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Abstract

Background: Among various complications of coronavirus disease 2019 (COVID-19), caused by severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2), renal complications, namely COVID-19-associated kidney injuries, are
related to the mortality of COVID-19.

Methods: In this retrospective cross-sectional study, we measured the sphingolipids and glycerophospholipids,
which have been shown to possess potent biological properties, using liquid chromatography-mass spectrometry
in 272 urine samples collected longitudinally from 91 COVID-19 subjects and 95 control subjects without infectious
diseases, to elucidate the pathogenesis of COVID-19-associated kidney injuries.

Results: The urinary levels of C18:0, C18:1, C22:0, and C24:0 ceramides, sphingosine, dihydrosphingosine, phosphati-
dylcholine, lysophosphatidylcholine, lysophosphatidic acid, and phosphatidylglycerol decreased, while those of phos-
phatidylserine, lysophosphatidylserine, phosphatidylethanolamine, and lysophosphatidylethanolamine increased in
patients with mild COVID-19, especially during the early phase (day 1-3), suggesting that these modulations might
reflect the direct effects of infection with SARS-CoV-2. Generally, the urinary levels of sphingomyelin, ceramides,
sphingosine, dihydrosphingosine, dihydrosphingosine t-phosphate, phosphatidylcholine, lysophosphatidic acid,
phosphatidylserine, lysophosphatidylserine, phosphatidylethanolamine, lysophosphatidylethanolamine, phosphati-
dylglycerol, lysophosphatidylglycerol, phosphatidylinositol, and lysophosphatidylinositol increased, especially in
patients with severe COVID-19 during the later phase, suggesting that their modulations might result from kidney
injuries accompanying severe COVID-19.

Conclusions: Considering the biological properties of sphingolipids and glycerophospholipids, an understanding
of their urinary modulations in COVID-19 will help us to understand the mechanisms causing COVID-19-associated
kidney injuries as well as general acute kidney injuries and may prompt researchers to develop laboratory tests for
predicting maximum severity and/or novel reagents to suppress the renal complications of COVID-19.
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Introduction

Coronavirus disease 2019 (COVID-19), caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
is associated with various complications. Among them,
renal complications, especially acute kidney injury (AKI),
are associated with critical conditions. These renal com-
plications are known as COVID-19-associated kidney
injuries. A high incidence of AKI has been reported,
especially among critically ill patients, and patients with
COVID-19-associated kidney injuries reportedly have a
higher risk of in-hospital death [7, 13, 14, 40]. Moreover,
recent studies have suggested prolonged kidney dysfunc-
tion in some patients with COVID-19 [43].

Regarding the etiology of COVID-19-associated kidney
injuries, the mechanisms have not been fully elucidated
at present, and both direct and indirect mechanisms have
been proposed [30]. ACE2 and TMPRSS2, which are
key proteins for the entry of SARS-CoV-2 into human
cells [15], are highly expressed in podocytes and proxi-
mal tubules in the kidney, and SARS-CoV-2 can directly
infect and damage the kidney [6, 42, 47]. As indirect
mechanisms, complications such as thrombosis and
endotheliitis, which are frequently observed in COVID-
19 patients [57, 62, 64], can cause renal impairment. In
addition, other mechanisms not specific to COVID-19,
such as right heart failure [5], cytokines, and nephrotox-
ins [30], have been proposed to be involved in COVID-
19-associated kidney injuries.

Since COVID-19-associated kidney injuries are
important in terms of clinical outcomes and the under-
lying mechanisms have yet to be fully elucidated, as
described above, investigating biomarkers of COVID-
19-associated kidney injuries will be important to
understand the pathogenesis of such complications.
Urine samples rapidly and accurately reflect renal con-
ditions. Actually, recent studies have revealed that uri-
nary chemical biomarkers (urinary total protein [TP],
N-acetyl-B-D-glucosaminidase [NAG], al-microglobulin
[01-MG], neutrophil gelatinase-associated lipoca-
lin [NGAL], and liver type fatty acid-binding protein
[L-FABP]) and urine sediment findings are correlated
with both the severity of COVID-19 and COVID-19-as-
sociated kidney injuries [16, 19, 35]. Therefore, in the
present study, we investigated urinary biomarkers for
COVID-19-associated kidney injuries.

In this study, we focused on sphingolipids and glycer-
ophospholipids. A series of basic and clinical studies have
revealed the importance of these lipids in the pathogen-
esis of various human diseases including kidney diseases.

Among the sphingolipids, the bioactivities of sphingosine
1-phosphate (S1P) and ceramides have been well stud-
ied. S1P possesses potent anti-apoptotic and pro-survival
properties [27, 33]. A series of basic studies showed that
the S1P1 signal might attenuate both acute and chronic
kidney diseases through its pro-survival, anti-inflam-
mation, anti-fibrosis, and vasoprotective properties [1,
12, 24, 25, 50], whereas the S1P2 signal might aggravate
kidney disease by accelerating fibrosis and inflammation
[24, 49]. Ceramides have both pro-apoptosis and pro-
inflammation properties [44, 61] and have been shown to
accelerate the pathological condition of both chronic and
acute kidney diseases in basic studies [41, 56]. Regarding
the metabolism of sphingolipids, ceramides are derived
from sphingomyelin (SM) and can be converted into
sphingosine (Sph). S1P is produced from Sph by S1P
kinases [33]. Dihydrosphingosine 1-phosphate (dhS1P),
another analog for S1P receptors, is produced from
dihydrosphingosine (dhSph) by S1P kinases, and dhSph
is processed into ceramides via dihydroceramides [2].
In clinical studies, urinary ceramide levels were report-
edly associated with diabetic nephropathy [38, 51], and
urinary SM levels are altered in chronic kidney diseases
[67]. However, the modulation of urinary sphingolipid
levels remains unknown, especially in terms of the patho-
genesis of human AKI.

