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Abstract

Introduction Coronavirus disease 2019 (COVID-19) is strongly linked to dysregulation of various molecular, cellular, and
physiological processes that change abundance of different biomolecules including metabolites that may be ultimately used
as biomarkers for disease progression and severity. It is important at early stage to readily distinguish those patients that are
likely to progress to moderate and severe stages.

Objectives This study aimed to investigate the utility of saliva and plasma metabolomic profiles as a potential parameter
for risk stratifying COVID-19 patients.

Method LC-MS/MS-based untargeted metabolomics were used to profile the changes in saliva and plasma metabolomic
profiles of COVID-19 patients with different severities.

Results Saliva and plasma metabolites were screened in 62 COVID-19 patients and 18 non-infected controls. The COVID-
19 group included 16 severe, 15 moderate, 16 mild, and 15 asymptomatic cases. Thirty-six differential metabolites were
detected in COVID-19 versus control comparisons. SARS-CoV-2 induced metabolic derangement differed with infection
severity. The metabolic changes were identified in saliva and plasma, however, saliva showed higher intensity of metabolic
changes. Levels of saliva metabolites such as sphingosine and kynurenine were significantly different between COVID-19
infected and non-infected individuals; while linoleic acid and Alpha-ketoisovaleric acid were specifically increased in severe
compared to non-severe patients. As expected, the two prognostic biomarkers of C-reactive protein and D-dimer were nega-
tively correlated with sphingosine and 5-Aminolevulinic acid, and positively correlated with L-Tryptophan and L-Kynurenine.
Conclusion Saliva disease-specific and severity-specific metabolite could be employed as potential COVID-19 diagnostic
and prognostic biomarkers.
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1 Introduction

The global outbreak coronavirus disease 2019 (COVID-
19) viral pneumonia caused by severe acute respiratory
syndrome corona virus 2 (SARS-CoV-2), which origi-
nated in Wuhan, China, in December 2019 has become a
worldwide pandemic claiming several thousands of lives
worldwide. According to last update 4th of October 2021
of John Hopkins- Coronavirus Resource Center (https://
coronavirus.jhu.edu/map.html), this virus has infected
more than 234,987,662 people worldwide and 4,803,300
confirmed deaths. Despite the fact that more than 80%
of COVID-19 patients have mild symptoms, such as
anosmia (loss of smell) and ageusia (loss of taste) and
in some cases accompanied with other more moderate
symptoms including fever, exhaustion, cough, and short-
ness of breath (Hui et al., 2020; Yang et al., 2020). A
small percentage (around 5%) of patients however may
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develop life-threatening acute respiratory distress syn-
drome (ARDS) requiring invasive mechanical ventila-
tion (Yang et al., 2020). Both of geriatrics and people
with certain medical conditions including hypertension,
obesity, or diabetes are most likely prone to get infected
with COVID-19 manifesting sever symptoms (Richard-
son et al., 2020). However, there have been episodes of
patients with COVID-19 symptoms who do not have any
pre-existing medical conditions and still progress rapidly
from mild or/moderate to severe conditions, particularly
in the absence of adequate medical care (Yang et al.,
2020). Thus, given the high mortality rate among COVID-
19 patients, early diagnostic and prognostic of the dis-
ease and appropriate interventions are critical in reducing
complication and mortality. It is critical to differentiate
between patients who are likely to progress to moderate/
severe stages and those who will remain mild or asymp-
tomatic and eventually recover. There are currently no
diagnostic or prognostic markers that may reliably predict
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COVID-19 disease development (Statsenko et al., 2021;
Yan et al., 2020). Nonetheless, COVID-19 pathology is
strongly linked to dysregulation of various molecular, cel-
lular, and physiological processes, including a significant
disturbance in the cytokines that might be generated by
a subset of inflammatory monocytes (Zhou et al., 2020),
lymphopenia (Guan et al., 2020; Qin et al., 2020) and T
cells exhaustion (Zheng et al., 2020; Zhou et al., 2020).
As a result, such disease-related processes result in alter
abundance of different biomolecules not only cytokines
but also peptides, and metabolites that ultimately may
be used as prognostic markers for COVID-19 progres-
sion and severity. In this line, a number of proteomics
studies in peripheral blood samples have shown that pro-
teins such as IL6, CKAP4, Gal-9, IL-1ra, LILRB4 and
PD-L1 (Alaiya et al., 2021; Patel et al., 2021) and more
recently Geyer et al., 2021 (Geyer et al., 2021) reported
that proteins of innate immune system (CRP, SAA1,
CD14, LBP) and coagulation regulators (APOH, FN1,
HRG) are associated with COVID-19 severity and may
have a potential value as disease prognostic biomarkers.
Although additional research is needed to confirm those
protein biomarkers, nevertheless this alone opens new
avenues in this field of study and suggests that multi-
omics approaches may lead to the identification of small
molecules that inform us about COVID-19 disease sta-
tus and progression. In this regard, metabolomics is an
appealing complementary analysis to proteomics because
protein deregulation may result in an altered level of sev-
eral metabolites. Furthermore, metabolite extraction is
simpler and faster than protein extraction, allowing not
only for protocol standardization in biomarker research,
but also for the analysis of simpler body fluid samples
such as saliva, sweat, tears, and so on (Blanco-Melo et al.,
2020). Untargeted metabolomics is a powerful high-
throughput tool for identifying disease diagnostic and/or
prognostic biomarkers. We used LC-MS/MS-based untar-
geted metabolomics in this study to investigate the utility
of saliva and/or plasma metabolome profiles as a potential
parameter for risk stratifying COVID-19 patients into four
groups: asymptomatic, mild, moderate, and severe.

2 Materials and methods
2.1 Patients and samples

Non-infected controls and COVID-19 patients were
recruited from Rashid Hospital, Dubai, UAE. Diagno-
sis of COVID-19 was confirmed by a positive SARS-
CoV-2 infection polymerase chain reaction (PCR) test
while non-infected control was asserted by PCR-negative
SARS-CoV-2 test. National Institutes of Health (NIH)

COVID-19 guidelines were used to grade the severity of
patients into asymptomatic, mild, moderate, and severe
(NIH). Asymptomatic cases were defined as those who
did not present any symptoms at the time of SARS-CoV-2
testing or diagnosis, mild cases were defined as those
who presented with minor respiratory presentation with-
out need of hospitalization, moderate cases was defined
by infection requiring hospitalization, while severe cases
were defined by disease requiring hospitalization and res-
piratory support (Alamer et al., 2021; Al-Muhsen et al.,
2022; Ma et al., 2021). Saliva and blood were collected
from each participant. Plasma was isolated from blood
via standard Ficoll-Paque density gradient centrifugation
(Sigma, Histopaque-10771). Precautions recommended by
CDC for safe collecting, handling and testing of biological
fluids were followed (www.cdc.gov).

2.2 Sample collection and preparation

A total of 1 mL or 4 mL of saliva or blood was collected
from each subject into a sterile container. An aliquot of
sample and cold methanol was added in a micro centri-
fuge tube at 3:1 ratio, the tube was vortexed, and then
allowed to sit for two hours at — 20 °C. Next the samples
were centrifuged for 15 min at 20,817 X g and the super-
natant transferred to a new micro centrifuge tube. Dried
samples were either stored at — 80 °C until further use
or dissolved in 200 pL of 0.1% formic acid in deionized
water-LC-MS CHROMASOLYV from Honeywell (Wun-
storfer Strasse, Seelze, Germany) and vortexed for 2 min
to be mixed totally. Finally, the samples were filtered using
a hydrophilic nylon syringe filter of 0.45 pm pore size and
returned to the glass insert within LC glass vials, after
that the samples were placed in the autosampler at 8 °C
for LC-MSMS analysis.

TIMS-Q-TOF Mass Spectrometer (BRUKER, Ger-
many) along with Metaboscape software version 4 were
employed for separation and detection of the cell metabo-
lites. It was equipped with Trapped Ion Mobility Quadru-
pole Time-of-Flight mass spectrometer and composed of
Solvent delivery systems pump (ELUTE UHPLC Pump
HPG 1300), Autosampler (ELUTE UHPLC), Thermostat
column compartment (ELUTE UHPLC), Computer Sys-
tem, Windows 10 Enterprise 2016 LTSB, Data Manage-
ment Software, Bruker Compass HyStar 5.0 SR1 Patchl
(5.0.37.1), Compass 3.1 for otofSeries, otofControl Ver-
sion 6.0. Metabolites were analyzed in auto MS/MS within
the range of 20—1300 m/z utilizing electrospray ionization
(ESI). The ESI source was 10 L/min (nitrogen) and the
drying temperature equal to 220 °C.

