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Abstract

Introduction. COVID-19 has become a global impediment by bringing everything to a halt starting from January
2020. India underwent the lockdown starting from 22" March 2020 with the sudden spike in the number of
COVID-19 patients in major cities and states. This study focused on how metabolites play a crucial role in SARS-
CoV-2 prognosis.

Materials and methods. Metabolome profiling of 106 plasma samples and 24 swab samples from symptomatic
patients in the Indian population of the Mumbai region was done. COVID-19 positive samples were further
segregated under the non-severe COVID-19 and severe COVID-19 patient cohort for both plasma and swab.
Results. After analyzing the raw files, total 7,949 and 12,871 metabolites in plasma and swab were found. 11 and
35 significantly altered metabolites were found in COVID-19 positive compared to COVID-19 negative plasma
and swab samples, respectively. Also, 9 and 23 significantly altered metabolites were found in severe COVID-19
positive to non-severe COVID-19 positive plasma and swab samples, respectively. The majorly affected pathways
in COVID-19 patients were found to be the amino acid metabolism pathway, sphingosine metabolism pathway,
and bile salt metabolism pathway.

Conclusion. This study facilitates identification of potential metabolite-based biomarker candidates for rapid
diagnosis and prognosis for clinical applications.

Keywords: plasma, swab, COVID-19, SARS-CoV-2, prognosis, biomarker candidate, metabolome, exposome,
therapeutic target
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AHHOMauus

BeegeHue. COVID-19 cran rmo6ansHorn npobnemoit HaunHas ¢ sHeapsi 2020 r. B MHamm nokgayH 6bin BBeaeH
22 mapta 2020 r. BcrieacTBue peskoro pocta ymcrna nauymneHtos ¢ COVID-19 B KpynHbIX ropogax v LWtarax crpa-
Hbl. [laHHOE uccnegoBaHUe NOCBSILLEHO U3YYEHMIO Ponn MeTabonmMToB B NPOrHo3e ucxoaa MHAEKLMK, Bbi3bliBae-
Mo SARS-CoV-2.

MaTtepunanbl n MeToAbl. BbinonHeHo meTabonomMHoe npodmnunpoBaHue 106 obpasuoB nnasmbl U 24 ob6pasLoB
Ma3KOB OT UHAMACKUX MALUMEHTOB C KMMHUYECKUMU MPOSIBNEHNSIMU UH(DEKLNU, NPOXMBABLLMX B pernoHe Mym-
6an. O6pasLbl NNasmMbl U MA3KOB MALMEHTOB C MOMNOXUTENbHbIM pe3ynstatom Ha COVID-19 6binv gononHuTens-
HO pasgeneHbl Ha ABe rPynMbl B COOTBETCTBMU C HETSXKENBIM U TSHXKENBIM TedyeHnem COVID-19.

PesynstaThl. B pesynsrate aHannsa nepBuYHbIX AaHHbIX Obinu oBHapyxeHbl 7949 n 12 871 metabonuTtoB B
obpasuax nnasmMmbl U Ma3koB COOTBETCTBEHHO. Mo cpaBHeHuto ¢ COVID-19-oTpuuatenbHbiMn obpasuamm B 00-
pasuax nnasmbl 1 MaskoB OT naumeHToB ¢ COVID-19 6binn obHapyxeHbl 11 1 35 3HaUNTENBbHO N3MEHEHHbIX
MeTabonuToB COOTBETCTBEHHO. Kpome Toro, B obpasuax nnasmbl U MasKkoB OT NauneHToB ¢ Tshkénsim COVID-19
BbisiBNeHbl 9 1 23 meTabonuta COOTBETCTBEHHO, 3HAYUTENLHO M3MEHEHHbIE MO CpaBHEHMIO ¢ obpasuamu oT
naumneHToB C HeTsKENbIM TedyeHnem COVID-19. ObHapyxeHo, 4To COVID-19 oka3biBaeT Hambonbllee BAUsHNE
Ha meTabonuyeckre nyTn, CBA3aHHbIE C METab0NM3MOM aMUHOKUCTIOT, COUHIO3UHA U COMNEN XKeNM4YHbIX KACMOT.
3akntouyeHue. Pesynbratbl 4aHHOIO MccnefoBaHns cnocobCTBYOT MAEHTUMUKALMN NOTEHUMANbHBLIX KaHaMAa-
TOB B OMOMapképbl Ha OCHOBE MeTabonmToB Ans 6bICTPON ANarHOCTUKM 1 NPOrHO3a B KIMMHUYECKOW NpaKTuKe.

KniouyeBble cnoBa: niasva, masok, COVID-19, SARS-CoV-2, npoeHos, kaHOudamHbie buomapkepsl, Memabo-
JI0OM, 3KCIMOCOM, meparesmuyeckasi MUUWEHb.

Amuyeckoe ymeepxdeHue. ViccnepoBaHne NpoBOAUMOCH MPU AOGPOBOMBHOM WMHAOPMMUPOBAHHOM cornacuv na-
umeHToB. [Mpotokon wuccrnenoBaHua opobpeH JTudeckumu kommuteTamm Indian Institute of Technology Bombay u
Institutional Review Board, Kasturba Hospital for Infectious Diseases (kog ytBepxaeHus IITB-IEC/2020/030).

BnazodapHocmb. ABTOpPbI X0TENW Bbl BbIPA3UTb NpU3HaTENbHOCTL Npodeccopy Ambarish Kunwar 13 [lenaptameH-
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n cneuymnanuctam «Thermo Fisher Scientificy» 3a ux nogaepxky npeanpusatns MASSFIIT Bo Bpems akcTpemarnbHon
cuUTyauum nokgayHa.

Bce pucyHku 6binn cospaHbl ¢ ncnonb3oBaHWeM LwabnoHoB Servier Medical Art nog nuueHsuent Creative Commons
Attribution 3.0.