Among glycerophospholipids, lysophosphatidic acids
(LPA) and lysophosphatidylcholine (LPC) have been
well studied in the fields of nephrology. LPA is produced
from LPC by autotaxin, and six kinds of LPA receptors
have been identified [68]. The roles of LPA in inflam-
mation depend on its receptors. LPA can exacerbate
the pathogenesis of chronic kidney diseases, resulting
in inflammation and fibrosis [29, 53], while it can also
reportedly protect against acute kidney diseases [9, 34].
The urinary LPA levels are elevated in diabetic nephropa-
thy [55], while the urinary autotaxin levels increase in
membranous nephropathy [36]. The urinary LPC levels
are also positively correlated with kidney dysfunction,
and LPC itself might exert lipotoxicity [69]. Lysophos-
phatidylinositol (LPI) reportedly exacerbates the patho-
genesis of sepsis-associated AKI [22]. Regarding other
glycerolysophospholipids, such as lysophosphatidyle-
thanolamine (LPE), lysophosphatidylglycerol (LPG), and
lysophosphatidylserine (LPS), their roles in kidney inju-
ries remain unknown, and the modulation of urinary
lysophospholipids in AKI also remains to be elucidated.
Along with LPA, the GPR34, P2Y10, and GPR174 recep-
tors have been shown to be specific for LPS [17], while
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the GPR55 receptor is specific for LPI and LPG [45].
LPC, LPS, LPE, LP], and LPG are produced from phos-
phatidylcholine (PC), phosphatidylserine (PS), phos-
phatidylethanolamine (PE), phosphatidylinositol (PI),
and phosphatidylglycerol (PG), respectively. Although
only a limited number of studies are available, PC has
been shown to possess protective effects against acute
kidney injuries through its antioxidant properties [10,
28], and PS might reduce nephrotoxicity by suppressing
inflammation [21]. The roles of other diacylphospholip-
ids in the pathogenesis of AKI have not been reported.
Regarding the modulations of urinary diacylphospho-
lipids in humans, a recent study showed that urinary PC
levels might be associated with adverse outcomes and
mortality in patients with chronic kidney diseases [60];
however, their associations with human AKI are not well
known at present.

Although several lipidomics analyses using serum or
plasma samples from patients with COVID-19 have been
performed [23], only one lipidomics study has been con-
ducted using urine samples from a very small number of
COVID-19 patients [31]. With this background in mind,
we performed lipidomic analyses using urine samples
to investigate the mechanisms responsible for COVID-
19-associated kidney injuries to understand the patho-
genesis of COVID-19 and COVID-19-associated kidney
injuries, as well as AKI, better and to help researchers
develop reagents capable of preventing severe kidney
injuries in the future. In this study, we measured the lon-
gitudinal urinary levels of sphingolipids and glycerophos-
pholipids in 272 samples from 91 COVID-19 subjects
and 95 samples from 95 control subjects without infec-
tious disease.

Methods

Samples

We collected the residual urinary samples after routine
clinical testing from 91 subjects who had been diag-
nosed as having COVID-19 using an RT-PCR assay
between September 2020 and April 2021. The sampling
times were classified into the following eight periods:
day 1-3, day 4-6, day 7-9, day 10-12, day 13-15, day
16-18, day 19-24, and day 25—40 after symptom onset.
Since the timing of RT-PCR testing varied largely among
the patients, we used the day after symptom onset as the
initial measurement in our investigation of lipid modula-
tion. None of the subjects enrolled in the present study
had been vaccinated at the time of sampling.

The subjects were classified into three groups
according to the maximum severity of COVID-19:
maximum severity group 1 (did not require oxy-
gen supplementation), maximum severity group 2
(required oxygen supplementation, but did not require
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mechanical ventilatory support), and maximum sever-
ity group 3 (required mechanical ventilatory support).
As a control, we collected 95 urine samples from volun-
teers without infectious diseases.

The current study was performed in accordance with
the ethical guidelines established by the Declaration of
Helsinki. Written informed consent for sample analy-
sis was obtained from some of the patients. For the
remaining participants from whom written informed
consent could not be obtained (because they had been
discharged or transferred out of the hospital), informed
consent was obtained in the form of an opt-out on
our institution’s website, as follows. Patients were
informed of the study through the website, and those
who were unwilling to be enrolled were excluded. The
study design was approved by The University of Tokyo
Medical Research Center Ethics Committee (2602 and
2020206NTI).

Measurement of glycerolysophospholipids,
diacylphospholipids, and sphingolipids using LC-MS/MS
We measured the levels of the lipid mediators listed
below using four independent LC-MS/MS meth-
ods and the LC8060 system, consisting of a quantum
ultra-triple quadrupole mass spectrometer (Shimadzu,
Japan). We simultaneously measured six ceramide spe-
cies (Cer d18:1/16:0 [C16:0], Cer d18:1/18:0 [C18:0],
Cer d18:1/18:1 [C18:1], Cer d18:1/20:0 [C20:0], Cer
d18:1/22:0 [C22:0], and Cer d18:1/24:0 [C24:0]), Sph,
and dhSph, as previously described [38]. We also meas-
ured S1P and dhS1P, as described previously [52]. Fur-
thermore, LPA, LPC, LPS, LPI, LPG, and LPE were also
measured, as described previously [37]. We monitored
11 acyl chains (14:0, 16:0, 16:1, 18:0, 18:1, 18:2, 18:3, 20:3,
20:4, 20:5, and 22:6) for these lysophospholipids as well
as 22:5 LPI. We also measured SM and diacylphospholip-
ids, including PC, PE, PI, PG, and PS [26]. We monitored
17 diacyl chains (32:1, 32:2, 34:1, 34:2, 36:1, 36:2, 36:3,
36:4, 38:1, 38:2, 38:3, 38:4, 38:5, 38:6, 40:1, 40:2, and 40:7)
for SM and 64 diacyl chains (28:0, 28:1, 28:2, 30:0, 30:1,
30:2, 32:0, 32:1, 32:2, 32:3, 32:4, 34:0, 34:1, 34:2, 34:3, 34:4,
34:5, 34:6, 36:0, 36:1, 36:2, 36:3, 36:4, 36:5, 36:6, 36:7, 38:0,
38:1, 38:2, 38:3, 38:4, 38:5, 38:6, 38:7, 38:8, 40:0, 40:1, 40:2,
40:3, 40:4, 40:5, 40:6, 40:7, 40:8, 40:9, 40:10, 42:0, 42:1,
42:2,42:3, 42:4, 42:5, 42:5, 42:6, 42:7, 42:8, 42:9, 42:10,
42:11, 44:0, 44:1, 44:2, 44:6, 44:7, and 44:12) for PC, PE,
PIL, PG, and PS. With the exceptions of SM and the dia-
cylphospholipids, both the intra-day and inter-day coeffi-
cients of variation for the metabolites were below 20%, as
validated in our previous papers [37, 38, 52]. The urinary
levels of the measured lipids were adjusted to the urinary
creatinine levels.