The capillary voltage of the ESI was 4500 V with
2.2 bar nebulizer pressure and end Plate Offset as 500 V.
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The acquisition involved two segments; auto MS scan,
which ranged from O to 0.3 min for the calibrant sodium
formate, and auto MS/MS scan with CID acquisition,
which included fragmentation and ranged from 0.3 to
30 min. The acquisition in both segments was performed
using the positive mode at 12 Hz. The width of the pre-
cursor ion was + 0.5, the number of precursors was 3,
the cycle time was 0.5 s., and the threshold was 400 cts.
Active exclusion was excluded after 3 spectra and released
after 0.2 min. For the auto MS scan, the collision energy
was set at 7 eV and for MS2 acquisition the data depend-
ent acquisition (DDA) was used, and the collision energy
stepping fluctuated between 100 and 250% set at 20 eV.
A HAMILTON ® Intensity Solo 2 C18 column (100
um X 2.1 mmx 1.8 pm) was utilized for the separation
of metabolites. Sodium Formate was used as a calibrant
for the external calibration step. For metabolite analy-
sis, solvent A (Water+0.1% FA and solvent B (Acetoni-
trile + 0.1% FA) were used in gradient elution mode as the
following: 0 to 2 min, 99% A; 2 to 17 min, 99-1% A; 17 to
20 min, 1% A; 20 to 20.1 min, 1-99% A; 20.1 to 30 min,
99% A. The flow rate was set as (0.250-0.350 mL/min)
for 30 min in gradient mode with a maximum pressure of
14,993 psi. The elute autosampler temperature was set at
8°C and the column oven temperature was at 35°C. And a
total volume of 10 pL. was injected into the Q-TOF-MS.
The quality control (QC) sample was prepared by pooling
the same volume (10 uL) of each sample. The QC sample
was injected five times at the beginning of the sequence,
then one QC injection was performed every (9-10 sam-
ples). LC total ion chromatograms (TIC) and fragmen-
tation patterns of the metabolites were identified using
HMDB Mass Spectral Library (2 technical replicates).

The performance of the column and the mass spec-
trometer was tested using a test mixture of ( TRX-2101/
RT-28-calibrants for Bruker T-ReX LC-QTOF solution
from Nova Medical Testing Inc.) to check the performance
of reversed phase liquid chromatography (RPLC) separa-
tion and perform multipoint retention time calibration,
and (TRX-3112-R/MS Certified Human serum for Bruker
T-ReX LC-QTOF solution from Nova Medical Testing Inc.)
to check the performance of sample preparation protocols as
well as LC-MS instruments. This product is prepared from
pooled human blood.

The Initial Processing were performed using Meta-
boScape® 4.0 software (Bruker Daltonics). Bucketing in
T-ReX 2D/3D workflow the parameters set for molecular
features detection were as follows- intensity threshold equal
to 1000 counts along with minimum peak length equal to
7 spectra were fixed for peak detection using peak area as
feature signal. The mass recalibration was done within a
retention time range between 0 and 0.3 min. On the other
hand, the MS/MS import method was done using the average
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spectrum out of all MS/MS spectra. Then, parameters set
for data bucketing were assigned as follows: Retention time
range started at 0.3 min and ended at 25 min, while mass
range started at 50 m/z and ended at 1000 m/z. Identification
of metabolites was based on mapping the MS/MS spectra
and retention time in the HMBD 4.0, an annotated resource
designed to satisfy the needs of the metabolomics commu-
nity. The compounds with MS/MS were identified using
library matching through the annotation process. Then, the
selected metabolites were filtered by choosing the set with
a higher annotation quality score (AQ score) representing
the best retention time values, MS/MS score, m/z values,
mSigma, and analyte list spectral library.

2.3 Statistical analysis

Metabolite levels were normalized using the Bioconductor
package limma-voom and presented as log2 (Ritchie et al.,
2015a). Metabolites normality was confirmed using Sha-
piro—Wilk test and Kolmogorov—Smirnov test. Log-trans-
formed normalized intensities were used in LIMMA analy-
ses to identify differential changes in metabolites between
diseased and control groups. We used the default Benja-
mini—-Horchberg correction for multiple testing (Dudoit
et al., 2002; Smyth Gordon, 2004). One-way analysis of
variance (ANOVA) and post hoc Tukey multiple comparison
analyses were applied to compare between more than two
independent variables. Correlation of sphingosine, 5-Ami-
nolevulinic acid, L-Tryptophan, and L-Kynurenine saliva
concentrations of COVID-19 patients and serum markers of
COVID-19 severity such as D-dimer and C-reactive protein
was evaluated using Pearson’s coefficient test with two-tailed
p-value < 0.05 considered significant.

Principal component analysis (PCA) was implemented
using PCAGO R Shiny framework which is available at
github.com/hoelzer-lab/pcagom. jHeatmap was used to
create the heatmaps which is available at http://jheatmap.
github.io/jheatmap/ (Deu-Pons et al., 2014). Metabolite Set
Enrichment Analysis (MSEA) were carried using Metabo-
AnalystR3 package which is available at github.com/xia-lab/
MetaboAnalystR (Pang et al., 2020). MSEA contains meta-
bolic set libraries and it is considered to be the metabolic
version of Gene Set Enrichment Analysis (GSEA) (Xia &
Wishart, 2010). Statistical analyses were performed using
R software (v 3.5.2), SPSS 27.00 (SPSS Inc., Chicago, IL,
USA), and Prism (v8; GraphPad Software). p-value of < 0.05
considered statistically significant.
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3 Results

3.1 Clustering of severe, non-severe
and non-infected controls

A total of 62 COVID-19 patients and 18 non-infected con-
trols were included. COVID-19 group comprised 15 asymp-
tomatic,16 mild, 15 moderate, and 16 severe patients. The
participant were age and gender matched. Supplementary
Table 1 presents the demographic and clinical profile of the
patients.

Metabolites from plasma and saliva of all patients were
analyzed. Total of 261 metabolites were detected and identi-
fied in saliva and plasma samples (Supplementary Table 2).
Downstream analyses were performed to identify COVID-
19 infection related metabolites and their correlation to the
disease severity (Fig. 1). PCA scores for saliva metabolites
revealed three distinct clusters representing the non-infected
controls (tested PCR negative for COVID-19), severe, and
non-severe COVID-19 patients (Fig. 2A), while the PCA
scores for plasma showed an additional fourth cluster for the
asymptomatic COVID-19 (Fig. 2B).
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3.2 Comparison of saliva and plasma metabolite
dysregulation during COVID-19 infection

Metabolite values were normalized with limma-voom
method (Ritchie et al., 2015b). Differential metabolite analy-
ses were run independently between the non-infected con-
trols and three COVID-19 severities. The top 50 metabolites
from each four comparison were selected, medication and
repeated names were removed to remain with 36 metabo-
lites that presented the COVID-19 differential metabolites
(Figs. 1 and 3A, B). We next conducted Metabolite Set
Enrichment Analysis to determine the metabolic pathways
involving these metabolites. This revealed enhancement
of top pathways including tryptophan metabolism, purine
metabolism, phenylalanine, and citrate cycle (TCA) path-
ways (Supplementary Fig. 1).