UcmoyHuk cpuHaHcuposaHus. VlccnegoBaHve Gbino nopaepxaHo COBETOM MO Hay4YHbIM M UHXEHEPHbIM uccre-
noBaHuAM [lenaptameHTa Hayku v TexHonorui MuHuCTepcTBa Hayku M TexHonorun npasutensctsa WHoum (SB/S1/
Covid-2/2020), a Takke cneuunansbHbIM rpaHToM o usyyennto COVID-19 (RD/0520-IRCCHCO0-006) ot IRCC, IIT Bombay
ans SS. HacTosiwee uccnegosaHune YactuiHo mHaHcupoBanocb RFBR B cooTBeTCTBUM € UccnegoBaTenbCkMM nNpoek-
Tom Ne 19-04-00088. Sh. Aggarwal u Sh. Parihari sisnsitotca ctunengnatamm UAY-MHRD ot |IT Bombay. Sh. Parihari 6bin
nogaepxaH CSIR, N. Banerjee — DBT-JRF, A. Banerjee — ctuneHguen CSIR, MHgus.

KoHgbnniukm unmepecoe. ABTOPbI AEKNapupyoT OTCYTCTBUE SIBHBLIX M MOTEHLIMAbHBIX KOH(IIMKTOB MHTEPECOoB, CBSi-
3aHHbIX C NyGnyKaLumeit HacToALLei CTaTbu.

AnsiyumupoeaHusi: Aggarwal Sh., Parihari Sh., Banerjee A., Roy J., Baneerjee N., Bankar R., Kumar S., Choudhury M.,
Shah R., Bhojak Kh., Palanivel V., Salkar A., Agrawal S., Shrivastav O., Shastri J., Srivastava S. MetabonomHoe 1 akc-
NocoMHoe npodpunupoBaHne KnuHuYecknx obpasuos ot naumeHtToB ¢ COVID-19 B UHauu. XKypHan mukpobuonoauu,
anudemuornoauu u ummyHobuonoauu. 2021;98(4):397—415.

DOI: https://doi.org/10.36233/0372-9311-161

© KonnekTus aBTopos, 2021 * ABTOpbI SIBNSIOTCA NEPBLIMU @aBTOPaMM C PaBHbLIM BKNaAoM.



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMUONOTU N UMMYHOBUOJIOTUI. 2021; 98(4)

DOI: https://doi.org/10.36233/0372-9311-161

399

OPUTVHANbBbHbBIE NCCITIEAOBAHNA

Introduction

The SARS-CoV-2 virus in COVID-19 imitates fe-
brile and respiratory diseases in humans such as influ-
enza in various ways, including clinical symptoms, host
immune response to viral infection, and virus transmis-
sion in the host body [1]. Clinical symptoms in these
two respiratory diseases are quite similar which include
mainly fever, chills, headache, muscle pain, tiredness,
sore throat, stuffy nose, difficulty in breathing, and acute
respiratory distress syndrome (ARDS) etc. [2, 3]. How-
ever, SARS-CoV-2 infection also results in dry coughs,
anosmia or ageusia, aphonia, chest pain, skin rashes
rarely, discoloration of fingers and toes, and organ fai-
lure [1, 3]. Organ failure has also been observed in risk-
free, healthy individuals in case of long COVID-19 [4].
In COVID-19 cases, ARDS mostly affects patients with
co-morbidities such as diabetes mellitus, hypertension,
cancer, and kidney diseases [5, 6]. The diagnostic tests
available for influenza are more robust, including rapid
influenza diagnostic tests (RIDTs), RT-PCR molecular
assays, and antibody-based immunofluorescent assays,
whereas rapid diagnostic tests with high specificity and
sensitivity in COVID-19 are awaited [1, 7].

Metabolites are another aspect using which one
can diagnose or differentiate the diseased condition
from a healthy one. Metabolites are easy to extract
from the different sample sources and have been stu-
died vastly for various diseases and disorders such as
cancer [8], Lyme disease [9], tuberculosis [10], and
pediatric autism spectrum disorders [11]. Metabolites
are small biomolecules with less than 1,000 Da, which
play a crucial role in managing pathways in any organ-
ism [12]. Metabolites meticulously act at all the stages
of the central dogma and regulates various pathways
[13, 14]. Therefore, a metabolomics study will help us
better understand the mechanisms involved in the pa-
thology of SARS-CoV-2. This can help in finding the
potential targets for vaccination, drug exploration, or
repurposing of FDA-approved drugs. There are various
FDA-approved drugs available for the treatment of in-
fluenza respiratory disease, including amantadines, os-
eltamivir, laninamivir, and others [15]. However, there
are no specified FDA-approved drugs available for
COVID-19 treatment. However, due to the paucity of
time and pandemic sequelae due to the virulent nature
of the pathogen, scientists have looked into the repur-
posing of broad spectrum antibiotics, FDA-approved
antibiotics such as hydroxychloroquine, azithromycin,
and remdesiver [16—18]. Few animals based and in vitro
studies have shown the positive effect of chloroquine
against SARS-CoV [19-21] and avian influenza [22].
Hence, antimalarial FDA-approved drugs may have a
synergistic effect with macrolides such as azithromycin
in ablation of the viral pathology but lacks strong evi-
dence in vivo system [23].

Furthermore, various chemicals and biomole-
cules from the environment have been reported to af-

fect the disease progression in synergy with genetic
makeup and microbial load. Although human health
is significantly dependent upon environmental expo-
sures, the diversity and variation in exposures are poor-
ly understood [24]. The visible gap in understanding
the chemical-specific disease risks and human meta-
bolic pathways indicates that a more global approach
towards systems biology [25] is the need of the hour
to expand beyond the endogenous metabolome to the
exposome [26]. Exposomics reveals the exogenous
chemicals an individual gets exposed to during his
lifetime. As blood acts as the medium of transport for
chemicals to and from the tissues, it also represents a
reservoir of all endogenous and exogenous chemicals
at a given time [27, 28]. Several reports have shown
that the transmission of the SARS-CoV-2 virus and
the disease progression in each individual depends on
the infection characteristics such as viral load, preva-
lent co-morbidities, and the host of exposures belong-
ing to the exogenous or endogenous human exposome
domains [29, 30].