Kurano et al. Journal of Biomedical Science (2022) 29:94

Urinalysis

To measure the urinary clinical markers, we used the rea-
gents as described previously [35]. Renal tubular epithe-
lial cells (RTE) were counted per high-power field of view
(/HPF); urinary casts were classified into hyaline casts
(HyaC), granular casts (GraC), epithelial casts (RTEC),
and waxy casts (WaxC), and their numbers were counted
per whole field (/WF). The RTE findings were classi-
fied as rank O (absent), rank 1 (<1/HPF), rank 2 (1-4/
HPF), rank 3 (5-9/HPF), or rank 4 (> 10/HPF), those of
HyaC were classified as rank 0 (absent), rank 1 (<4/WF),
rank 2 (5-19/WF), rank 3 (20—-49/WF), or rank 4 (>50/
WEF), those of GraC and RTEC were classified as rank 0
(absent), rank 1 (<4/WF), rank 2 (5-49/WF), or rank 3
(>50/WF), and those of WaxC were classified as rank 0
(absent) or rank 1 (present).

Statistical analysis

The data were analyzed using SPSS (Chicago, IL) or
MetaboAnalyst  (https://www.metaboanalyst.ca/). To
examine differences in the time courses of urinary lipids
among the control subjects and maximum severity
groups 1, 2, and 3, we evaluated significant differences
using the Kruskal-Wallis test, followed by the Steel-
Dwass test as a post-hoc test. To examine differences in
the urinary lipid levels longitudinally between specific
time points in a specific maximum severity group, we
used the paired Wilcoxon signed-rank test. To examine
differences between the control subjects and the COVID-
19 subjects, we performed non-parametric Volcano plot
analyses. For the correlation studies, a Kendall rank cor-
relation was performed to examine the correlations of
lipids and clinical data with the maximum severity of
COVID-19, using age, sex, and the presence of diabe-
tes, hypertension, and current smoking as covariates of
interest. To construct machine learning models, we used
SPSS modeler ver. 18:2 (Chicago, IL) and performed
CHAID analyses, SVM analyses, and neural network
analyses. The Spearman rank correlation was performed
to examine correlations between lipids and clinical data.
The independent effects of the clinical properties and
the results of urinary laboratory tests on urinary lipid
levels were investigated with a stepwise multiple regres-
sion analysis, using urinary lipid levels as objective vari-
ables and clinical information, maximum severity, eGER,
CRP, p-Dimer, urinary chemical markers, urinary sedi-
ment findings, SG, pH, and urinary sodium levels as
possible explanatory factors. To examine differences
between the subjects treated with antiviral reagents and
those without, we used the Mann—Whitney U test. The
graphs shown in the figures were prepared using Graph-
pad Prism 9 (GraphPad Software, San Diego, CA) or
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MetaboAnalyst. P values of less than 0.05 were deemed
as denoting statistical significance in all the analyses.

Results

Characteristics of the subjects and the analyzed samples
The characteristics of all the subjects and the num-
bers of samples analyzed at each specific time point are
described in Additional file 1: Tables S1 and S2, respec-
tively. As shown in the tables, differences in patient age
were seen among the maximum severity groups, while
differences in the percentage of patients with hyperten-
sion were seen between the control subjects and the
maximum severity groups. We also observed differ-
ences in sex between the control subjects and the maxi-
mum severity groups on day 19-24 and day 25-40. In
the control group, no differences in the sphingolipid and
total glycerophospholipid levels were seen between sub-
jects with hypertension and those without hypertension.
Therefore, the presence of hypertension might not have
had a large effect on the results in the present analyses.
Regarding sex, the urinary levels of several monitored
lipids were higher in female subjects. The ratios of the
lipid levels in female subjects relative to those in male
subjects were 140.3% for the total SM levels, 191.2% for
the S1P levels, 154.0% for the dhS1P levels, 186.6% for the
Sph levels, 152.1% for the dhSph levels, 150.9% for the
C18:1 Cer levels, 141.1% for the total LPG levels, 145.5%
for the total PC levels, 144.2% for the total PE levels,
165.6% for the total PG levels, 151.5% for the total PI lev-
els, and 125.1% for the total PS levels. Age was positively
correlated with the total LPC levels (r=0.214, p =0.037)
and the total PS levels (r=0.218, p=0.034). Therefore,
we think that these correlations were thought to have had
a minimal impact on the interpretation of the dynamic
modulations of the monitored lipid levels, as described
below.

The time courses for the urinalysis results and other
clinical parameters are shown in Additional file 1: Fig.
S1. Overall, the modulations of these parameters seemed
reasonable, while a remarkable decline in eGFR was not
observed in the COVID-19 subjects.

Urinary sphingolipids generally decreased in mild
COVID-19 during the early phase, while they generally
increased in severe COVID-19, with the exception of C18:0
Cer

Figure 1 shows the time courses of the urinary sphin-
golipid levels in the COVID-19 subjects. C16:0 Cer and
SM increased most rapidly from day 4-6. C18:1 Cer,
C20:0 Cer, C22:0 Cer, C24:0 Cer, Sph, dhSph, and dhS1P
significantly decreased or tended to decrease during the
early phase (day 1-3) in maximum severity group 1 and
then increased, especially in maximum severity group 3.
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Among the monitored sphingolipids, the C18:0 Cer lev-
els rapidly decreased from day 1-3. The urinary levels of
several sphingolipids seemed remarkably higher on day
25-40; however, several biases might be present, since
samples were collected only from patients with severe
COVID-19 who were still hospitalized on day 25-40.
Regarding longitudinal comparisons, although we could
compare the urinary lipid levels between only limited
time points, the results showed the elevation of urinary
sphingolipids during the time course of COVID-19, espe-
cially in day 19-40 in maximum severity group 3 (Addi-
tional file 1: Figs. S2A-D and S3).