The top 36 metabolites and their respective pathways
were plotted in heatmaps separately for saliva (Fig. 3A) and
plasma (Fig. 3B). Heatmap visualization presented more
noticeable COVID-19 induced metabolism change in saliva
versus plasma samples. To quantify this observation, the
differential metabolite results of severe COVID-19 versus
controls were compared between saliva and plasma for top
three enriched pathways: phenylalanine, purine, and trypto-
phan displayed in Fig. 3A and B. Following heatmap pattern,
differential metabolite analyses showed more significant
change in saliva compared to plasma during severe SARS-
CoV-2 infection (Fig. 4). Phenylalanine pathway comparison
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Fig.2 Principal component analysis (PCA) clustering showing sepa-
ration of severe, non-severe and control cases in both saliva (A) and
plasma (B) samples. Samples included 18 non-infected controls and

showed similar increase in L-Phenylalanine part in both
saliva and plasma of severe COVID-19 (1.2 +0.2 log-fold
vs 2.3+ 1.2 log-fold; p-value =0.39), hippuric metabolite
was significantly higher in saliva samples (8.7 + 1.2 log-fold
vs 0.4 +0.15 log-fold; p-value < 0.0001) while the levels of
phenylacetaldehyde was not changed in saliva but increased
in severe plasma (4.7 +0.66 log-fold) samples (Fig. 4).
During severe COVID-19, overall metabolites change
along purine and tryptophan pathway was at least twofold
higher in saliva compared to plasma samples. Metabolism
of hypoxanthine from purine pathway was similar in both
severe saliva and plasma (6.1 + 1.6 log-fold vs 5.2 + 1.3 log-
fold; p-value =0.67), while metabolism of guanosine was
not changed in severe plasma but increased in saliva samples
(10.8 + 1.3 log-fold).

Among the top enriched pathways, tryptophan metabo-
lism that included L-Kynurenine, 3-Hydroxyanthranilic acid,
L-Tryptophan were distinctly enriched in severe COVID-19
group (Figs. 3A, B and 5). L-Kynurenine overall metabolite
level was higher in plasma than saliva, but in both sam-
ple types, it was elevated noticeably in severe COVID-19
(Fig. 5A). Salivary L-Tryptophan levels followed the pat-
tern of L-Kynurenine specific elevation in severe COVID-
19; however, the plasma pattern was different where the
levels compared to controls were not changed in severe and
decreased in non-severe groups (Fig. 5B).

Next, we wanted to identify the metabolites and
their respective pathways that were enriched in non-
severe COVID-19 groups. Sphingolipid metabolism,
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62 COVID-19 patients that comprised 15 asymptomatic, 16 mild, 15
moderate, and 16 severe

glycerophospholipid metabolism, and glycine, serine and
threonine metabolism were increased in less severe groups
of asymptomatic, mild, and moderate (Fig. 3A, B). We have
displayed the sphingosine levels within sphingolipid metab-
olism pathway (Fig. 6A), and 5-Aminolevulinic acid within
glycine, serine, and threonine metabolism (Fig. 6B). 5-Ami-
nolevulinic acid showed an increase in non-severe groups
but were not detected in non-infected controls and severe
patients (Fig. 6B). In contrast, sphingosine metabolite levels
showed a decreasing pattern moving from asymptomatic to
mild to moderate with diminished levels in severe COVID-
19 (Fig. 6A).

We then correlated C-reactive and D-dimer protein prog-
nostic levels with four salivary metabolites of sphingosine,
5-Aminolevulinic acid, L-Tryptophan, and L-Kynurenine.
The two prognostic markers were negatively correlated with
sphingosine and 5-Aminolevulinic acid (Fig. 7A, B, E, F),
and positively correlated with L-Tryptophan and L-Kynure-
nine (Fig. 7C-D and G-H).

4 Discussion

Metabolic derangement in COVID-19 is triggered directly
by SARS-CoV-2 and indirectly by the host response (Sid-
diqi & Mehra, 2020). Herein we have profiled salivary
and plasma metabolites in different COVID-19 severities.
Our results revealed the top metabolic pathways deranged
during COVID-19 and identified the metabolites that
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Fig.3 Heatmaps of top 36 differential metabolites and their respec- 18 non-infected controls. COVID-19 comprised 15 asymptomatic, 16
tive pathway during COVID-19 infection. A Salivary metabolites and mild, 15 moderate, and 16 severe. Red color indicated higher metabo-
B plasma metabolites were displayed for 62 COVID-19 patients and lite values and blue color indicated lower metabolite values

differentiated the SARS-CoV-2 infected from non-infected Several previous reports have identified plasma metab-
controls, and those that segregated the severe infection  olites to be used for diagnosis and prognosis of COVID-
from non-severe subtype. 19 (Masuda et al., 2021; Thomas et al., 2020), however

salivary COVID-19 metabolic dysregulation has not been
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Fig.4 Saliva and plasma differential metabolites of top enriched
pathway derived from comparison between severe and non-infected
controls. Higher fold-change were observed in saliva versus plasma
samples. One-way analysis of variance (ANOVA) and post hoc Tukey

well defined and mainly proposed in a number of pub-
lished review papers (Costa dos Santos Junior et al., 2020;
Hyvirinen et al., 2021; Sapkota et al., 2021). A preprint by
Baily and colleague showed that salivary metabolic changes
could be used to distinguish severe and non-severe COVID-
19 but could not differentiate COVID-19 positive and neg-
ative patients (Frampas et al., 2021). The previous study
used different settings than ours that could have affected
their findings. They used hospitalized patients as controls
which could have similar inflammatory levels to COVID-19
patients, and they did not include critical COVID-19 patients
in severe group (Frampas et al., 2021). To our knowledge
this is the first study to profile and compare salivary and
plasma metabolites during COVID-19 infection. When
compared to plasma, salivary metabolites were superior in
differentiating both COVID-19 positive and negative sam-
ples as well as distinguishing the severe from non-severe
COVID-19.

Saliva fluid is a good reservoir for different respiratory
viruses (To et al., 2019; Wyllie et al., 2020; Yoon et al.,
2017). Salivary fluid transcriptome has been highlighted as a
potential non-invasive sample for detection of SARS-CoV-2
(Wyllie et al., 2020). SARS-CoV-2 infects host cells mainly
using angiotensin-converting enzyme 2 (ACE2) receptor that
is abundantly expressed in salivary gland and oral epithe-
lial cells (Hoffmann et al., 2020; Xu et al., 2020). In addi-
tion to oral cavity shedding and salivary gland secretion,
saliva fluid could be infected further through viral particles
transmitted from upper and lower respiratory tract (Sap-
kota et al., 2020). Beside microbes and viral particles, other
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multiple comparison analyses were applied to compare between more
than two independent variables. Samples included 18 non-infected
controls 16 severe COVID-19.*p<0.05, **p<0.01, ***p<0.001,
##%%p <(0.0001. Results are presented as mean (+ SEM)

important diagnostic, and prognostic contents such as hor-
mones, enzymes and antibodies were also detected within
saliva fluid (Lima et al., 2010; Sapkota et al., 2020). Salivary
glands are surrounded by rich blood circulation which facili-
tate exchange of contents between blood and salivary fluid
(Zhang et al., 2016). Therefore, the noticeable metabolic
derangements observed in saliva could be directly induced
by active SARS-CoV-2 infection within the oral cavity and
salivary gland, besides the defused metabolites from blood
circulation.

Tryptophan metabolism was one of the most enriched
pathways in the severe COVID-19 group (Fig. 3A, B and
Supplementary Fig. 1). Significant increase of Kynurenine
pathway, part of tryptophan metabolism, was observed
in both plasma and saliva samples of severe COVID-19
patients compared to controls as presented in Fig. 5A.
Several studies have associated kynurenine serum metab-
olite upregulation with worse COVID-19 prognosis(Cai
et al., 2021; Kimhofer et al., 2020; Loépez-Hernandez
et al., 2021; Thomas et al., 2020; Xiao et al., 2021),
however, this was not previously analyzed in saliva sam-
ples. Severe COVID-19 disease is associated with innate
immune dysregulation, lymphocytopenia, and cytokine
storm (Blanco-Melo et al., 2020; Lee et al., 2020; Liao
et al., 2020; Vardhana & Wolchok, 2020).Thereby it is
expected that metabolite reprogramming observed in
severe COVID-19 disease to correlate to this immune
dysregulation. Following this assumption, Xiao and col-
league studied the plasma metabolite programming dur-
ing COVID-19 infection (Xiao et al., 2021).They revealed
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Fig.5 Kynurenine and Tryptophan levels in different COVID-19
severities. A Kynurenine was noticeably increased in severe saliva
and plasma of severe group, while B tryptophan was increased in
saliva samples, it is overall level was decreased in COVID-19 plasma
samples. Data presented as truncated violin plot with median and
interquartile range. One-way analysis of variance (ANOVA) and