Therefore, in this study, along with a compre-
hensive metabolomics analysis of individual plasma
and nasopharyngeal swab samples from COVID-19
patients with different severity of infection, we per-
formed the blood exposome analysis. In the metabolo-
mics study, we found the significantly altered and most
frequently reported creatinine and indole-3-acetic acid
in the COVID-19 severe sample cohort compared to
COVID-19 non-severe sample cohort [31, 32]. Also,
propionylcarnitine, monoglycerides and cis-stilbene
oxide in the same plasma samples comparison but not
frequently reported. We also found threo-sphingosine,
phytosphingosine, myristamide, herniarin, butoctamide
and 3-hydroxy-3-methylpentanedioic acid altered in
swab samples of severe COVID-19 as compared to
non-severe COVID-19 sample cohorts. We further car-
ried out pathway analysis for understanding the role
of significantly altered metabolites on various human
biological pathways by using published data and our
experimental data. The most consistent and recurring
metabolites may form the basis for the future develop-
ment of new prognostics and therapeutic intervention
in a precise manner. In addition, we also report 3 sig-
nificant blood exposomes (2-benzothiazolylthio) acetic
acid, tabun, contrastigmin, deoxymethyl-SA, which
correlate with the metabolic pathways to differentiate
the COVID-19 positive cohort COVID-19(+) from
negative cohort COVID-19(-).

The aim of the present study was to analyze the
alteration in the metabolite levels using an untargeted
metabolomics approach in swab and plasma samples
from patients with COVID-19. This study will provide
significant knowledge on the underlying disease mech-
anism and the significantly altered metabolites can be
potential candidate biomarkers for disease prognosis
and serve as therapeutic targets.
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Materials and methods

Sample and clinical details

In this study, the leftover plasma and swab sam-
ples collected for routine hematological tests and
COVID-19 RT-PCR tests were collected from Kastur-
ba Hospital, Mumbai. All samples were collected with
the approval from the Institute Ethics Committee, IIT
Bombay and Institutional Review Board, Kasturba
Hospital for infectious diseases. Informed consent was
not required as leftover samples from the routine tests
were processed for the study. Patients with confirmed
COVID-19 status based on RT-PCR test results were
included in the study.

The inclusion criteria include:

» RT-PCR report positive and negative;

» severe and non-severity decided on basis of

WHO guidelines.

The exclusion criteria considered were:

+ a female patient who is pregnant at enrolling;

* patient aged below 18.

As advised by the clinicians, COVID-19(+) pa-
tients were categorized into non-severe (patients with
mild fatigue, fever, cough, and breathlessness with
non-invasive ventilation) — NSC and severe (patients
with bilateral pneumonia and acute respiratory distress
symptoms with mechanical ventilation support) — SC
[33]. In total, 106 plasma samples and 24 swab sam-
ples were processed for metabolome profiling. The
study cohort included plasma samples from 31 pa-
tients with COVID-19(-) patients, 43 NSC patients,
and 29 samples from SC patients. Similarly, swab
samples from COVID-19(-) patients (r = 5), NSC
(n=9) and SC (n = 5) were included in the study. The
age, gender distribution, hematological parameters,
and biochemical parameters of the patients enrolled in
the study can be found in Table 1.

Samples were viral inactivated using ethanol, pro-
cessed and stored at —20°C until transportation of the
samples to the IIT Bombay campus in cold storage was
conducted in a month duration. The sample preparation
protocols for plasma and swab were optimized at IIT
Bombay by referring to the viral inactivation method
used in B. Shen et al. [34]. All the steps were performed
in the BSL level 3 facility at the hospital.

Sample preparation from plasma and swab samples

The plasma and swab samples were prepared using
the same methodology as K. Suvarna et al. [35], over-
view of the workflow can be refered in Fig. 1.

Basic data analysis was done using “Compound
Discoverer 3.0” software (“Thermo Fisher”) with a
threshold value of 100,000 for intensity marked as a
signal. Experimental design, standard mix for instru-
ment general quality check (QC), and internal standards
for sample preparation QC were also set.

The internal standards were added at two different
time points:

ORIGINAL RESEARCHES

» while preparing samples to check sample

preparation quality;

 while injecting samples in the mass spectrometer

(MS) to check instrument functionality while
running a particular sample.

After the sample run, during data analysis, the first
step was to check the coefficient of variance in all the
run sets, followed by CV among all the samples in a
run and then PCA analysis of all QC pools run with
each set. If the CV was less than 30% among the sets
or individual sample runs, then the data was considered
good to be taken forward (Fig. 2). Also, proper segrega-
tion of QC pools for all the sets represented the proper
execution of the experiment (Fig. 3). This included the
addition of various adduct ions naturally present in the
plasma, which might alter the ion formation of the me-
tabolite targets in question. Hence the most abundant
adduct ions were selected for the exploration of the tar-
get metabolites.

Mass spectrometry of plasma and swab metabolites

The extracted samples containing internal stan-
dard were analyzed using Ultraperformance Liquid
Chromatography—High-Resolution Mass Spectrometry
(UPLC-HRMS) methods with positive ion mode of
Electrospray lonization (ESI). Each sample was run in
triplicates, where one run was set for MS/MS analysis
for identification of the metabolites. The rest two runs
for each sample were used as technical replicates for
acquiring MS data of extracted metabolites. The reso-
lution of the mass spectrometer was set at 140,000 for
full MS and 17,500 for ddMS2 and scanned at a mass
range 100700 m/z. The capillary, probe, autosampler
and column temperatures were 340°C, 380°C, 4°C and
40°C, respectively. Sheath Gas flow rate at 42, Aux Gas
rate at 10, and spray voltage at 3.8 kV. A C18 column,
i.e., Hypersil GOLD (100 x 2.1 mm, 1.9 um particle
size, “Thermo Fisher Scientific”, USA), was used in the
UHPLC (Ultimate 3000) using water and 100% metha-
nol as eluents both added with 0.1% formic acid, in a
20 mins gradient. The gradient consecutively reached
1% of methanol at 2 mins, 50% methanol at 5 mins,
98% methanol at 14 mins, stayed at 98% till 17 mins,
1% at 17.2 mins, and stayed at 1% methanol till 20 mins
with a flow rate of 0.350 mL/min.

The samples were run in batches, and each sam-
ple was analyzed in three technical replicates using
MS only and MS2 modes. Each batch of samples had
initial blank runs consisting of 50% methanol, and a
single blank was run after every sample. QC control
samples consisting of a pool of samples were also run
after every 5 samples to check the consistency of the
instrument performance.