Urinary glycerophospholipids generally increased

in severe COVID-19, depending on maximum severity

and time course

Figure 2 shows an overview of the total glycerophospho-
lipid modulations. The total levels of all the monitored
glycerophospholipids increased, especially in severe
COVID-19. Regarding the PC-LPC-LPA axis, the urinary
PC levels rapidly increased in maximum severity group
3; they tended to decrease in maximum severity groups
1 and 2. The urinary LPA and LPC levels increased, espe-
cially during the later phase. Regarding the PS-LPS axis,
PS increased rapidly from the early phase (day 1-3) and
LPS increased from day 7-9, especially in patients with
severe COVID-19. Regarding the PE-LPE axis, LPE
increased from the early phase (day 4-6) and reached
a peak on day 10-12 in maximum severity group 2. In
maximum severity group 3, LPE increased, especially
during the later phase (day 19-24). The urinary total PE
levels were modulated in an almost similar manner to
those of LPE. Regarding the PG-LPG axis and the PI-LPI
axis, LPG and LPI increased in maximum severity groups
2 and 3 from around the middle phase (day 7-15), while
PG and PI increased only in maximum severity group 3.
Regarding longitudinal comparisons, the paired statisti-
cal analyses showed the elevation of urinary glycerophos-
pholipids during the time course of COVID-19, especially
in day 19-40 in maximum severity group 3 (Additional
file 1: Fig. S2E-H, S4).
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C18:0 Cer was maintained at lower levels

throughout the time course, while PC and LPC decreased
especially during the early phase and PE and PS increased
especially during the later phase

To investigate time-course-dependent lipid modulations
in greater detail, we next created separate volcano plots
for each sampling point, as shown in Additional file 1:
Figs. S5-S8. To understand the lipid modulations that
occur in patients with COVID-19 better, the lipids with
the 20 lowest p values at each time period were selected;
their log,(FC) and p values are shown in Fig. 3A. Among
the sphingolipids, the C18:0 Cer level decreased mark-
edly, especially during the early phase. Decreased levels
of PC, LPA, and LPC species were clearly observed until
day 16-18, while the levels of several species including
38:2 PC, 42:10 PC, and 44:2 PC increased. Regarding the
PE-LPE axis, increases in PE and LPE species were clearly
observed after day 7-9, especially on day 19-24 and day
25-40. The levels of several species including 28:0 PE, 30:0
PE, 34:3 PE, 38:8 PE, and 18:3 LPE decreased. Regarding
the PS-LPS axis, specific PS species, such as 36:2 PS and
36:3 PS, increased, especially during the middle phase (day
16-18 and day 19-24), while 38:5 PS consistently increased
almost throughout the time course. Decreases in 38:0
PS and 34:3 PS were observed on day 7-12 and day 4-6,
respectively. 18:0 LPS increased on day 7-9. Regarding
the PI-LPI axis, 14:0 LPI decreased on day 4—15 and 32:0
PI decreased on day 4—6, while 16:1 LPI, 18:2 LPI, and 18:3
LPI and several PI species containing 16:1, 18:1, and 18:3
acyl chains increased after day 10-12. Regarding the PG-
LPG axis, the increase in 14:0 LPG after day 10-12 and the
decrease in 34:5 PG throughout the time course seemed
characteristic. The time courses of the representative lipids
are shown in Fig. 3B—I and Additional file 1: Figs. S9, S10.

In general, SM and PC were positively correlated, and PE,
PG, P, and PS were negatively correlated with maximum
COVID-19 severity

Next, we performed correlation analyses with the maxi-
mum severity of COVID-19, using age, sex, the presence
of diabetes and hypertension, and current smoking as
covariates of interest. Figure 4A shows the correlation coef-
ficients and the p values of the lipids and clinical param-
eters with the 20 lowest p values at any specific time points.
Among sphingolipids, SM (except for 36:3 SM) and Sph
were positively correlated with maximum severity on day
10-12. On day 19-40, C18:0 Cer, C22:0 Cer, and C24:0 Cer

(See figure on next page.)

Fig. 1 Modulations of urinary sphingolipid levels during the time course of COVID-19. The urinary sphingolipid levels were measured longitudinally
in symptomatic COVID-19 subjects (n=91). The significance of the Steel-Dwass test followed by the Kruskal-Wallis test for analyses of healthy
subjects and the maximum severity groups (defined in the Methods) is shown as *p <.05, **p <.01, or ***p <.001 for comparisons with healthy
subjects or between maximum severity groups. The ranges for the control subjects (n =95) are shown as the 95% confidence interval (Cl), while

those for the maximum severity groups are shown as the mean 4 SEM
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were positively correlated with maximum severity. Regard-
ing LPA, the 18:1 LPA, 20:3 LPA, and 16:1 LPA levels on
day 10-12 and day 13-15 were negatively correlated with
maximum severity. The 14:0 LPC and 16:1 LPC levels on
day 7-9 and the 20:4 LPC levels on day 19-40 were posi-
tively correlated with maximum severity. Many PC species
had strong positive correlations with maximum sever-
ity, while the 32:3 PC, 40:2 PC, 42:0 PC, 44:0 PC, 44:1 PC,
and 44:2 PC levels during the middle phase (day 10-18)
had rather strong negative correlations with maximum
severity. Many PE species were negatively correlated with
maximum severity, while 34:4 PE, 34:5 PE, and 38:6 PE at
some sampling points were positively correlated with max-
imum severity. Several PG and PI species, especially on day
10-15, were negatively correlated with maximum severity.
Among LPG species, 14:0 LPG was positively correlated
with maximum severity. Meanwhile, LPS and PS spe-
cies were, in general, negatively correlated with maximum
severity. Additional file 1: Fig. S11 shows the time courses
of characteristic lipids.

PC-LPA-LPC axis throughout the time course, sphingolipids
during the early phase, and PS and PE-LPE axis

during the middle phase were important in machine
learning models for predicting maximum severity

In addition to performing simple correlation studies,
we investigated which lipids and clinical parameters
were strongly correlated with the maximum severity of
COVID-19 using machine learning techniques. Figure 4B
and Additional file 1: Fig. S12A, B show the lipids or clini-
cal parameters selected with high importance by CHAID
analyses, SVM analyses, and neural network analyses,
respectively.