strong correlation between metabolite dysregulation and
hyperinflammation found in severe COVID-19 (Xiao et al.,
2021). Further, they confirmed this association by modu-
lating viral induced inflammation using metabolite sup-
plements (Xiao et al., 2021). In another study, kynurenic
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post hoc Tukey multiple comparison analyses were applied to com-
pare between more than two independent variables. Samples included
18 non-infected controls and 62 COVID-19 patients that comprised
15 asymptomatic, 16 mild, 15 moderate, and 16 severe. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001. Results are presented as
mean (+ SEM)

acid to Kynurenine ratio, specifically in males was posi-
tively associated with age, inflammatory marker levels and
negatively associated with T cell immune response during
COVID-19 (Thomas et al., 2020).
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Fig.6 Sphingosine and 5-Aminolevulinic acid levels in differ-
ent COVID-19 severities. The two metabolites (A) Sphingosine (B)
5-Aminolevulinic acid levels were higher in non-severe groups of
asymptomatic, moderate, and severe compared to severe and non-
infected controls. Sphingosine was detected in salivary controls but
not in plasma controls while 5-Aminolevulinic acid was not detected
in non-infected controls for both plasma and saliva. Data presented

@ Springer

Plasma Sphingosine

Kakokk ,
_ Rokkok '
Reokokok Aok
kakokk
— .
> 30000 p
‘w
c
(]
€ 20000
4
(] A
(]
o 10000-
0-—enme T T -
AN (] <
& <& .\\b x¢ &
00(\ \o@ @ 060 %04
QS A\
&
)
v?
Plasma 5-Aminolevulinic acid
Kk
b oy {
20000- Kk :
Kk
> 15000
‘"
c
[]
€ 10000
4
®
(]
o 5000-
0_
N\ (/] <&
< W g > &
& @ A\ & 5
00 \0& éob QQ

K
o

as truncated violin plot with median and interquartile range. One-way
analysis of variance (ANOVA) and post hoc Tukey multiple compari-
son analyses were applied to compare between more than two inde-
pendent variables. Samples included 18 non-infected controls and
62 COVID-19 patients that comprised 15 asymptomatic, 16 mild,
15 moderate, and 16 severe. *p<0.05, ***p<0.01, ***p<0.001,
*#%%p <(0.0001. Results are presented as mean (+ SEM)
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Fig.7 Correlation of four salivary metabolites of sphingosine,
5-Aminolevulinic acid, L-Tryptophan, and L-Kynurenine with serum
markers of COVID-19 severity. The two serum markers C-reactive
protein and D-dimer were negatively correlated with saliva levels of

Kynurenine has a central role in modulating inflam-
mation and immune response (Chen & Guillemin, 2009).
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sphingosine and 5-Aminolevulinic acid (A, B and E, F), and posi-
tively correlated with L-Tryptophan and L-Kynurenine (C, D and G,
H) of COVID-19 patients. Statistical test: Pearson’s coefficient test
with two-tailed p-value <0.05 considered significant

Kynurenine shunt that moves the tryptophan degradation
toward kynurenine and away from serotonin has been
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associated independently with depression, fatigue, mus-
cle weakness, and other neurologic diseases (Mangoni,
1974; Németh et al., 2005). COVID-19 disease causes
long-lasting symptoms months after recovery from acute
infection that resembles kynurenine shunt presentations
(Eroglu et al., 2021; Huang et al., 2021). It is therefore
possible for the metabolic programming to play a role
in manifestation of both acute and long-term symptoms
observed in COVID-19 (Huang et al., 2021; Ramakrishnan
et al., 2021; Saheb Sharif-Askari et al., 2021). More stud-
ies are needed to profile the long-term metabolic change
in those suffering from lingering long COVID symptoms.

In addition to severe metabolic pathways, we have also
profiled those that were specific to non-severe group which
included sphingosine. Our differential metabolite analy-
ses in both saliva and plasma samples have shown higher
sphingosine levels in non-severe than severe COVID-19
(Fig. 3A, B and Fig. 6A). Interestingly, salivary sphin-
gosine pattern revealed an inverse relationship between
sphingosine levels and disease severity with significant
increase of sphingosine levels in asymptomatic and its
complete absence in severe disease. We detected sphingo-
sine in salivary controls but not in plasma controls. Similar
to our result, Janneh et al. (Janneh et al., 2021) and Shen
et al. (Shen et al., 2020) associated the reduced plasma
sphingosine levels to COVID-19 severity. In their findings
plasma sphingosine levels differentiated symptomatic from
non-symptomatic infection but it could not differentiate
severe from non-severe disease (Janneh et al., 2021; Shen
et al., 2020).

Sphingosine present abundantly in healthy nasal, tra-
cheal, and bronchial epithelial cells protecting the respira-
tory tracts from both bacterial and viral respiratory infec-
tion (Verhaegh et al., 2020). It prevent SARS-CoV-2 viral
entry into host cells; sphingosine binds to ACE2 receptor
and block the interaction between SARS-CoV-2 viral spike
protein and host ACE2 receptor (Edwards et al., 2020). It
is involved in synthesis and regulation of multivesicular
bodies which modulate diverse cellular processes (Lang
et al., 2020). Additional antiviral effect of sphingosine was
shown against herpes simplex virus in macrophages where
sphingosine binds, traps and degrades the virus within the
multivesicular bodies (Lang et al., 2020). The bactericidal
effect of this sphingolipid have been shown against different
bacterial strains (Grassmé et al., 2017; Seitz et al., 2019).
Verhegh and colleagues demonstrated that protonated amino
group (NH;™) group of sphingosine binds to the—negatively
charged lipid cardiolipin in Pseudomonas aeruginosa and
Staphylococcus aureus plasma membranes which then
induce rapid permeabilization and loss of bacterial meta-
bolic activity (Verhaegh et al., 2020).

Sphingosine is phosphorylated by sphingosine kinases
to generate Sphingosine-1-phosphate (Liu et al., 2002).

@ Springer

In our study we did not detect sphingosine-1-phosphate,
however recently Marfia group linked the decreased serum
level of sphingosine-1-phosphate with severe COVID-19
disease (Marfia et al., 2021). Sphingosine-1-phosphate is
a pleotropic sphingolipid that acts as a major modulator
of vascular and immune system (Tornquist et al., 2021).
It displays dose-dependent effect on inflammation; at nor-
mal nanomolar physiologic concentration it acts as anti-
inflammatory while at higher micromolar concentration it
shows pro-inflammatory activity (Fettel et al., 2019; Whetzel
et al., 2006). Airway smooth muscles treated with micro-
molar concentration of sphingosine-1-phosphate induced
their proinflammatory effect which was inhibited upon
treatment with corticosteroid, dexamethasone (Che et al.,
2013). In small dose, Sphingosine-1-phosphate analogue,
Fingolimod, showed reduction of inflammatory response
and entered a clinical trial for treatment of cytokine storm
during COVID-19; however the trial was stopped due to
occurrence of lymphopenia adverse reaction (www.clinicaltr
ial.gov NCT04280588)(Marfia et al., 2021). Further studies
are required to assess the potential of sphingolipid modula-
tion towards control of SARS-CoV-2 viral infection as well
as cytokine storm.

Resembling sphingosine findings, 5S-Aminolevulinic acid
metabolite levels were detected in non-severe COVID-19,
while this metabolite was not present in control and severe
COVID-19 in both saliva and plasma results. This metabo-
lite has antiviral effect and thereby their detection in the less
severe infection suggest that it could have played a role in the
control of infection severity. Ben-Hur and colleague showed
that 5-Aminolevulinic Acid supplementation followed by
photodynamic therapy was effective both in-vivo and in-
vitro to inactivate intracellular herpes simplex virus (HSV)
and human immunodeficiency virus (HIV) (Smetana et al.,
1997). More recently, Japanese researchers have shown that
pretreatment with this amino acid blocked the SARS-CoV-2
infection in both VeroE6 cells and human colon-derived
Caco-2 cells in a time-dependent manner (Sakurai et al.,
2021). Mechanistically, 5-ALA supplementation induced
accumulation of protoporphyrin IX and heme inside host
cells, that interfered with viral replication through targeting
the G-quadruplex (G4) structure within the virus nonstruc-
tural protein 3 (Nsp3) (Sakurai et al., 2021). 5-Aminole-
vulinic Acid is bioavailable orally and could potentially be
used for SARS-CoV-2 infection prevention (Sakurai et al.,
2021).