Statistical analysis

Analysis of acquired data was initially performed
with the “Compound Discoverer 3.0” software (“Ther-
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Table 1. Clinical information of the samples incorporated in the study
Plasma samples Swab samples
Parameter Norm
COVID-19(-) NSC SC COVID-19(-) NSC SC
A. Patient information
Number of participants 33 38 34 5# 11## 4
Age, years 50 (26-77) 52 (22-77) 56 (34-77) 43 (34-50) 53 (19-87) 55 (40-73)
B. Gender
Males 20 (60.60) 23 (60.52) 20 (60.52) 2 (66.6) 7(77.77) 2 (50)
Females 13 (39.39) 15 (39.47) 14 (39.47) 1(33.3) 2 (22.22) 2 (50)
C. Patient status
Discharged 30 (90.90) 35(92.10) 19 (55.26) 3 (100) 9 (100) 2 (50)
Dead 0 2 (5.5) 15 (44.10) 0 0 2 (50)
Transfer/DAMA? 3(9.09) 1(2.6) 0 0 0 0
Duration of hospital stay 50 (25-77) 10 (2-26) 23 (2-95) 4 (2-6) 7 (6-8) 18 (8-26)
Ventilation required 14 (30.43) 5(13.18) 34 (100) 0 2(2.22) 4 (100)
D. Hematological parameters
Hemoglobin, g/dl 12.3 (8.7-16.6) 12 (5-14) 12 (7-15.4)  12.5(10.4-15) 12.4 (9.4-15.7) 11.25(10-13)
Polymorphs, % 40-75 71 (51-90) 68 (42-90) 78 (38-90) 65-87) 73 (57-90) 77 (58-85)
Lymphocytes, % 20-40 29 (10-49) 31 (10-58) 21 (10-62) 24 (13-35) 26 (10-43) 24 (15-42)
Platelets, lakhs/ul 1.5-4.5 1.82 (0.76-4) 2 (1-4) 2(0.44.2) 1.13(0.7-1.8) 1.9 (1.4-2.9) 2
E. Biochemical parameters
SGOT, U/L 0-40 60 (30-176)* 68 (20—440)** 52 (25-87) 44 (33-53) 40 (24-75) 45 (36-53)
SGPT, U/L 5-34 33 (12-82)* 44 (11-250)* 36 (16-75) 34 (29-42) 20 (14-34) 22 (10-42)
AIkPO4, IU/L 15-112 80 (44-259)* 69 (34-102)** 70 (40-202) 40 (35-48) 65 (46-117) 57 (50-70)
Total bilirubin 0.8 (0.6-2) 1.9 (0.5-39.8)** 0.8(0.6-14) 0.7(0.7-0.8) 0.6(0.6-0.8) 0.6 (0.6-0.8)
D. billirubin, mg% 0-0.3 0.2(0.2-0.9) 0.7 (0.2-17.1)** 0.2 (0.2-1.10) 0.3 (0.3-1) 0.2 0.2
Total protein, gm% 6-8.4  6.93(6.20-7.90) 7 (6-8.2) 6.39 (5.3-7.6) 0.2 (0.2) 6.9 (6.2-8.1) 6.6 (5.9-7)
Albumin, gm% 3.2-5.0 3.65(3.00-4.20) 3.53(2.5-4.5) 3.27(2.6-4.5) 3.6 (3.2-4) 3.7(3.3-46) 3.1(24-3.9)
Globulin, gm% 2.0-2.5 3.27 (2.54.1) 3.3(2.5-4.5) 3.17(24-4.4) 2.7 (2.5-3) 3.2(2.8-3.5) 3.5(3-4)
Sodium, mEg/I 133-146 136 (129-143) 136 (124-142) 135(120-151) 135 (131-138) 135(132-142) 135 (129-142)
Potassium, mEq/I 3.8-5.6 4.16 (2.7-6.8) 4.1(3.2-5.2) 4.31(2.8-8.2) 4(3.445) 74(3.6-33.0) 3.65(3.24)
Blood urea nitrogen, 6-21 15 (5-100) 13.2(5-34) 26.8(1.9-220.0) 1.2 (1.1-1.5) 12 (6-29) 17 (10-25)
mg%
Creatinine, mg% 1-2 1.27 (0.6-6.4) 1.17 (0.80-2) 1.48(0.7-10.0) 1.4(0.9-2.9) 1.2(0.8-2.0) 1.15 (1-1.4)
D-dimer, ng FEU/ml <500 N/A N/A 2765 N/A N/A 2221
(10-15000) (1972-2471)
C-reactive protein, mg/I <5 N/A N/A 26.97 N/A N/A 7.85
(0.9-88.8) (4.2-11.5)
Ferretin, ng/ml 22-322 N/A N/A 1286.4 N/A N/A 385.7
(99.3-12098.0) (209.5-538.9)
Interleukin-6, pg/ml 0-7.0 N/A N/A 84.3 N/A N/A 7.88
(4.6-441.0) (6.73-9.04)

Note. *In COVID-19(-) plasma samples, 3 patients show an unusual increase in the clinical parameters due to the co-morbidities. Patient 261
had thyroid and 262 had hypertension.
**Plasma sample of one COVID-19(+), NSC patient showed unusual increase in the LFT parameters as the patient had autoimmune hepatitis.
# No clinical data available for 2 patients from the COVID-19(-) group.
# No clinical data available for 2 samples.

$DAMA — discharged against medical advice.
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Fig. 1. Workflow of the metabolome profiling experiment using plasma and swab samples.

Fig. 2. Coefficient of variation of internal standard in COVID-19 plasma samples.

mo Fisher”) for metabolite identification/quantita-
tion, chromatography peak alignment, mass spectrum
visualization, and statistical analysis. The workflow
template used in “Compound Discoverer 3.0” includes
unknown compound detection, peak alignment, predict-
ing the compound’s composition, and database search-
ing against ChemSpider, which comprises of BioCyc,
KEGG, and Human Metabolome Database (HMDB)
with a mass tolerance of 5 ppm. For compound detection
signal to noise ratio (S/N) was kept as 3, and the mini-
mum peak intensity was 10°. To assign compound anno-
tation on MS/MS level, three different data sources, such
as mzCloud, ChemSpider, and Metabolika, with a mass
tolerance of 5 ppm, were used [36]. All the duplicate runs
were treated as individual samples in the data analysis.

