo, their levels were lower in COVID-19 depending
on the severity, which was concordant with the previ-
ous reports.29 Of course, the decreased platelet counts can
largely explain these results, and the S1P and dhS1P lev-
els were rather closely correlated with the platelet count
(Figure 7A). However, the serum S1P levels were lower
even in subjects with milder disease, asymptomatic sub-
jects, or subjects before the onset of COVID-19, which was
concordant with the findings of previous studies using
serum samples,19,24 suggesting that some mechanisms are
involved in the reduction in S1P levels caused by infection
with SARS-CoV-2.
Regarding glycerophospholipids, for the LPC/PC axis,

we observed a decrease in LPC in COVID-19 subjects
with mild disease, while an increase in PC was seen in
COVID-19 subjects with severe disease. Previous stud-
ies reported lower LPC levels,17,23,26 while several reports
have shown higher LPC levels.20,21 Some reports showed
that subjects with severe disease reportedly had lower
LPC levels,17,26 whereas one paper reported the opposite.21
Contrary to the present results, most groups reported a
decrease in PC,17,20,21,23,25–27,30 with the exception of one
group investigating asymptomatic subjects.19 These results
might be explained by biphasic modulation depending
on the molecular species of PC. Actually, we observed a
severity-dependent decrease in PC species with long and
polyunsaturated acyl chains, as shown in Figure 3F,G. PC
and LPC reflected and predicted the maximum disease
severity, which is concordant with the results of previ-
ous studies.26,27 Regarding the LPS/PS axis, although the
PS levels could not be properly evaluated using serum
samples (Figure S1), some LPS levels, such as 16:0 LPS
and 18:0 LPS, decreased during the early phase, while
22:6 LPS increased during the late phase (Figure S8B,C
and Figure 4E). The association with the maximum sever-
ity also depended on the LPS species. The 16:0 LPS and
18:0 LPS levels were lower in maximum severity group
4, whereas those of 18:2 LPS and 22:6 LPS were higher
(Figures S8B,C and S9F; Figure 4E). Although the timing of
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the measurements was not clear, two studies reported that
LPS levels were higher in COVID-19,21,31 while Hao et al.
reported a decrease in LPS in asymptomatic subjects.19
In the present study, we observed lower LPE levels in
COVID-19 subjects with mild disease, while higher LPE
levels were seen in COVID-19 subjects with severe dis-
ease. The PE levels increased depending on the severity
of the disease. The LPE levels have been reported to be
higher30,32 or lower17,20 in COVID-19, depending on the
study design. The PE levels have also been reported to be
higher in COVID-19 subjects in some studies,19,21,26 while
the PE levels were lower in others.20,23,25 Although previ-
ous studies did not report differences in molecular species,
our studies revealed that LPE and PE behaved differently
depending on the lipid species. For example, the associa-
tion of PEwith clinical parameters depended on its species
(Figure 6), with 40:5 PE, 36:7 PE and 40:10 PE (Figure 3C
and Figure S9H,I) increasing during the early phase and
18:3 LPE and 18:2 LPE (Figure 4D and Figure S8F) increas-
ing during the late phase in maximum severity group 4.
These species-dependencies might at least partly explain
the difference in findings between the present study and
previous ones. For the LPG/PG axis and the LPI/PI axis,
LPG decreased during the early phase and increased dur-
ing the late phase and PG decreased, while LPI increased
and PI decreased in COVID-19 subjects. Previous reports
have shown that PGdecreases,23 PI decreases (especially in
critically ill patients),17,20,21,25 and LPI increases in COVID-
19 subjects with severe disease;21,26 these findings were
concordant with those of the present study. Some spe-
cific modulations were observed for several species: 38:4
PI, 40:5PI, 40:6PI increased and 40:10 PI decreased in this
study (Figure 4F,H; Figure S10G,H). Among these axes, PI
was negatively associated with the maximum severity dur-
ing the early phase (Figure 5); this finding has not been
previously reported.
Lipid modulations can reflect both conditions unique to

infection with SARS-CoV-2 and those associated with the
host immune response. The former modulations should
differ from modulations observed in non-COVID-19 infec-
tious diseases, while the latter should reflect pathological
conditions related to the immune response. To understand
the mechanism observed in the present study, we com-
pared lipid modulations in COVID-19 subjects with those
in subjects with non-COVID-19 infectious diseases. Over-
all, we observed that most lipids were modulated in the
same direction in both COVID-19 subjects and subjects
with non-COVID-19 infectious diseases; however, several
lipids were modulated differently. Among sphingolipids,
the elevation of C16:0 ceramide in severe COVID-19 and
the decreases inC18:1 ceramide and dhSph inmildCOVID-
19 were specific to COVID-19 (Figure 1). However, positive
correlations of C18:1 ceramide with CRP and of C16:0