Beside sphingosine, other lipid mediators such as eicos-
anoids were previously shown to be upregulated during
COVID-19 (Regidor et al., 2021). Eicosanoids were associ-
ated with lipid mediator storm during critical SARS-CoV-2
infection as well as post COVID-19 syndrome following
mild disease (Archambault et al., 2021; Bohnacker et al.,
2022). SARS-CoV-2 infection induced a long-term immune
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abnormalities in macrophage effector functions and eicosa-
noid metabolism which persisted up to 3—5 month following
mild COVID-19 (Bohnacker et al., 2022). Future investiga-
tions are needed to study the role of other bioactive lipids
during and after severe viral infections. LC-MS/MS analysis
could be used for simultaneous detection of bioactive lipids
such as eicosanoids in different patients’ samples of serum,
bronchial alveolar lavage fluid (BALF), and sputum (Tha-
kare et al., 2018).

The current study identified the metabolites that are spe-
cific to severe and non-severe groups. Like sphingosine,
metabolites presented in Fig. 3A, B such as N-Acetylpu-
trescine could play a key role in development or resist-
ance to severe viral infection and thereby further research
is needed to understand the mechanism that regulate their
abundance. Moreover, many of the dysregulated metabo-
lites are expected to be directly or indirectly associated with
clinical manifestation observed in acute phase and long-term
sequel of COVID-19 and deserve further investigation. As
expected, the two prognostic biomarkers of C-reactive pro-
tein and D-dimer were negatively correlated with sphingo-
sine and 5-Aminolevulinic acid (Fig. 7A, B and E, F), and
positively correlated with L-Tryptophan and L-Kynurenine
(Fig. 7C, D and G, H).

This study was conducted to profile the global meta-
bolic dysregulation during acute COVID-19 disease, and
to focus on those metabolites that are specific to non-severe
and severe groups. Our study only provides a snapshot of
SARS-CoV-2 induced metabolic reprogramming. Future
longitudinal studies are required to better characterize the
early, acute, and long-term change in COVID-19. Our study
was limited by the sample size and larger cohort could be
required to confirm the current findings. Although we
have used age and gender matched cohort (Supplementary
Table 1), metabolite change observed could be cofounded or
not by other factors such as diet, disease, and medication. To
control for the potential cofounder’s larger sample size will
be needed. Another limitation was that deuterium-labeled
internal standards were not used prior to sample extraction.

5 Conclusion

In conclusion, SARS-CoV-2 infection induce distinctive
metabolic derangement in severe and non-severe COVID-
19. Metabolic change could be detected in both salivary and
plasma samples, however saliva collected from active side
of infection presented with higher intensity of metabolic
dysregulation. General COVID-19 metabolites (such as
Linoleic acid and Alpha-ketoisovaleric in Fig. 3A, B) could
be used for infection detection while metabolites distinguish-
ing severe from non-severe stages (such as sphingosine and
kynurenine) could be used as a prognostic marker. Further,

metabolites such as L-Kynurenine, sphingosine and 5-ami-
nolevulinic could play active role in modulating immune
system inflammatory and antiviral response and could rep-
resent an effective therapeutic approach for the treatment of
COVID-19 early and late immune dysregulations.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11306-022-01936-1.

Author contributions RH, MHS, NCS, NSA designed the research.
HAHA, LS, RS, BM collected the data and patient’s sample. NSA,
FSA, NCS, HAM QH, MHS and RH performed the research. NSA,
FSA, NCS and RH analyzed and interpreted the data and wrote the
manuscript. All authors commented on the manuscript. The authors
read and approved the final manuscript.

Funding The authors extend their appreciation to the Deanship of Sci-
entific Research, king Saud University for funding through Vice Dean-
ship of Scientific Research Chairs; Research Chair of Prince Abdullah
Ben Khalid Celiac Disease research chair; Riyadh, Kingdom of Saudi
Arabia.

Declarations
Conflict of interest The authors declare no competing interests.

Ethical approval This study was approved by Dubai Scientific Research
Ethics Committee (DSREC). Written, informed consents were obtained
from all study participants prior to inclusion.

References

Al-Mubhsen, S., Al-Numair, N. S., Saheb Sharif-Askari, N., Basamh, R.,
Alyounes, B., Jabaan, A., Saheb Sharif-Askari, F., Alosaimi, M.
F., Alsohime, F., Halwani, R., & Al-Saud, H. (2022). Favipiravir
effectiveness and safety in hospitalized moderate-severe COVID-
19 patients: Observational prospective multicenter investigation in
Saudi Arabia. Frontiers in Medicine, 9, 826247-826247.

Alaiya, A., Alshukairi, A., Shinwari, Z., Al-Fares, M., Alotaibi, J.,
AlOmaim, W., Alsharif, I., Bakheet, R., Alharbi, L., Allam, R.,
Asiri, A., Memish, Z., Alromaih, K., & Al-Mozaini, M. (2021).
Alterations in the plasma proteome induced by SARS-CoV-2 and
MERS-CoV reveal biomarkers for disease outcomes for COVID-
19 patients. Journal of Inflammation Research, 14,4313-4328.

Alamer, A., Alrashed, A. A., Alfaifi, M., Alosaimi, B., AlHassar, F.,
Almutairi, M., Howaidi, J., Almutairi, W., Mohzari, Y., Sulaiman,
T., Al-Jedai, A., Alajami, H. N., Alkharji, F., Alsaeed, A., Alali,
A. H., Baredhwan, A. A., Abraham, 1., & Almulhim, A. S. (2021).
Effectiveness and safety of favipiravir compared to supportive care
in moderately to critically ill COVID-19 patients: A retrospective
study with propensity score matching sensitivity analysis. Current
Medical Research and Opinion, 37, 1085-1097.

Archambault, A. S., Zaid, Y., Rakotoarivelo, V., Turcotte, C., Doré,
E Dubuc, I., Martin, C., Flamand, O., Amar, Y., Cheikh, A.,
Fares, H., El Hassani, A., Tijani, Y., Coté, A., Laviolette, M.,
Boilard, E., Flamand, L., & Flamand, N. (2021). High levels of
eicosanoids and docosanoids in the lungs of intubated COVID-
19 patients. The FASEB Journal, 35, €21666.

Blanco-Melo, D., Nilsson-Payant, B. E., Liu, W.-C., Uhl, S.,
Hoagland, D., Mgller, R., Jordan, T. X., Oishi, K., Panis, M.,
Sachs, D., Wang, T. T., Schwartz, R. E., Lim, J. K., Albrecht,

@ Springer


https://doi.org/10.1007/s11306-022-01936-1

81 Page140f16

N. Saheb Sharif-Askari et al.

R. A., & tenOever, B. R. (2020). Imbalanced host response to
SARS-CoV-2 drives development of COVID-19. Cell, 181,
1036-1045.€9.

Bohnacker, S., Hartung, F., Henkel, F., Quaranta, A., Kolmert, J.,
Priller, A., Ud-Dean, M., Giglberger, J., Kugler, L. M., Pech-
told, L., Yazici, S., Lechner, A., Erber, J., Protzer, U., Lingor,
P., Knolle, P., Chaker, A. M., Schmidt-Weber, C. B., Wheelock,
C. E., & Esser-von Bieren, J. (2022). Mild COVID-19 imprints
a long-term inflammatory eicosanoid- and chemokine memory
in monocyte-derived macrophages. Mucosal Immunology, 15,
515-524.

Cai, Y., Kim, D. J., Takahashi, T., Broadhurst, D. I., Yan, H., Ma,
S., Rattray, N. J., Casanovas-Massana, A., Israelow, B., & Klein,
J. (2021). Kynurenic acid may underlie sex-specific immune
responses to COVID-19. Science Signaling, 14, eabf8483.