In the CHAID analyses, the PC-LPA-LPC axis
throughout the time course, except day 16—18, had a high
importance for determining maximum severity in the
constructed models. The PE-LPE axis on day 7-15, PS on
day 10-12, C16:0 Cer on day 1-6, SM on day 13-15, and
14:0 LPG on day 7-9 had some importance. In the SVM
and neural network analyses, although the importance
of each parameter was relatively low, the PC-LPA-LPC
axis throughout the time course, sphingolipids during
the early phase, and PS and the PE-LPE axis during the
middle phase had importance for determining maximum
severity in the constructed models.
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Sphingolipids, except SM and dhS1P, LPC, PS, LPS, PE, LPE
were positively associated with both the urinary chemical
markers and the urinary sediment findings

Next, we investigated the correlations of the monitored
lipids with clinical parameters. Figure 5 and Additional
file 1: Figs. S13, S14 shows the time courses of the cor-
relations. As shown in Fig. 5A, the urinary levels of sev-
eral lipids had positive correlations with serum CRP and
D-Dimer levels. The lipids which had a negative correla-
tion with the urinary SG levels and a positive correlation
with sodium levels are deemed to increase in the patho-
genesis the renal factors or decrease in the pathogen-
esis of prerenal kidney injuries. As shown in Fig. 5B, the
urinary SM, C18:1 Cer, PC, and PG levels had negative
correlations with the urinary SG levels and positive ones
with the urinary sodium levels in the middle phase (day
13-18).

The urinary TP levels were positively correlated with
ceramides, Sph, LPC, PS, LPS, PE, LPE, and LPG in the
early phase (day 1-6 and/or day 7-9) and in the late
phase (day 16—18 and/or day 19-40). They consistently
had positive correlations with the urinary C16:0 Cer and
LPC levels. Regarding the urinary chemical biomarkers,
generally, urinary sphingolipids except SM had positive
correlations with urinary chemical biomarkers. Espe-
cially, the C16:0 and C18:1 ceramides had positive cor-
relations almost throughout the monitored periods.
The urinary glycerophospholipids, except PC, LPA, and
LPI, generally had positive correlations with the urinary
chemical markers (Fig. 5C). Interestingly, the eGER levels
were positively correlated with the urinary levels of sev-
eral sphingolipids, while they were negatively correlated
with the urinary LPC, LPE, and PE levels in the early to
the middle phase. In the late phase (day 19-40), the eGFR
levels were negatively correlated with the urinary sphin-
golipids and glycerophospholipids (Fig. 5D).

Regarding the urinary sediment findings, the urinary
SM and dhS1P levels were negatively correlated with RTE,
while the urinary ceramides levels were positively corre-
lated with RTE and GraC, except the negative correlations
observed in day 16-18. Among glycerophospholipids, the
urinary PC, LPA, PG, LPG, PI levels had negative correla-
tions with RTE in day 7-15. The urinary LPC levels had
positive correlations with the urinary sediment findings
in many time points. The urinary PS, LPS, PE, and LPE
also had positive correlations with the urinary sediment

(See figure on next page.)