ceramide with D-dimer were observed in both groups, sug-
gesting that these differences might arise from some fun-
damental factors related to infection by a pathogen, rather
than disease severity. Among glycerophospholipids, LPG
and PG increased in subjects with non-COVID-19 infec-
tious diseases, whereas LPG decreased during the early
phase and increased during the late phase; PG decreased.
LPI and PI were not modulated in subjects with non-
COVID-19 infectious diseases, while LPI increased and
PI decreased in COVID-19 subjects (Figure 2). Actually,
in our analysis of the correlations with clinical parame-
ters, we observed several differences between COVID-19
subjects and subjects with non-COVID-19 infectious dis-
eases (Figure 7A,B), suggesting the presence of unique
mechanisms of lipid dynamism in COVID-19.
The administration of lipopolysaccharides in mice

might model the cytokine storm that results from sepsis
or suppressed-fibrinolytic-typeDIC,whereasmice injected
with TF are a model for enhanced fibrinolytic/balanced
fibrinolytic DIC33 and mice treated with histone might
model the pathological conditions of NETosis.34 Among
these three mouse models (Figure 8), the modulations of
SM, ceramides (excluding C24:0 ceramide), Sph, dhSph,
LPC, PC, PE and PI were most akin to those occurring in
mice treated with lipopolysaccharides; the modulations of
LPS during the early phase were similar to those occur-
ring in mice injected with TF; and the modulations of
Sph, dhSph and LPI were similar to those occurring in
mice administered histone. The downregulation of C24:0
ceramide and the modulations of LPG and PG were diffi-
cult to replicate in a mouse model. Collectively, the results
suggest that most of the modulations observed in COVID-
19 might reflect conditions similar to septic shock caused
by a cytokine storm but that the increases in LPS and LPI
might be associated with enhanced fibrinolytic/balanced
fibrinolytic DIC and NETosis, respectively.
Regarding the significance of sphingolipid modulation

in pathogenesis, SM is associated with lipid rafts, which
can promote virus entry across cellular surfaces.35,36 SM
is also important for the viral replication and release of
several viruses.37,38 Ceramide-enriched domains also facil-
itate the transmembrane trafficking of viruses, such as
adenovirus.39 Therefore, the increase in SM and the higher
ceramide levels seen in subjects with severe COVID-
19 might be of significance in terms of the promotion
of viral amplification. The decrease in C24:0 ceramide
is more difficult to interpret. The physical characteris-
tics of ceramides should depend on the length of their
acyl chains,40 suggesting that ceramides with very long
chains might alter cell membranes, thereby modulating
the ease of viral entry. Actually, several previous stud-
ies measuring ceramide levels in COVID-19 subjects have
shown a reduction in ceramides with very long chains.18,25
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When discussing sphingolipid modulation from the aspect
of the host immune response, C24:0 lactosylceramide,
which is derived from C24:0 ceramide, possesses impor-
tant properties in the natural immune response elicited
by neutrophils.41,42 Therefore, an enhanced immune
response by neutrophils might expend C24:0 ceramide.
According to the ceramide-S1P rheostat theory, ceramides
and sphingosine generally provoke apoptosis in the host,
whereas S1P exerts pro-survival effects. The association of
sphingolipids with the maximum severity of the disease is
almost concordant with the significance presumed by this
theory.
Regarding the significance of glycerophospholipid mod-

ulation from the aspects of virus amplification, a recent
report revealed that diacylphospholipids, such as PI, PC
and PE, are enriched in the envelope of SARS-CoV-2,43
suggesting the possibility that increased PC and PE lev-
els might accelerate the amplification of this virus and also
the possible expenditure of PI during infection with SARS-
CoV-2. From the aspect of host immune responses, the
increased PC and LPC levels might increase the LPA levels
through autotaxin. Although the roles of LPA in immune
response and inflammation depend on the LPA receptors,
considering that the levels of PC with less saturated acyl
chains increased while the levels of PC with polysaturated
acyl chains decreased, especially in subjects with severe
COVID-19 and the fact that polyunsaturated LPA is biased
toward anti-inflammatory LPA3,44,45 these modulations
might result in the overreaction of the immune response.
Since several LPS species had strong negative correlations
with CRP, especially during the early phase, LPS might
mainly exert anti-inflammatory properties during early
infection, and the increase in 22:6 LPS during the late
phase, especially in severe COVID-19, might be a compen-
satory reaction. The increases in LPI and LPG, especially in
severe COVID-19, might facilitate inflammation, consider-
ing their biological activities through GPR55.14 Although
the roles of LPE and PE in infection remain unknown,
considering that LPE might possess anti-inflammatory
properties on macrophages,15 the elevation of the LPE/PE
axis in severe COVID-19 might also be a compensatory
reaction.
Since several characteristics of patients are risk fac-