Che, W., Parmentier, J., Seidel, P., Manetsch, M., Ramsay, E. E.,
Alkhouri, H., Ge, Q., Armour, C. L., & Ammit, A. J. (2013).
Corticosteroids inhibit sphingosine 1-phosphate—induced interleu-
kin-6 secretion from human airway smooth muscle via mitogen-
activated protein kinase phosphatase 1-mediated repression of
mitogen and stress-activated protein kinase 1. American Journal
of Respiratory Cell and Molecular Biology, 50, 358-368.

Chen, Y., & Guillemin, G. J. (2009). Kynurenine pathway metabolites
in humans: Disease and healthy States. International Journal of
Tryptophan, 2, 1-19.

dos Santos, C., Junior, G., Pereira, C. M., da Silva, K., Fidalgo, T., &
Valente, A. P. (2020). Saliva NMR-based metabolomics in the
war against COVID-19. Analytical Chemistry, 92, 15688—15692.

Deu-Pons, J., Schroeder, M. P., & Lopez-Bigas, N. (2014). jHeatmap:
An interactive heatmap viewer for the web. Bioinformatics, 30,
1757-1758.

Dudoit, S., Yang, Y. H., Callow, M. J., & Speed, T. P. (2002). Sta-
tistical methods for identifying differentially expressed genes in
replicated cDNA microarray experiments. Statistica Sinica, 15,
111-139.

Edwards, M. J., Becker, K. A., Gripp, B., Hoffmann, M., Keitsch, S.,
Wilker, B., Soddemann, M., Gulbins, A., Carpinteiro, E., Patel,
S. H., Wilson, G. C., P6hlmann, S., Walter, S., Fassbender, K.,
Ahmad, S. A., Carpinteiro, A., & Gulbins, E. (2020). Sphingosine
prevents binding of SARS—CoV-2 spike to its cellular receptor
ACE2. Journal of Biological Chemistry, 295, 15174-15182.

Eroglu, I, Eroglu, B. C., & Giiven, G. S. (2021). Altered tryptophan
absorption and metabolism could underlie long-term symptoms
in survivors of coronavirus disease 2019 (COVID-19). Nutrition
(burbank, Los Angeles County, Calif.), 90, 111308-111308.

Fettel, J., Kiihn, B., Guillen, N. A., Siiriin, D., Peters, M., Bauer, R.,
Angioni, C., Geisslinger, G., Schniitgen, F., Heringdorf, D. M.,
Werz, O., Meybohm, P., Zacharowski, K., Steinhilber, D., Roos,
J., & Maier, T. J. (2019). Sphingosine-1-phosphate (S1P) induces
potent anti-inflammatory effects in vitro and in vivo by S1P recep-
tor 4-mediated suppression of 5-lipoxygenase activity. The FASEB
Journal, 33, 1711-1726.

Frampas, C.F., Longman, K., Spick, M.P., Lewis, H.M., Costa, C.D.S.,
Stewart, A., Dunn-Walters, D., Greener, D., Evetts, G.E., Skene,
D., Trivedi, D., Pitt, A.R., Hollywood, K., Barran, P. and Bailey,
M.J. (2021) Untargeted saliva metabolomics reveals COVID-19
severity. medRxiv, 2021.07.06.21260080.

Geyer, P. E., Arend, F. M., Doll, S., Louiset, M. L., Virreira Winter, S.,
Miiller-Reif, J. B., Torun, F. M., Weigand, M., Eichhorn, P., Brue-
gel, M., Strauss, M. T., Holdt, L. M., Mann, M., & Teupser, D.
(2021). High-resolution serum proteome trajectories in COVID-
19 reveal patient-specific seroconversion. EMBO Molecular Medi-
cine, 13,¢e14167.

Grassmé, H., Henry, B., Ziobro, R., Becker, K. A., Riethmiiller, J.,
Gardner, A., Seitz, A. P., Steinmann, J., Lang, S., Ward, C.,
Schuchman, E. H., Caldwell, C. C., Kamler, M., Edwards, M. J.,

@ Springer

Brodlie, M., & Gulbins, E. (2017). f1-Integrin accumulates in
cystic fibrosis luminal airway epithelial membranes and decreases
sphingosine, promoting bacterial infections. Cell Host & Microbe,
21,707-718.e8.

Guan, W.J., Ni, Z. Y., Hu, Y., Liang, W. H., Ou, C. Q., He, J. X., Liu,
L., Shan, H., Lei, C. L., Hui, D. S. C., Du, B,, Li, L. J., Zeng,
G., Yuen, K. Y., Chen, R. C,, Tang, C. L., Wang, T., Chen, P. Y.,
Xiang, J., ... Zhong, N. S. (2020). Clinical characteristics of coro-
navirus disease 2019 in China. New England Journal of Medicine,
382, 1708-1720.

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Kriiger, N., Herrler,
T., Erichsen, S., Schiergens, T. S., Herrler, G., Wu, N.-H., Nitsche,
A., Miiller, M. A., Drosten, C., & Pohlmann, S. (2020). SARS-
CoV-2 cell entry depends on ACE2 and TMPRSS?2 and is blocked
by a clinically proven protease inhibitor. Cell, 181, 271-280.e8.

Huang, C., Huang, L., Wang, Y., Li, X, Ren, L., Gu, X., Kang, L., Guo,
L., Liu, M., Zhou, X., Luo, J., Huang, Z., Tu, S., Zhao, Y., Chen,
L., Xu, D, Li, Y., Li, C., Peng, L., ... Cao, B. (2021). 6-month
consequences of COVID-19 in patients discharged from hospital:
A cohort study. Lancet, 397, 220-232.

Hui, D. S., Azhar E.I., Madani, T.A., Ntoumi, F., Kock, R., Dar, O.,
Ippolito, G., McHugh, T.D., Memish, Z.A., Drosten, C., Zumla,
A. & Petersen, E. (2020). The continuing 2019-nCoV epidemic
threat of novel coronaviruses to global health - The latest 2019
novel coronavirus outbreak in Wuhan, China. International Jour-
nal of Infectious Diseases, 91, 264-266.

Hyvirinen, E., Savolainen, M., Mikkonen, J. J. W., & Kullaa, A. M.
(2021). Salivary metabolomics for diagnosis and monitoring dis-
eases: Challenges and possibilities. Metabolites, 11, 15-90.

Janneh, A. H., Kassir, M. F., Dwyer, C. J., Chakraborty, P., Pierce, J.
S., Flume, P. A, Li, H., Nadig, S. N., Mehrotra, S., & Ogretmen,
B. (2021). Alterations of lipid metabolism provide serologic bio-
markers for the detection of asymptomatic versus symptomatic
COVID-19 patients. Scientific Reports, 11, 14232.

Kimbhofer, T., Lodge, S., Whiley, L., Gray, N., Loo, R. L., Lawler,
N. G., Nitschke, P., Bong, S.-H., Morrison, D. L., Begum, S.,
Richards, T., Yeap, B. B., Smith, C., Smith, K. G. C., Holmes,
E., & Nicholson, J. K. (2020). Integrative modeling of quantita-
tive plasma lipoprotein, metabolic, and amino acid data reveals
a multiorgan pathological signature of SARS-CoV-2 infection.
Journal of Proteome Research, 19, 4442-4454.

Lang, J., Bohn, P., Bhat, H., Jastrow, H., Walkenfort, B., Cansiz,
F., Fink, J., Bauer, M., Olszewski, D., Ramos-Nascimento,
A., Duhan, V., Friedrich, S.-K., Becker, K. A., Krawczyk, A.,
Edwards, M. J., Burchert, A., Huber, M., Friebus-Kardash, J.,
Gothert, J. R., ... Lang, K. S. (2020). Acid ceramidase of mac-
rophages traps herpes simplex virus in multivesicular bodies and
protects from severe disease. Nature Communications, 11, 1338.

Lee, J. S., Park, S., Jeong, H. W., Ahn, J. Y., Choi, S. J., Lee, H., Choi,
B., Nam, S. K., Sa, M., Kwon, J.-S., Jeong, S. J., Lee, H. K.,
Park, S. H., Park, S.-H., Choi, J. Y., Kim, S.-H., Jung, I., & Shin,
E.-C. (2020). Immunophenotyping of COVID-19 and influenza
highlights the role of type I interferons in development of severe
COVID-19. Science Immunology, 5, eabd1554.