The “Compound Discoverer 3.0” analyzed output
had three types of metabolite representation:

COVID(-)
NSC

QC Pool
sC

Fig. 3. PCA plot for all the plasma samples used in the study.
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1. Metabolites with name, molecular formula, mo-
lecular mass, and retention time.

2. Metabolites without a name but with the mole-
cular formula, molecular mass, and retention time.

3. Metabolites with molecular mass and retention
time but no name and molecular formula.

No filtering was done at the beginning of the study
to avoid loss of the data, and all the metabolites were
given a code with the prefix “Meta XX”.

The QC pools and internal standards were
checked in different batches (Fig. S1, A') to decide the
normalization and transformation strategy. Spearman
correlation analysis of each cohort and all the samples
was performed to check the data quality, and the sam-
ples having R? above 0.5 were considered for further
post-processing. Also, the CV of the internal standard
was checked across the set of samples and individual
samples. The samples passing CV% <30 for internal
standards were only used in the data analysis. The fea-
tures with over 30% missing values were filtered out,
and the missing value imputation was done separately
for each cohort through KNN (k-nearest neighboring)
in “Metaboanalyst 4.0” [37, 38]. The data was then
log-transformed and median normalized, which was
followed by a two-tailed unpaired student #-test for each
pair of cohorts. The compounds having FDR adjusted
p-value less than 0.05 and log, fold change above 1.5
were considered statistically differentially expressed
metabolites. The experimental MS/MS spectra of the
significant metabolites were compared to available
reference MS/MS spectra in METLIN and HMDB for
MSI level annotation.

The significant metabolites were also checked for
their correlation within sample cohorts and were ana-
lyzed using “Cytoscape 3.8.2” with Java 11.0.6 appli-
cation based on pathway mapping against KEGG path-
way library for Homo sapiens.

Exposome analysis

The list of all the unannotated metabolites post
CD analysis was taken for exposome exploration ana-
lysis. The analysis was done for all COVID-19 patients
from the three categories: negative, NSC, and SC. The
unannotated metabolites from the list was taken and
mapped on the blood exposome database. The basis of
mapping exposomes was the molecular formula, which
was the common parameter between the raw files and
the blood exposome database. The compounds with re-
dundant chemical formulas were removed from the da-
tabase to avoid ambiguity, which lead to loss of data.
Once the exposomes were discovered for each cohort
of patients, then comparative analysis was done for the
groups: COVID-19(+) vs. COVID-19(-), and NSC vs.
SC. Subsequently, T-test and fold change analysis was

! Supplemented materials see on the web page of the journal:
http://www.jmei.ru

performed, and an exposome was considered statistically
significant if it has p-value < 0.05 and fold change >1.5.

A detailed search was carried for all of the signifi-
cantly altered exposomes to correlate them to various
drugs, diseases and food habits. Relevant literatures
were obtained from PubChem, PubMed, blood expo-
some database, US environmental protection agency
website and DrugBank online. This information was
correlated with the drugs and treatment administered to
the patients to get an insight on how these compounds
affect the biological pathways during the course of
COVID-19.

Pathway analysis

The significant metabolites from both plasma and
swab metabolite cohort were used to map the human
metabolomics pathways. The list of the significant me-
tabolites was subjected to “Metaboanalyst 4.0” under
pathway analysis function. The metabolites mapped
to HMDB IDs or KEGG IDs were segregated and
the remaining unmapped metabolites were manually
searched for their HMDB/KEGG ID. The final list of all
the significant metabolites was again subjected to “Me-
taboanalyst 4.0” and pathways analysis using Fisher’s
exact test as enrichment method, scatter plot for visua-
lization, relative betweenness centrality for topology
mapping, and SMPDB pathway library.

Results

The workflow of metabolome profiling for plas-
ma and swab samples is shown in Fig. 1. The QC
control and internal standard for all the plasma sam-
ples are shown in Figs. 2, 3. The proper segregation
of COVID-19(+) and COVID-19(-) plasma samples
are shown in Figs. 4-6. The proper segregation of
COVID-19 NSC and SC plasma samples is shown in
Figs. 7-9. The PCA plot for representing proper segre-
gation of QC pools from all swab sample run is shown
in Fig. 10. The proper segregation of COVID-19(+) and
COVID-19(-) swab samples is shown in Fig. 11. The
proper segregation of COVID-19 NSC and SC swab
samples is shown in Figs. 12-14.

Plasma metabolome of COVID-19 patient cohorts

On analysis of COVID-19(-) and COVID-19(+)
samples, 11 metabolites were found to be common
yet significantly differentially expressed metabolites
(DEMs) after blank subtraction, having FDR adjus-
ted p-value less than 0.05 and fold change above 1.5
(Table S1). Of the 11, 3 metabolites — l-a-glyceryl-
phosphorylcholine, arachidonic acid and 1728235/
monoacylglyceride — were found to be level-2 MSI
(Table 2). The MS/MS spectra were matched with
available online databases like MassBank of North
America (MoNA) and HMDB. Dioctyltin, bis(4-ethyl-
benzylidene), sorbitol, 2210856, and 1728235 were
level-3 MSI. Meta 2147, Meta 1992, and Meta 2701
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belong to level-4 MSI, whereas Meta 2208 and Me-
ta_3308 were found to be level-5 MSI (Table S1).

The volcano plot shows 11 significantly altered
metabolites in the COVID-19(+) and COVID-19(-) pa-
tient cohort; of these 5 metabolites are upregulated in
the positive cohort and the rest 6 metabolites are down-
regulated (Fig. 4). These 11 metabolites were used to
plot the PCA plot (Fig. 5) and heat map and showed
the segregation of COVID-19(+) from COVID-19(-)

Meta_2220

Meta_1114  Meta_1664

ORIGINAL RESEARCHES

(Fig. 6). The box plots represent annotated metabo-
lites i.e., 6 out of 11 significant DEMs (Fig. 4), and
boxplots for unannotated metabolites are represented
in Fig. S1, B).