tors for severe COVID-19, the characteristics, such as
sex, age and the presence of hypertension, were differ-
ent, especially among the control or severity 1 group and
severer groups (Tables S1 and S2). To remove potential
confounding factors, we analysed the results longitudi-
nally with the paired Wilcoxon signed-rank test in each
severity group, using the results at day 25–40 as control,
although themodulations of the lipids might be prolonged
to some degree as reported previously.24,46 As shown in
Figures S17–S20, most of the main results were confirmed;

ceramides decreased in milder groups while increased in
the severity 4 group; SM, Sph and dhSph increased in
COVID-19; LPC decreased in COVID-19; and LPG and LPI
decreased in milder patients while increased in the sever-
ity 4 group. Regarding S1P and dhS1P, we confirmed that
they decreased at least in severity 4 group. Regarding PC,
LPE and PG, considering that their association with sex,
age and the presence of hypertension in healthy subjects
could not explain their modulations in severer patients,
the modulations shown in Figure 2 might not be derived
from confounding factors. Although the elevation of PE
in the severity 4 group might be derived from potential
confounding factors, since the presence of hypertension
and age were positively correlated with serum PE levels in
healthy subjects. However, considering that the elevation
of PEwas observed in other severity groups and the charac-
teristics of subjects were not so different among severity 2,
3 and 4 group, we think the elevation of PE was prolonged
to day 25–40 in severity 4 group, which might blur the ele-
vation of PE in the analyses shown in Figure S19. Another
limitation is that since this is an observational study, we
could not elucidate the underlining mechanisms for the
modulations of the lipids. Reportedly, Group IIA secreted
phospholipase A2 is associated with COVID-19mortality.31
The present results of increased levels of LPG and LPI
and decreased levels of PG and PI were concordant with
the elevation of phospholipase A2, which was proposed in
the previous paper.31 Although the modulations of lipids
could not be simply explained, phospholipases outside and
inside the cells might be involved in the modulations of
glycerophospholipids. Actually, we recently reported the
elevation of phosphatidylserine-specific phospholipase A1
in COVID-19.47
In summary, we observed the dynamic modulations of

sphingolipids and glycerophospholipids in serum samples
from patients with COVID-19, some of which were depen-
dent on the time course and severity. We believe that an
understanding of the dynamic modulations of these lipids
in COVID-19 will help us to understand the involvement
of lipids in the infectious process of SARS-CoV-2 and the
host response. These results may also prompt researchers
to further investigate the associations of sphingolipids and
glycerophospholipids with COVID-19 to develop labora-
tory testing for the prediction of maximum severity and/or
novel agents to suppress the aggravation of COVID-19.

4 METHODS

4.1 Samples

We collected residual serum samples available after rou-
tine clinical testing from 215 subjects who had been
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diagnosed as having COVID-19 based on the results of RT-
PCR assays performed between April 2020 and June 2021.
None of the subjects enrolled in the present study had been
vaccinated against SARS-CoV-2 at the time of blood sam-
pling. One sample was collected from one subject at as
many of the following eight intervals as possible: 1–5 days
before symptom onset (Pre), and days 1–3, days 4–6, days
7–9, days 10–12, days 13–15, days 16–18, days 19–24 and days
25–40 after symptom onset. The subjects were classified
into four groups according to the maximum disease sever-
ity: maximum severity group 1 (did not require oxygen
supplementation), maximum severity group 2 (required
oxygen supplementation at low flow rates of under 4 L/min
via a nasal cannula), maximum severity group 3 (required
oxygen supplementation at relatively high flow rates, but
did not require mechanical ventilatory support), and max-
imum severity group 4 (required mechanical ventilatory
support). The characteristics of all the subjects and the
subjects analysed at specific time points are described in
Tables S1 and S2, respectively. The time courses for CRP
and D-dimer are shown in Figure S21. As a control, we
collected 115 serum samples fromvolunteerswithout infec-
tious diseases and 109 serum samples from subjects with
infectious diseases other than COVID-19 and in whom
COVID-19 had been ruled out by the results of an RT-PCR
test. The day after the onset of COVID-19 was determined
based on the date of symptom onset reported by each
subject.
The current study was performed in accordance with