Liao, M., Liu, Y., Yuan, J., Wen, Y., Xu, G., Zhao, J., Cheng, L., Li,
J., Wang, X., Wang, F., Liu, L., Amit, 1., Zhang, S., & Zhang, Z.
(2020). Single-cell landscape of bronchoalveolar immune cells in
patients with COVID-19. Nature Medicine, 26, 842—844.

Lima, D. P., Diniz, D. G., Moimaz, S. A. S., Sumida, D. H., & Oka-
moto, A. C. (2010). Saliva: Reflection of the body. International
Journal of Infectious Diseases, 14, e184—e188.

Liu, H., Chakravarty, D., Maceyka, M., Milstien, S., & Spiegel, S.
(2002). Sphingosine kinases: A novel family of lipid kinases.
Progress in Nucleic Acid Research and Molecular Biology, 71,
493-511.



Saliva metabolomic profile of COVID-19 patients associates with disease severity

Page 150f 16 81

Lépez-Hernandez, Y., Monarrez-Espino, J., Oostdam, A.-S.H.-V.,
Delgado, J.E.C., Zhang, L., Zheng, J., Valdez, J.J.O., Mandal,
R., Gonzilez, F.d.L.O., Moreno, J.C.B., Trejo-Medinilla, F.M.,
Lépez, J.A., Moreno, J.A.E. & Wishart, D.S. (2021). Targeted
metabolomics identifies high performing diagnostic and prog-
nostic biomarkers for COVID-19. Scientific Reports, 11, 14732.

Ma, Q., Liu, J., Liu, Q., Kang, L., Liu, R., Jing, W., Wu, Y., & Liu, M.
(2021). Global percentage of asymptomatic SARS-CoV-2 infec-
tions among the tested population and individuals with confirmed
COVID-19 diagnosis: A systematic review and meta-analysis.
JAMA Network Open, 4, €2137257-e2137257.

Mangoni, A. (1974). The “kynurenine shunt” and depression. Advances
in Biochemical Psychopharmacology, 11,293-298.

Marfia, G., Navone, S., Guarnaccia, L., Campanella, R., Mondoni,
M., Locatelli, M., Barassi, A., Fontana, L., Palumbo, F., Garzia,
E., Ciniglio Appiani, G., Chiumello, D., Miozzo, M., Centanni,
S., & Riboni, L. (2021). Decreased serum level of sphingosine-
1-phosphate: A novel predictor of clinical severity in COVID-19.
EMBO Molecular Medicine, 13, e13424.

Masuda, R., Lodge, S., Nitschke, P., Spraul, M., Schaefer, H., Bong,
S.-H., Kimhofer, T., Hall, D., Loo, R. L., Bizkarguenaga, M.,
Bruzzone, C., Gil-Redondo, R., Embade, N., Mato, J. M., Hol-
mes, E., Wist, J., Millet, O., & Nicholson, J. K. (2021). Integra-
tive modeling of plasma metabolic and lipoprotein biomarkers
of SARS-CoV-2 infection in Spanish and Australian COVID-19
patient cohorts. Journal of Proteome Research, 20, 4139-4152.

Németh, H., Toldi, J., & Vécsei, L. (2005). Role of kynurenines in the
central and peripheral nervous systems. Current Neurovascular
Research, 2, 249-260.

NIH COVID-19 Treatment Guidelines Panel. Coronavirus Disease
2019 (COVID-19) Treatment Guidelines. National Institutes of
Health. Available at https://www.covid19treatmentguidelines.nih.
gov/. Accessed 9 Sep 2021.

Pang, Z., Chong, J., Li, S., & Xia, J. (2020). MetaboAnalystR 3.0:
Toward an optimized workflow for global metabolomics. Metabo-
lites, 10, 15-82.

Patel, H., Ashton, N. J., Dobson, R. J. B., Andersson, L.-M., Yilmaz,
A., Blennow, K., Gisslen, M., & Zetterberg, H. (2021). Proteomic
blood profiling in mild, severe and critical COVID-19 patients.
Scientific Reports, 11, 6357.

Qin, C., Zhou, L., Hu, Z., Zhang, S., Yang, S., Tao, Y., Xie, C., Ma,
K., Shang, K., Wang, W., & Tian, D. S. (2020). Dysregulation of
immune response in patients with coronavirus 2019 (COVID-19)
in Wuhan, China. Clinical Infectious Diseases, 71, 762-768.

Ramakrishnan, R. K., Kashour, T., Hamid, Q., Halwani, R., & Tleyjeh,
I. M. (2021). Unraveling the mystery surrounding post-acute
sequelae of COVID-19. Frontiers in Immunology, 12, 20-28.

Regidor, P. A., De La Rosa, X., Santos, F. G., Rizo, J. M., Gracia
Banzo, R., & Silva, R. S. (2021). Acute severe SARS COVID-19
patients produce pro-resolving lipids mediators and eicosanoids.
European Review for Medical and Pharmacological Sciences, 25,
6782-6796.

Richardson, S., Hirsch, J. S., Narasimhan, M., Crawford, J. M.,
McGinn, T., Davidson, K. W., Barnaby, D. P., Becker, L. B.,
Chelico, J. D., Cohen, S. L., Cookingham, J., Coppa, K., Diefen-
bach, M. A., Dominello, A. J., Duer-Hefele, J., Falzon, L., Gitlin,
J., Hajizadeh, N., Harvin, T. G., ... Zanos, T. P. (2020). Presenting
characteristics, comorbidities, and outcomes among 5700 patients
hospitalized With COVID-19 in the New York City area. JAMA,
323, 2052-2059.

Ritchie, M. E., Phipson, B., Wu, D, Hu, Y., Law, C. W, Shi, W, &
Smyth, G. K. (2015a). Limma powers differential expression
analyses for RNA-sequencing and microarray studies. Nucleic
Acids Research, 43, e47.

Ritchie, M. E., Phipson, B., Wu, D. 1., Hu, Y., Law, C. W., Shi, W.,
& Smyth, G. K. (2015b). limma powers differential expression

analyses for RNA-sequencing and microarray studies. Nucleic
Acids Research, 43, edT—e47.

Saheb Sharif-Askari, N., Saheb Sharif-Askari, F., Ahmed, S. B. M.,
Hannawi, S., Hamoudi, R., Hamid, Q., & Halwani, R. (2021).
Enhanced expression of autoantigens during SARS-CoV-2 viral
infection. Frontiers in Immunology, 12, 15-98.

Sakurai, Y., Ngwe Tun, M. M., Kurosaki, Y., Sakura, T., Inaoka,
D. K., Fujine, K., Kita, K., Morita, K., & Yasuda, J. (2021).
5-amino levulinic acid inhibits SARS-CoV-2 infection in vitro.
Biochemical and Biophysical Research Communications, 545,
203-207.

Sapkota, D., Sgland, T. M., Galtung, H. K., Sand, L. P., Giannecchini,
S., To, K. K. W., Mendes-Correa, M. C., Giglio, D., Hasséus, B.,
& Braz-Silva, P. H. (2020). COVID-19 salivary signature: diag-
nostic and research opportunities. Journal of Clinical Pathology,
74(6), 344-349.

Sapkota, D., Sgland, T. M., Galtung, H. K., Sand, L. P., Giannecchini,
S., To, K. K. W., Mendes-Correa, M. C., Giglio, D., Hasséus, B.,
& Braz-Silva, P. H. (2021). COVID-19 salivary signature: Diag-
nostic and research opportunities. Journal of Clinical Pathology,
74,344,

Seitz, A. P., Schumacher, F., Baker, J., Soddemann, M., Wilker, B.,
Caldwell, C. C., Gobble, R. M., Kamler, M., Becker, K. A., Beck,
S., Kleuser, B., Edwards, M. J., & Gulbins, E. (2019). Sphin-
gosine-coating of plastic surfaces prevents ventilator-associated
pneumonia. Journal of Molecular Medicine (berlin, Germany),
97, 1195-1211.

Shen, B., Yi, X., Sun, Y., Bi, X., Du, J., Zhang, C., Quan, S., Zhang,
F., Sun, R., Qian, L., Ge, W,, Liu, W., Liang, S., Chen, H., Zhang,
Y., Li, J., Xu, J., He, Z., Chen, B., ... Guo, T. (2020). Proteomic
and metabolomic characterization of COVID-19 patient sera. Cell,
182,59-72.el5.