Fig. 2 Modulations of urinary glycerophospholipid levels during the time course of COVID-19. The urinary glycerophospholipid levels were
measured longitudinally in symptomatic COVID-19 subjects (n=91). The significance of the Steel-Dwass test followed by the Kruskal-Wallis
test for analyses of healthy subjects and the maximum severity groups (defined in the Methods) is shown as *p <.05, **p < .01, or ***p <.001 for
comparisons with healthy subjects or between maximum severity groups. The ranges for the control subjects (n=95) are shown as the 95%
confidence interval (Cl), while those for the maximum severity groups are shown as the mean 4 SEM
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A day 1-3 log2(FC) -log(p-value)day 4-6 log2(FC) -log(p-valueyday 7-9 log2(FC) -log(p-value}yday 10 - 12 log2(FC)  -log(p-value
PC(36:0) -1.1154 3.6316|C18:0 Cer -2.7447 7.4209|C18:0 Cer -2.6882 11.942|C18:0 Cer -2.6456 12.265
PC(40:6) -1.7310 3.388|PS(34:3) -2.0513 7.3539|PS(36:2) 1.1744 10.873|PC(42:0) -1.7107 11.133
PC(38:6) -1.7677 3.3663|PC(40:6) -1.5262 6.8982|LPI(14:0) -2.9356 9.3715|PC(40:6) -1.3291 10.108
C18:0 Cer -3.3712 3.3231|LPA(22:5) -2.3977 6.5002|PC(42:0) -1.9000 9.3538|PC(40:5) -1.2364 9.7406
PC(40:5) -1.6805 3.3231|SM(32:2) -1.1180 5.8901|PC(40:6) -1.2461 7.9841|LPI(14:0) -2.4305 9.345
PC(38:5) -1.5768 3.1531|PC(40:5) -1.2926 5.8812|LPE(20:4) 1.3608 7.3801|PC(36:6) -1.4992 9.2267
PE(38:7) 1.8587 2.9877|LPI(14:0) -2.6143 5.507|PC(36:6) -1.4155 7.2493|LPG(14:0) 4.8690 9.121
PC(38:7) -1.3048 2.9877|PG(34:5) -2.9124 5.3684|PC(44:2) 1.3228 6.0376|PC(44:0) -1.3418 8.8652
PC(36:7) -1.5904 2.7677|LPA(22:6) -2.7970 5.3387|LPS(18:0) 1.1492 5.987|PC(38:5) -1.0458 8.1867
C22:0 Cer -1.0732 2.6899|PC(36:6) -1.5683 5.2305|PE(28:0) 1.7506 5.649|PC(38:6) -1.0514 7.2626
PC(36:6) -1.7250 2.5752|PC(38:5) -1.1528 5.0881|PE(36:0) 1.8585 5.3287|PE(30:1) 1.3058 6.7315
PC(40:8) -1.4786 2.5002|LPA(16:0) -1.2206 4.8104|PC(36:5) -1.7600 5.3281|PS(34:2) 1.1386 6.7015
LPE(20:4) 1.0428 2.3716|PC(38:6) -1.1757 4.782|PE(30:1) 2.7032 5.2187|PS(38:0) -1.2794 6.5723
PS(40:7) 1.3040 2.3176|LPE(18:3) -2.1246 4.4336|PS(38:5) 1.5755 5.0858|PC(36:5) -1.7670 5.9739
PE(36:0) 1.6430 2.1766|P1(32:0) -1.9999 4.2126|PS(34:0) 1.2829 5.0675|LPE(22:6) 1.3878 5.2806
PS(36:3) 1.4656 2.1766|LPG(18:3) -3.5659 4.1231|PS(38:0) -1.1449 4.7395|LPA(22:6) -1.3665 5.0191
PE(34:3) -1.5226 2.0066|PS(38:5) 1.1280 3.9349|PG(34:5) -1.2748 4.636|PE(32:1) 2.9447 4.9591
LPC(18:2) -2.2933 1.9734|dhSph -1.0413 3.6911|PE(40:7) 1.0385 4.2068|P1(36:1) 1.0651 4.8909
PC(42:7) -1.4976 1.9734|PC(36:5) -1.6620 3.2616|PE(32:0) 1.4523 4.2034|LPI1(18:2) 1.1387 4.8739
PC(36:5) -2.3810 1.9569|PC(38:4) -1.0808 3.1945|PS(36:3) 2.1085 3.9725|PS(38:5) 1.1173 4.857
day 13 - 15 log2(FC)  -log(p-value)}day 16 - 18 log2(FC)  -log(p-value}day 19 - 24 log2(FC)  -log(p-value}day 25 - 40 log2(FC)  -log(p-value
PC(42:0) -2.1566 14.443|PS(36:2) 1.1910 11.419|PE(38:3) 1.2261 15.243|PS(38:3) 1.2753 15.511
LPI(14:0) -3.2358 12.387|LPG(14:0) 5.6320 10.242|PS(36:2) 1.3147 14.416|PE(38:4) 1.0145 14.405
PC(44:1) -1.1346 12.274|PS(36:3) 2.3726 10.09|LPG(14:0) 5.5358 11.349|PE(38:3) 1.3571 13.212
PE(28:0) -1.1140 11.827|PS(38:5) 1.4809 8.1172|PS(36:3) 2.1017 8.5776|PS(36:2) 1.4289 11.087
C18:0 Cer -2.1582 11.253|PC(36:6) -1.2579 7.7491|PS(34:2) 1.3631 8.1474|LPG(14:0) 4.4433 10.668
PC(44:0) -1.4155 11.184|C18:0 Cer -2.1449 7.6963|PE(40:8) 1.6759 8.1342|C18:0 Cer -2.3494 10.44
PC(42:1) -1.0746 10.432|PS(34:2) 1.3102 7.67|PI(38:4) 2.2840 7.4238|PE(36:1) 1.1393 9.2196
LPE(20:4) 1.1729 10.203|LPE(20:4) 1.5312 6.4131|PE(36:0) 1.8799 7.2285|PE(40:7) 1.5382 8.9169
PE(30:0) -1.8597 9.4443|PS(34:0) 1.1494 5.811|PE(40:5) 1.8719 6.9846|PE(30:0) -2.1392 7.7523
PS(38:5) 1.3577 8.5653|PC(42:0) -1.1609 5.7601|PE(40:7) 1.2122 6.5535|C16:0 Cer 1.1986 6.9663
PG(34:5) -1.1713 8.518|PC(40:4) -1.1805 5.5744|LPE(20:4) 1.9167 6.519|LP1(18:2) 4.1573 6.8694
PS(34:3) 1.0270 8.2824|PC(36:5) -1.9990 5.4302|PS(40:7) 1.6502 6.4333|PC(36:6) -1.4806 6.8121
LPG(14:0) 4.9865 7.8235|PC(38:2) 1.0040 5.3808|P1(38:3) 1.7997 6.0885|PC(40:6) -1.1412 5.5759
LPI(18:2) 2.0185 7.6134|SM(36:3) -1.0387 5.3703|LPG(20:5) 2.2672 5.3681|PG(34:5) -1.0835 5.525
PC(40:6) -1.0120 7.4415|PE(40:7) 1.0760 5.2449|LPE(22:6) 1.8795 5.0956|LPI(16:1) 1.0688 5.4186
PC(42:11) -1.1184 7.3967|PE(28:0) -1.3798 5.2237|LPE(18:2) 1.7459 4.902|LPE(20:4) 1.2021 4.7878
PS(34:2) 1.0774 6.2163|LPI(18:3) 1.1496 5.1807|LPE(20:5) 2.2229 4.1741|PE(38:8) -1.2049 4.4856
PS(36:5) 1.3103 5.3636|LPC(18:0) -2.1649 4.8116|PS(38:5) 1.1440 3.923|PS(38:5) 1.2541 4.171
PC(36:5) -1.3708 5.3613|PC(38:4) -1.0652 4.4717|PC(38:6) -1.3194 3.3707|PE(40:9) 1.0112 3.894
LPC(18:0) -1.9778 4.8761|PE(30:0) -2.3658 4.378|PE(38:7) 1.5977 3.2965|PC(42:10) 1.8408 3.4445
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Fig. 3 Time course of volcano plot analyses for largely modulated lipid species in COVID-19. The volcano plot analyses were performed using
samples collected from control subjects and COVID-19 subjects at the specific time points shown in Additional file 1: Table S2. A Log,(FC) and p
values of the lipids with 20 lowest p values. B-I Time courses of the representative lipids in A shown in a manner similar to that used in Figs. 1 and 2
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findings in the early phase (day 1-9) (Fig. 5E and Addi-
tional file 1: Fig. S14).

We further investigated the independent effects of the
systematic severity of COVID-19, represented by p-Dimer
and CRP, and renal injuries, represented by the results of
urinary laboratory tests on urinary lipid levels, were evalu-
ated with a multiple regression analysis, using urinary lipid
levels as subjective variables. As shown in Additional file 1:
Figs. S15-S18, urinary chemical makers such as NGAL and
L-FABP were selected as positive explanatory factors with
high p values for ceramides, S1P, dhS1P, dhSph, LPC, LPS,
LPE, LPG, LPA, PC, PE, PG, PI, and PS, whereas p-Dimer
or maximum severity were selected as positive explanatory
variables for SM, dhSph, LPI, when all the samples were
analyzed. Although, when samples were analyzed sepa-
rately according to the days after the onset of COVID-19,
the results were not always consistent, these results sug-
gested that both renal injuries and systematic severity
would affect the dynamic modulations of urinary sphin-
golipids and glycerophospholipids in COVID-19.

In addition, although, since this is a cross-sectional study;,
we could not conclude the possible influences of antiviral
therapy on urinary lipid levels, we also observed some dif-
ferences in urinary lipid levels between subjects treated
with antiviral reagents such as remdesivir [63] and favipira-
vir [11] and those without (Additional file 1: Figs. S19, S20).