the ethical guidelines laid down in the Declaration of
Helsinki. Written informed consent for sample analysis
was obtained from some of the subjects. For the remaining
participants from whom written informed consent could
not be obtained (because of hospital discharge or trans-
fer to another hospital), informed consent was obtained
in the form of an opt-out on a website, as follows. Sub-
jects were informed of the study on the website, and those
who were unwilling to be enrolled in our study were
excluded. The study design was approved by The Univer-
sity of Tokyo Medical Research Center Ethics Committee
(2602 and 2020206NI).

4.2 Animal experiments

To investigate the effects of lipopolysaccharides on lipids,
ten-week-old C57BL/6 mice, purchased from CLEA Japan
(Tokyo, Japan), were injected with lipopolysaccharides
(124-05151; WAKO Pure Chemical Industries, Osaka,
Japan) at a dose of 10 mg/kg BW intraperitoneally. Plasma
samples were collected after 24 h. To investigate the effects
of TF, ten-week-old mice were intravenously administered
with 5 µL/g BW of TF-containing solution, as prepared

by diluting Recombiplastin (0020002950; Instrumenta-
tion Laboratory) in phosphate-buffered saline at a ratio
of 1:80, as previously reported.48 Plasma samples were
collected after 24 h. To investigate the effects of his-
tone, ten-week-old mice were intravenously administered
with histone from calf thymus (H9250; Sigma-Aldrich).
Plasma samples were collected after 4 h. All the animal
experimentswere conducted in accordancewith the guide-
lines for Animal Care and were approved by the animal
committee of The University of Tokyo (protocols P13-036
and P17-075).

4.3 LC-MS/MSmeasurements of
glycerolysophospholipids,
diacylphospholipids and sphingolipids

We measured the levels of the lipid mediators using four
independent LC-MS/MS methods and an LC8060 system
consisting of a quantumultra-triple quadrupolemass spec-
trometer (Shimadzu, Japan) as described and validated
previously.49–52

4.4 Statistical analysis

The results were expressed in dot plots. The data were
analysed using SPSS (Chicago, IL) or MetaboAnalyst 5.0
(https://www.metaboanalyst.ca/). To examine differences
in the lipid time courses among the healthy subjects and
the COVID-19 maximum severity groups 1, 2, 3 and 4,
we evaluated the significant difference using the Kruskal–
Wallis test, followed by the Steel–Dwass test as a post-hoc
test. To examine differences between healthy subjects and
subjects with non-COVID-19 infectious diseases, we used
the Mann–Whitney U test. To examine differences in the
lipid levels longitudinally between specific time points
and day 25–40 in a specific maximum severity group, we
used the paired Wilcoxon signed-rank test (Figures S17–
S20). An OPLS-DA was performed using MetaboAnalyst
to explore variables capable of differentiating COVID-19
subjects from healthy subjects (Figure 3A) and the non-
COVID-19 group (Figure 4A). The time courses for the
VIP scores and the T scores are shown in the heat maps.
For the correlation studies, the Kendall rank correlation
was used to examine the association of the lipids or clin-
ical data (WBC, neutrophil count [neutro], lymphocyte
count [lymph], monocyte count [mono], eosinophil count
[eosino], basophil count [baso], RBC, platelet count, MCV,
MPV, RDW, PDW, CRP, D-dimer, albumin [Alb], AST,
ALT, Cre, PT-INR, APTT and fibrinogen [Fbg]) with the
maximum severity of the disease (Figure 5), considering
age, sex and the presence of diabetes, hypertension and

https://www.metaboanalyst.ca/
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current smoking as covariates of interest. The Spearman
rank correlation was used to examine the associations
between lipids and clinical data. A receiver operating char-
acteristic (ROC) curve analysis was used to investigate
the lipids, CRP or D-dimer, which predicts the maxi-
mum severity of the disease (Figure 7). To compare the
lipids between plasma samples taken under strict con-
ditions as described previously16 and the routine serum
samples, we used a paired t-test (Figure S1); to evaluate
lipid differences in the mice experiments, we used the
student’s t-test (Figure 8). The graphic figures were pre-
pared using Graphpad Prism 9 (GraphPad Software, San
Diego, CA) or MetaboAnalyst. P values of less than .05
were deemed as denoting statistical significance in all the
analyses.
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