A total of 24 significantly altered metabolites were
found on comparing NSC with SC. Of the 24 signifi-
cant metabolites, only 9 metabolites were found to be
from samples and not contributed by blank. Propionyl-
carnitine, creatine, indole-3-acetic acid, glycochenode-

Meta_1567

Meta_746
Meta_1153

Fig. 4. Volcano plot representing the trend of significant metabolites in COVID-19(+) patients as compared
to COVID-19(-) patients.

Table 2. List of significant metabolites from Plasma of COVID-19(-), mild and severe clinical cohorts

MSI Meta Name Pathways Formula RT Log,(FC) FDR adjusted
level mapped to 2 p value
List of differentially expressed metabolites in COVID-19(+) patients as compared to COVID-19(-) patients
Level 2 Meta_746 I-Alpha-glycerylphosphorylcholine Retinol metabolism CH,NOP 1232 -0.72413 6.06E-05
Level 2  Meta_1153 Arachidonic acid a-Linolenic acid and C,H,,0, 20.047 -0.58732 0.000903
linoleic acid metabolism,
arachidonic acid
metabolism
Level2  Meta_1664 1728235/monoacylglyceride - C,H; O, 19.949  0.59142 0.005183
Level 3  Meta_2220 Dioctyltin - C,H,,S 20.361 0.91546 1.31E-08
Level3 Meta_1114 Bis(4-ethylbenzylidene)sorbitol - C,H,, O, 13.395 0.74415 4.5E-06
Level 3  Meta_1567 2210856 - C,H,,0, 20131  -0.7918 3.39E-08
List of differentially expressed metabolites in NSC patients as compared to SC patients
Level 2 Meta_222 Propionylcarnitine Oxidation of branched ~ C, H,,NO,  1.263 0.82397 0.0001733
chain fatty acids
Level2  Meta_1023 Creatine Glycine, serine and C,H,N,O, 1.167 1.0631 2.1047E-05
threonine metabolism,
arginine and proline
metabolism
Level 2 Meta_772 Indole-3-acetic acid Tryptophan metabolism  C,.HNO,  8.539 -1.0757 8.9473E-05
Level 2 Meta_1664 1728235/monoacylglyceride C,H, O, 19.949 -1.682 0.035002
Level 2 Meta_820 Glycochenodeoxycholic acid Bile acid biosynthesis ~ C,H,,NO, 15.366  -1.7471 0.0052997
Level2  Meta_1529 2-methylbutyrylcarnitine C,H,NO, 7.252 0.63976 0.00021877
Level 3 Meta_613 MFCD00005122/Cis-stilbene oxide Cc,H,. O 12.98 2.341 1.6482E-05

14" 12
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COVID()
COVID(+)

Fig. 5. PCA plot for COVID-19(+) and COVID-19(-) plasma
samples.

oxycholic acid, 2-methylbutyrylcarnitine and 1728235/
monoacylglyceride were found to be of level-2 MSI
(Table 2). All the 6 metabolites were an almost exact
match with 2 or more fragment spectral peak matching
with HMDB spectral database. Level 3 needs confir-
mation. Meta 2040 and Meta 2446 were found to be
of MSI 4 (Table S2). A PCA plot (Fig. 7) and heat map
(Fig. 8) using these 9 metabolites shows the segrega-
tion of NSC from SC sample sets. The volcano plot
showing 9 significantly altered metabolites in the NSC
and SC patient cohort; out of which 4 metabolites are
upregulated in the COVID-19(+) cohort and the rest
5 metabolites are down-regulated (Fig. 9). The box
plots represent annotated metabolites i.e., 7 out of 9 sig-
nificant DEMs (Fig. 9), and boxplots for unannotated
metabolites are represented in Fig. S1, C.

Swab metabolome of COVID-19 patient cohorts

The PCA plot exhibited the proper segregation of
QC pools from all the swab samples which suggests QC
pass for sample run, shown in Fig. 10. The correlation
matrix between COVID-19(+) and COVID-19(-) sam-
ples represented in Fig. $2, A-F. 30 metabolites were
found to be significant DEMs in COVID-19(-) and
COVID-19(+) swab samples having a p-value less than
0.05 and fold change above 1.5 (Table 3). Post blank

subtraction 29 significant metabolites were found sig-
nificant. Out of the 29 metabolites, 7 metabolites were
level-2 annotated: 2-isopropyl-N,2,3-trimethylbutan-
amide, Indane, 1,1’-sulfinyldibenzene, cyromazine,
4,7-dimethylbenzofuran, meglutol, and furfural diethyl
acetal (Table 3). Rest of the 22 metabolites were level-4
annotated (Table S3). Furthermore, 5 and 1 metabo-
lites were found significantly unique to COVID-19(+)
and COVID-19(-) cohort, respectively. Of these, 3
metabolites were level-2 annotated (Table 3), and the
rest were level-4 annotated (7able S3). The partial least
squares-discriminant analysis (PLS-DA) plot was per-
formed based on the 29 significant and non-contami-
nant classifiers to show the segregation between two
cohorts (Fig. 11) and heat map preparation to show the
segregation of COVID-19(+) from COVID-19(-) co-
hort (Fig. S2, H). The volcano plot shows 29 signifi-
cantly altered metabolites in the COVID-19(+) and
COVID-19(-) patient cohort; out of which 21 meta-
bolites are upregulated in the COVID-19(+) cohort, and
the rest 8 metabolites are down-regulated (Fig. S2, G).
The box plots represent all the level 2 metabolites, i.e.,
7 out of 29 significant DEMs are represented in Fig. S2,
G, and the rest of the unannotated level 4 DEMs were
listed in Table S3.

NSC and SC swab samples from COVID-19(+)
patients’ data analysis resulted in 34 features having a
p-value less than 0.05 and fold change above 1.5 were
considered statistically DEMs out of which 20 metab-
olites were found post blank subtraction. These 20 me-
tabolites were used for PLS-DA plot (Fig. 12) and heat
map preparation to show the segregation of NSC to SC
sample sets (Fig. 13). Of the 12, 7 metabolites were
level-2 annotated L-threo-sphingosine, phytosphin-
gosine, myristamide, herniarin, 1,1'-sulfinyldibenzene,
butoctamide, and meglutol (Table 3). Furthermore, 2
and 1 metabolites were found to be significantly unique
to NSC cohort and SC cohort, respectively. Of these
2 metabolites were level-2 annotated (Table 3), and
the remaining one was level-4 annotated. The volcano
plot shows 20 significantly altered metabolites in the
COVID-19(+) and COVID-19(-) patient cohort; of
these 13 metabolites are upregulated in the NSC cohort
and the rest 7 metabolites are down-regulated (Fig. 14).