Validation of the modulations of urinary sphingolipid

and glycerophospholipid levels in COVID-19

in independent samples

Lastly, after we finished all the analyses, to validate the main
results, we measured 46 additional urine samples collected
from 31 independent subjects who had been diagnosed as
having COVID-19 using an RT-PCR assay between April
2021 and August 2021. Additional file 1: Figs. S21 and S22
show the concentrations of lipids, overlayed on Figs. 1 or 2.
As shown in these figures, the modulations of sphingolip-
ids and glycerophospholipids were generally replicated.
Moreover, when we investigate the accuracy of the pre-
dicting models for maximum severity described in Fig. 4B
and Additional file 1: Fig. S12, using these independent
samples, we obtained the accuracy of over 80% (Additional
file 1: Table S3). Considering these results, we think that
the modulations of these lipids could be replicated.
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Discussion

The present study examined the dynamic modulations of
urinary sphingolipids and glycerophospholipids in COVID-
19 subjects. The modulations of the monitored lipids are
summarized in Fig. 6. The modulations of each representa-
tive specie of lipids which were not shown in the previous
figures are described in Additional file 1: Figs. S23—S25.

The urinary SM levels increased only in maximum
severity group 3 and were positively correlated with the
maximum severity of COVID-19, suggesting that SM mod-
ulations were not specific to COVID-19-specific factors
but were instead related to kidney injuries accompanying
severe infection. Contrary to a previous paper reporting
that the urinary SM levels were positively correlated with
the urinary TP levels [67], the urinary levels of the SM
species were not consistently correlated with the urinary
TP level. Of note, the urinary total SM level was rather
strongly negatively correlated with the urinary SG and
positively with sodium levels (Fig. 5). The negative correla-
tions of the SM with the RTE suggested the possibility that
the urinary SM levels decrease in response to the prerenal
factors, although a previous study reported that sphingo-
myelinase activities declined in the model of ischemic renal
injury [70].

The modulations of urinary ceramides largely depended
on the species. Overall, the levels of the monitored cera-
mides increased, especially in severe COVID-19, with the
exception of C18:0 Cer (Fig. 1). Many ceramide species
were downregulated during the early phase (day 1-3) in
maximum severity group 1, suggesting that the down-
regulation of ceramides might originate from the direct
influence of infection with SARS-CoV-2. A recent report
demonstrated that the envelope of SARS-CoV-2 is rich in
cholesterol and phospholipids and poor in sphingolipids
[54], suggesting that these modulations are unlikely to be
explained by the expenditure of sphingolipids during virus
replication. During the later phase, the elevation of cera-
mides in severe COVID-19 might reflect the progression of
kidney injuries, since ceramide production was induced in
kidney injury models and ceramides are known to induce
the apoptosis of renal mesangial cells and renal tubular epi-
thelial cells [3, 18, 32]. Actually, the urinary ceramide levels
were positively correlated with urinary chemical biomark-
ers and the urinary sediment findings in the COVID-19
subjects in the present study (Fig. 5).

The urinary Sph, dhSph, and dhS1P levels increased,
especially during the later phase in maximum severity

(See figure on next page.)

Fig. 4 Correlations of monitored urinary lipid levels with maximum severity of COVID-19. Kendall rank correlation analyses were used to compare
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. A Time courses of the correlation coefficients and p values (shown as —log;,, [p value]) at specific time points

for the lipids and clinical parameters with the 20 lowest p values. B Lipids or clinical parameters selected using CHAID analyses as having a high
importance for the construction of a machine learning model capable of predicting maximum severity at a specific time point
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group 3, while they tended to decrease during the early
phase (day 1-3) in maximum severity group 1 (Fig. 1).
These results suggested that reductions in Sph and
dhSph might be direct effects of infection with SARS-
CoV-2, while increases in these sphingolipids may occur
as responses to kidney injuries associated with COVID-
19, as observed for ceramides. Actually, their urinary
levels had positive correlations with the urinary chemi-
cal markers (Fig. 5). Considering the agonistic properties
of dhS1P for S1P receptors and the potential protective
properties of S1P receptors against kidney injuries [1, 12,
24, 25], the elevation in urinary dhSIP levels in severe
COVID-19 might reflect a compensatory mechanism in
response to COVID-19-associated kidney injuries.

Regarding the PC-LPC-LPA axis, the urinary total PC
levels increased from the early phase (day 4-6) only in
maximum severity group 3, while the total LPA levels
increased during the later phase (Fig. 2). However, when
the lipid modulations were investigated in detail, many
PC, LPC, and LPA species decreased in the COVID-19
subjects (Fig. 3). These results suggested that SARS-
CoV-2 infection generally downregulated the PC-LPA-
LPA axis in a direct manner, while kidney injuries caused
by critical COVID-19 disease resulted in upregulation.
Urinary SG levels had rather negative correlations with
PC and urinary sodium levels had positive ones with PC,
while the urinary PC levels were rather negatively corre-
lated with the RTE, suggesting that the urinary PC levels
decrease in response to the prerenal factors. Regarding
the pathophysiological significance, since LPA is involved
in renal fibrosis as well as inflammation [20, 29, 53] and
LPC has been shown to have a strong lipotoxicity in the
field of nephrology [69], increases in LPA and LPC, espe-
cially during the later phase, might result in the transla-
tion of acute kidney injuries into chronic kidney injuries,
which has been observed as a sequelae of COVID-19
[43].

Regarding the PS-LPS axis, the urinary PS and LPS lev-
els increased rapidly, especially in patients with severe
COVID-19 (Fig. 2). Although modulations of the urinary
PS levels in AKI have not been reported, considering that
PS is involved in apoptosis [39] and exosome formation
[59], the elevation of PS in COVID-19-associated kidney
injuries seems reasonable. The urinary PS and LPS lev-
els were positively correlated with urinary chemical bio-
markers and urinary sediment findings, suggesting that
these levels reflect kidney injuries that have been mainly
caused by renal factors. The roles of LPS remain to be
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elucidated in the fields of nephrology, while we recently
demonstrated the elevation of PS-PLA,, a producing
enzyme for LPS, in the serum of COVID-19 patients [58].
Since LPS and LPS receptors are involved in the regula-
tion of the immune system through three kinds of spe-
cific receptors [17, 46], LPS might possess important
roles in the pathogenesis of COVID-19-associated kidney
injuries, in which inflammation might at least partly be
involved [30].