Siddiqi, H. K., & Mehra, M. R. (2020). COVID-19 illness in native and
immunosuppressed states: A clinical-therapeutic staging proposal.
The Journal of Heart and Lung Transplantation, 39, 405-407.

Smetana, Z., Malik, Z., Orenstein, A., Mendelson, E., & Ben-Hur, E.
(1997). Treatment of viral infections with 5-aminolevulinic acid
and light. Lasers in Surgery and Medicine, 21, 351-358.

Smyth Gordon, K. (2004). Linear models and empirical bayes methods
for assessing differential expression in microarray experiments.
Statistical Applications in Genetics and Molecular Biology, 3,
1-25.

Statsenko, Y., Al Zahmi, F., Habuza, T., Gorkom, K.N.-V., & Zaki, N.
(2021). Prediction of COVID-19 severity using laboratory find-
ings on admission: Informative values, thresholds ML Model Per-
formance. British Medical Journal Open, 11, e044500.

Thakare, R., Chhonker, Y. S., Gautam, N., Nelson, A., Casaburi, R.,
Criner, G., Dransfield, M. T., Make, B., Schmid, K. K., Rennard,
S. L., & Alnouti, Y. (2018). Simultaneous LC-MS/MS analysis of
eicosanoids and related metabolites in human serum, sputum and
BALF. Biomed Chromatography, 32, 15.

Thomas, T., Stefanoni, D., Reisz, J. A., Nemkov, T., Bertolone, L.,
Francis, R. O., Hudson, K. E., Zimring, J. C., Hansen, K. C., Hod,
E. A, Spitalnik, S. L., & D’Alessandro, A. (2020). COVID-19
infection alters kynurenine and fatty acid metabolism, correlating
with IL-6 levels and renal status. JCI Insight, 5, 15.

To, K. K. W., Yip,C.C. Y., Lai,C. Y. W, Wong, C. K. H., Ho,D. T. Y.,
Pang, P. K. P, Ng, A. C. K., Leung, K. H., Poon, R. W. S., Chan,
K. H., Cheng, V. C. C., Hung, I. F. N., & Yuen, K. Y. (2019).
Saliva as a diagnostic specimen for testing respiratory virus by a
point-of-care molecular assay: A diagnostic validity study. Clini-
cal Microbiology and Infection, 25, 372-378.

Tornquist, K., Asghar, M. Y., Srinivasan, V., Korhonen, L., & Lind-
holm, D. (2021). Sphingolipids as Modulators of SARS-CoV-2
Infection. Frontiers in Cell and Developmental Biology, 9, 1574.

@ Springer


https://www.covid19treatmentguidelines.nih.gov/
https://www.covid19treatmentguidelines.nih.gov/

81 Page160f16

N. Saheb Sharif-Askari et al.

Vardhana, S. A., & Wolchok, J. D. (2020). The many faces of the anti-
COVID immune response. Journal of Experimental Medicine,
217, 158.

Verhaegh, R., Becker, K. A., Edwards, M. J., & Gulbins, E. (2020).
Sphingosine kills bacteria by binding to cardiolipin. Journal of
Biological Chemistry, 295, 7686-7696.

Whetzel, A. M., Bolick, D. T., Srinivasan, S., Macdonald, T. L., Mor-
ris, M. A., Ley, K., & Hedrick, C. C. (2006). Sphingosine-1
Phosphate Prevents Monocyte/Endothelial Interactions in Type
1 Diabetic NOD Mice Through Activation of the S1P1 Receptor.
Circulation Research, 99, 731-739.

www.cdc.gov Available from: https://www.cdc.gov/coronavirus/2019-
ncov/lab/guidelines-clinical-specimens.html. Accessed date 9 Sep
2020.

Wyllie, A. L., Fournier, J., Casanovas-Massana, A., Campbell, M.,
Tokuyama, M., Vijayakumar, P., Warren, J. L., Geng, B., Muen-
ker, M. C., Moore, A.J., Vogels, C. B. F., Petrone, M. E., Ott, 1.
M., Lu, P., Venkataraman, A., Lu-Culligan, A., Klein, J., Earnest,
R., Simonov, M., ... Ko, A. I. (2020). Saliva or nasopharyngeal
swab specimens for detection of SARS-CoV-2. New England
Journal of Medicine, 383, 1283-1286.

Xia, J., & Wishart, D. S. (2010). MSEA: A web-based tool to identify
biologically meaningful patterns in quantitative metabolomic data.
Nucleic Acids Research, 38, W71-W77.

Xiao, N., Nie, M., Pang, H., Wang, B., Hu, J., Meng, X., Li, K., Ran,
X., Long, Q., Deng, H., Chen, N, Li, S., Tang, N., Huang, A.,
& Hu, Z. (2021). Integrated cytokine and metabolite analysis
reveals immunometabolic reprogramming in COVID-19 patients
with therapeutic implications. Nature Communications, 12, 1618.

Xu, H., Zhong, L., Deng, J., Peng, J., Dan, H., Zeng, X., Li, T., & Chen,
Q. (2020). High expression of ACE2 receptor of 2019-nCoV on
the epithelial cells of oral mucosa. International Journal of Oral
Science, 12, 8.

Yan, L., Zhang, H.-T., Goncalves, J., Xiao, Y., Wang, M., Guo, Y.,
Sun, C., Tang, X., Jing, L., Zhang, M., Huang, X., Xiao, Y., Cao,

@ Springer

H., Chen, Y., Ren, T., Wang, F., Xiao, Y., Huang, S., Tan, X., ...
Yuan, Y. (2020). An interpretable mortality prediction model for
COVID-19 patients. Nature Machine Intelligence, 2, 283-288.

Yang, X., Yu, Y., Xu, J., Shu, H., Xia, J., Liu, H., Wu, Y., Zhang, L.,
Yu, Z., Fang, M., Yu, T., Wang, Y., Pan, S., Zou, X., Yuan, S.,
& Shang, Y. (2020). Clinical course and outcomes of critically
ill patients with SARS-CoV-2 pneumonia in Wuhan, China: A
single-centered, retrospective, observational study. The Lancet
Respiratory Medicine, 8, 475-481.

Yoon, J., Yun, S. G., Nam, J., Choi, S. H., & Lim, C. S. (2017). The use
of saliva specimens for detection of influenza A and B viruses by
rapid influenza diagnostic tests. Journal of Virological Methods,
243, 15-19.

Zhang, C.-Z., Cheng, X.-Q., Li, J.-Y., Zhang, P., Yi, P., Xu, X., & Zhou,
X.-D. (2016). Saliva in the diagnosis of diseases. International
Journal of Oral Science, 8, 133-137.

Zheng, H. Y., Zhang, M., Yang, C. X., Zhang, N., Wang, X. C., Yang,
X. P, Dong, X. Q., & Zheng, Y. T. (2020). Elevated exhaustion
levels and reduced functional diversity of T cells in peripheral
blood may predict severe progression in COVID-19 patients. Cel-
lular & Molecular Immunology, 17, 541-543.

Zhou, Y., Fu, B., Zheng, X., Wang, D., Zhao, C., Qi, Y., Sun, R., Tian,
Z., Xu, X., & Wei, H. (2020). Pathogenic T-cells and inflamma-
tory monocytes incite inflammatory storms in severe COVID-19
patients. National Science Review, 7, 998—1002.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under
a publishing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement and
applicable law.


http://www.cdc.gov
https://www.cdc.gov/coronavirus/2019-ncov/lab/guidelines-clinical-specimens.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/guidelines-clinical-specimens.html

	Saliva metabolomic profile of COVID-19 patients associates with disease severity
	Abstract
	Introduction 
	Objectives 
	Method 
	Results 
	Conclusion 
	Graphical abstract

	1 Introduction
	2 Materials and methods
	2.1 Patients and samples
	2.2 Sample collection and preparation
	2.3 Statistical analysis

	3 Results
	3.1 Clustering of severe, non-severe and non-infected controls
	3.2 Comparison of saliva and plasma metabolite dysregulation during COVID-19 infection

	4 Discussion
	5 Conclusion
	References