Fig. 6. Heat map of significantly altered metabolites in COVID-19(+) COVID-19(-) patient cohort.
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Cs

Fig. 7. PCA plot for NSC and SC plasma samples used
in the study.
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The box plots represent all the level-2 metabolites i.e.,
7 out of 20 significant DEMs in Fig. 14, and the rest of
the unannotated level-4 DEMs were listed in Table S4.

In case of COVID-19(-) cohort cyromazine, me-
glutol, 2-isopropyl-N,2,3-trimethylbutanamide, benzo-
cyclopentane were found to be negatively correlat-
ed whereas, cyromazine, furfural diethyl acetal,
1,1’-sulfinyldibenzene, 2-isopropyl-N-2,3-triethylbuta-
namide, benzocyclopentane were found to be positively
correlated. On one hand, herniarin, phytosphingosine,
butoctamide and DA9185000 (1,1’-sulfinyldiben-
zene) were negatively correlated in NSC patient co-
hort. Whereas herniarin, threo-sphingosine, myrist-
amide, 3-hydroxy-3-methylpentanedioic acid (me-
glutol) and butactamide were found to be positively
correlated in NSC sample cohort (Fig. 15). On the
other hand, herniarin, threo-sphongosine, butoctamide,
3-hydroxy-3-methylpentanedioic acid, DA9185000
(1,1’-sulfinyldibenzene) were found to be negatively

Fig. 8. Heat map of significantly altered metabolites in NSC and SC patient cohort.

Fig. 9. Volcano plot representing the trend of significant metabolites in NSC patients as compared to SC patients.
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NSC CovID(-)

QC Pool CovID(+)
Fig. 10. PCA plot representing proper segregation of QC Fig. 11. PLS-DA plot of COVID-19(+) and COVID-19(-)
pools from all the batches for QC of swab sample runs. patient cohort.

correlated in SC patient cohort. However, herniarin, bu- Pathway analysis of plasma and swab based

toctamide, myristamide and 3-hydroxy-3-methylpen- metabolome
tanedioic acid (meglutol), and phytosphongosine were Pathway analysis was done for all the significant
positively correlated in SC patient cohort (Fig. 15). metabolites with HMDB ID using “Metaboanalyst”

Table 3. List of significant metabolites from swab of COVID-19(-), NSC and SC cohorts

List of expressed metabolites in COVID-19(+) patients as compared to COVID-19(-) patients

Level MetaCode Name Formula Retention time Log,(FC) Raw p value Type
Level 2 Met_685 1,2,6-Hexanetriol CH,,0, 6.888 N/A N/A Pos
Level 2 Met_712 2-isopropyl-N,2,3- C,H,NO 11.832 0.58598 0.035932 DEM

trimethylbutanamide
Level 2 Met_864 y-Glu-leu C,H,,N,O, 7.322 N/A N/A Neg
Level 2 Met_984 Indane CH,, 14.989 0.69573 0.008432 DEM
Level2  Met_1820 1,1’-Sulfinyldibenzene C,,H,,08 1.313 —-0.70988 0.01936 DEM
Level2  Met_1898 Cyromazine C,H, N, 8.787 —0.74273 0.02086 DEM
Level 2  Met 2641 4,7-Dimethylbenzofuran C,,H,,0 14.988 0.596 0.00392 DEM
Level2  Met_2709 Meglutol CH,,0s4 1.277 —-0.65851 0.03299 DEM
Level2  Met_2934 (S)-ATPA C,,H,N,0O, 10.836 N/A N/A Pos
Level2  Met_3339 Furfural diethyl acetal CH,,0, 7.779 —-0.69864 0.00442 DEM
List of DEMs in NSC patient cohort as compared to SC patients

Level MetaCode Name Formula Retention time Log,(FC) FD'; \‘iglj.ﬁzted Type
Level 2 Met_250 L-Threo-spingosine C,¢H,,NO, 13.761 —-0.78405 0.0135 DEM
Level 2 Met_372 2,3-Naphthalenediol C,,H:O, 8.817 N/A N/A NSC
Level 2 Met_414 Phytosphingosine C,gH;NO, 15.276 -0.6108 0.03107 DEM
Level 2 Met_534 1-Octadecanamine C,gHN 18.086 N/A N/A SC
Level 2 Met_719 Myristamide C,H,,NO 17.632 1.2395 0.0135 DEM
Level 2 Met_1163 Herniarin C,,H:O, 10.888 0.63285 0.00518 DEM
Level2  Met_1960 1,1’-Sulfinyldibenzene C,,H,,08 1.317 -0.67829 0.0135 DEM
Level2  Met 2189 Butoctamide C,;H,,NO, 7.383 2.0833 0.04522 DEM
Level2  Met_2926 Meglutol C.H,,0O 1.284 —1.0558 4E-05 DEM

Note. Neg — uniquely expressed metabolites in COVID-19(-) patients; Pos — uniquely expressed metabolites in COVID-19(+) patients;
NSC — uniquely expressed metabolites in NSC patients; SC — uniquely expressed metabolites in SC patients.
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Fig. 12. PLS-DA plot of NSC and SC patient cohort.

and l-a-glycerylphosphorylcholine was found to be
enriched in the retinol pathway, and arachidonic acid
was mapped to a-linolenic acid and linoleic acid meta-

ORIGINAL RESEARCHES

bolism, arachidonic acid metabolism (7able S1). Dioc-
tyltin, bis(4-ethylbenzylidene)sorbitol and arachidonic
acid were positively correlated and 1-a-glycerylphos-
phorylcholine, bis(4-ethylbenzylidene)sorbitol and di-
octyltin were negatively correlated in the COVID-19(-)
patients. However, all the 4 metabolites were found to
be positively correlated in the COVID-19(+) patient co-
hort. Furthermore, in COVID-19(+) patients, correla-
tion was analyzed between NSC and SC patient cohorts.