The urinary levels of PE and LPE increased in COVID-
19 beginning at an early phase. The upregulation of the
PE-LPE axis might be characteristic of COVID-19, as
shown in the volcano plots (Fig. 3). PE is abundant in the
envelope of SARS-CoV-2 [54] and is reportedly involved
in the replication of RNA viruses [66]. Previous stud-
ies suggested that LPE might possess anti-inflammatory
properties on macrophages [48], which might activate
natural killer T cell-dependent protective immunity [71].
Considering these potential biological properties of LPE
and the negative correlation between LPE levels during
the early phase and maximum severity, LPE might have
protective biological properties against the pathogen-
esis of COVID-19, and a failure to increase LPE levels
might be one mechanism resulting in the aggravation of
COVID-19.

Regarding the PG-LPG axis and the PI-LPI axis, the
roles of PG in AKI are unknown, while PG reportedly
suppresses toll-like receptor-mediated inflammation [8],
suggesting that a decrease in PG might promote kidney
injury. In contrast, the upregulation of LPG in patients
with severe COVID-19 might contribute to the accelera-
tion of inflammation, since LPG exerts agonist activities
with proinflammatory GPR55 [22, 45]. LPI also acts on
GPR55 [45], suggesting that the elevation of LPI during
the later phase of severe COVID-19 might accelerate the
pathogenesis of COVID-19-associated kidney injuries.
Regarding the correlation with clinical phenotypes, the
PG-LPG axis and the PI-LPI axis show somehow strange
correlations with the urinary chemical markers and the
urinary sediment findings (Fig. 5). Some unknown mech-
anisms are involved for the opposite results in the associ-
ations with lipids between the urinary chemical markers
and the urinary sediment findings.

To the best of our knowledge, the modulations of
sphingolipids and glycerophospholipids in the urine of
AKI have not been well studied, while urinary levels of
ceramides, SM, LPA, LPC, and PC have been demon-
strated to be higher in chronic kidney diseases, especially

(See figure on next page.)

Fig. 5 Correlations of monitored lipids with clinical parameters. Spearman rank correlation analyses were used to compare the urinary levels of
sphingolipids and the total levels of glycerophospholipids with various clinical parameters including serum CRP, and p-dimer levels (A), SG and
urinary sodium levels (B), urinary chemical markers (C), eGFR (D), and urinary sediment findings (E) in samples collected at the specific time points.

Correlation coefficients are shown as a heat map
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Fig. 6 Scheme showing the modulation of urinary sphingolipids and glycerophospholipids in COVID-19. The scheme summarizes the general
dynamic modulations of sphingolipids and glycerophospholipids in COVID-19

diabetic nephropathy, as described in the Introduction
[38, 51, 55, 60, 67, 69]. Although the number of the sub-
jects was limited, when we investigated the association
between diabetes and urinary lipid levels in the control
subjects used in the present study, we observed that the
urinary levels of total LPG and S1P were also higher in
the subjects with diabetes as well as LPC and ceramides.

These results together with the previous reports sug-
gested that the mechanisms similar to diabetic nephropa-
thy, such as inflammation, oxidative stress, and fibrosis,
might be somehow involved in the modulations of sphin-
golipids and glycerophospholipids in the present study.
Anyway, since significant elevation of urinary levels of
LPS, PS, LPE, PE, PG, LPI, and PI have not been observed
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or reported in the urine of chronic kidney diseases, sev-
eral mechanisms specific to COVID-19 or AKI may be
involved in the dynamic modulations of these lipids.

Since this was an observational study, the main limita-
tion is that the possible involvement of these lipid mod-
ulations in the pathogenesis of COVID-19-associated
kidney injuries remains unknown. However, the accuracy
of the models predicting maximum severity that were
constructed using machine learning methods was gener-
ally high, especially during the early phase of COVID-19
(Fig. 4B and Additional file 1: Fig. S12), and several lipids
were selected as important factors, in addition to impor-
tant clinical parameters that are typically used to predict
severity. These results suggest the potential usefulness of
these lipids as biomarkers for predicting the maximum
severity of COVID-19. Moreover, since the PC-LPA-LPC
axis was important throughout the time course, sphin-
golipids were important during the early phase, and PS
and the PE-LPE axis were important during the middle
phase in all three machine learning models for predict-
ing maximum severity, these lipids might have some
important physiological properties in the pathogenesis
of COVID-19 or its associated kidney injuries. Another
limitation is that, although we evaluated possible con-
founding factors affecting the modulations of urinary
sphingolipids and glycerophospholipids as described in
the first section of the Results, we could not completely
match the backgrounds of both the COVID-19 and con-
trol groups, since some characteristics such as age dif-
fered largely among the maximum severity groups. In
addition, since the eGFR levels were not obviously modu-
lated in the present study (Additional file 1: Fig. S1H), we
were unable to investigate cases with severe AKI. At pre-
sent, we could not conclude whether the urinary modu-
lations of the lipids would recover when the patients are
cured of COVID-19. Although the data is preliminary
since the number of samples were limited, the urinary
lipid levels generally recovered to the range of control
subjects and no obvious differences among the maximum
severity were observed except that the total PE levels
were still higher in the subjects who had recovered from
severe COVID-19 (Additional file 1: Fig. S26). Consider-
ing that serum modulation of lipids maintained for a long
time [4, 65], further studies with post-COVID-19 sub-
jects are necessary in the future to elucidate the mecha-
nisms for long COVID-19.

Conclusions

In summary, analyses of urine samples collected from
COVID-19 subjects showed that decreases in the urinary
levels of C18:0, C18:1, C22:0, and C24:0 ceramides, Sph,
dhSph, PC, LPC, LPA, and PG and increases in those of
PS, LPS, PE, and LPE, especially during the early phase,
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might be derived from the direct effects of SARS-CoV-2
infection, while increases in the urinary levels of SM, cer-
amides, Sph, dhSph, dhS1P, PC, LPA, PS, LPS, PE, LPE,
PG, LPG, PI, and LPI, especially during the later phase,
might result from kidney injuries accompanying severe
COVID-19. We believe that these results may prompt
researchers to perform further investigations to develop
laboratory testing methods based on sphingolipid and
glycerophospholipid modulations for predicting the max-
imum severity of COVID-19 and/or novel reagents to
suppress the renal complications of COVID-19.
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