Creatine and glycochenodeoxycholic acid along
with diethylhexyl adipate, 1-monopalmitoylglyverol,
acetyltributyl citrate and 10-hydroxmatricaric acid with
cis-stilbene oxide were found to be negatively correla-
ted in SC patient cohort. Funtumine, diethylhexyl adi-
pate, DL-propylene glycol dibenzoate and acetyl tribu-
tyl citrate were found to be positively correlated in SC
cohort.

On the other hand, diethylhexyl adipate, cis-stil-
bene oxide, DL-propylene glycol dibenzoate, fun-
tumine, and 2-methylbutyroyl carnitine were found to

Fig. 13. Heat map of significantly altered metabolites in non-severe and severe COVID-19 patient cohort.

Fig. 14. Volcano plot representing the trends of significantly altered metabolites, level 2 MSI, in NSC and SC patient cohort.
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COVID(-)

NSC

SC

Fig. 15. Correlation among the significantly altered metabolites in the COVID-19(-) samples and COVID-19(+) swab samples
(NSC and SC).

be negatively correlated in NSC patient cohort. How-
ever, diethylhexyl adipate, funtumine, acetyl tributyl ci-
trate, and DL-propylene glycol dibenzoate were found
to be positively correlated same as the SC patient co-
hort (Fig. 16). Propionylcarnitine was found enriched
in oxidation of branched chain fatty acids pathway, in-
dole-3-acetic acid was enriched and mapped to trypto-
phan metabolism pathway, creatine was enriched and
mapped to glycine, serine, threonine, arginine, and pro-
line metabolism pathway. Also, glycochenodeoxycho-
lic acid was mapped to bile acid biosynthesis pathway
(Fig. 17 and Table S2).

Exposomes analysis

After doing the exposomic analysis by mapping
the unannotated metabolites from the raw data with the
blood exposome database, 11 exposomes were found to

COVID(+)

COVID(-)

SC

be differentially expressed in COVID-19(+) compared
to COVID-19(-) patients (Table S5). Out of these 11
exposomes, 4 were found statistically significant with a
fold change of greater than 1.5 and p-value of less than
0.05. These 4 compounds are: tabun, (2-benzothiazol-
ylthio) acetic acid, contrastigmin, and deoxymethyl-
SA. Out of these 4 compounds, 3 compounds (tabun,
(2-benzothiazolylthio) acetic acid, and contrastigmin)
were upregulated in COVID-19(+) patients as com-
pared to COVID-19(-) patients. Two compounds (con-
trastigmin and deoxymethyl-SA) were downregulated
in SC patients as compared to NSC patient cohort.

Discussion

We observed a drop in the number of annotated
and significant metabolites but the metabolites obtained
after this set pipeline were consistent with those pub-

NSC

Fig. 16. Correlation among significantly altered metabolites in the COVID-19(-—) samples and COVID-19(+) samples
(NSC and SC).
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Fig. 17. Pathway analysis of significant metabolites from plasma and swab specimens extracted from NSC and SC patients.

lished works of literature in the context of COVID-19
biology related to the clinical manifestations. Hence,
the significant metabolites were explored in the litera-
ture for the trend of their alteration in SC and NSC pa-
tients (Tables S6 and S7).

Plasma metabolome understanding

The upregulation of propionylcarnitine is report-
ed to be significant in the SC patients as compared to
the NSC patient cohort, in the alteration of the carnitine
pathway (Fig. 18) [39—41]. Creatine plays a crucial role
in the metabolism of amino acids such as glycine, ser-
ine, threonine, arginine, and proline. The upregulation
of creatine levels in SC cohort suggests the alteration
in amino acid metabolism (Fig. 18) [39, 41-43]. The
significantly altered metabolite capturing can be used
for the rapid prognosis of the severity of the COVID-19
condition in patients with co-morbidity for efficient
healthcare. Another significant metabolite, indole ace-
tic acid, a byproduct product generated due to trypto-
phan metabolism, is engendered by the modification of
tryptophan. However, due to the decrease in tryptophan
levels in COVID-19 patients [42], the level of indole
acetic acid might be lower than that in COVID-19(-)
patients.

Additionally, the conjugate of bile acid-glycine
and acyl glycine gives rise to chenodeoxycholic acid
glycine conjugate. Most of the bile acids are conjugat-
ed with glycine to facilitates fat absorption by solubi-
lization of the fat [44]. The significant downregulation
of chenodeoxycholic acid glycine conjugate (Fig. 18)
might help in an increase in fat accumulation and im-
balance of sodium salt balance [44] in the infected pa-
tients prognosing the disease severity in patients with
co-morbidities like high cholesterol, hypertension, or
heart conditions due to fat accumulation. Additionally,
a drug repurposing study unraveled the possibility of
chenodeoxycholic acid glycine conjugate/glycocheno-
deoxycholic acid to be a potential inhibitor of SARS-
CoV-2 spike protein RBD which helps in the invasion
through ACE2 receptor binding domain [45]. Hence,

decrease in chenodeoxycholic acid glycine conjugate/
glycochenodeoxycholic acid in the COVID-19(+) pa-
tients favors the higher chances of SARS-CoV-2 inva-
sion.

Swab metabolome understanding

In metabolite profiling of swab biospecimens
from COVID-19(-), NSC and SC patient, alterations in
the phospholipid, fatty acids, sphingomyelins, glycero-
phospholipids have been reported by B. Yan et al. [46].
Alteration in these lipids occurs due to the membrane
rearrangement during COVID-19 virus replication in
the host. Downregulation of the glycerophospholipids
and phospholipids in the case of COVID-19 patients
have already been identified in the case of plasma sam-
ples [47]. In the case of community-acquired pneumo-
nia (CAP), the level of phospholipids in plasma is low
due to the invasive microorganism infection in the host
body [48]. Also, the alteration in the oleic acid and ar-
achidonic acid is leading towards the severity cases in
COVID-19 patients [46, 49].

In our study, we found that the progression from
NSC to SC causing the downregulation of I-threo-sphin-
gosine and phytosphingosine. Sphingosines are the pre-
cursors of the sphingolipids present in the cell mem-
brane which helps in the cell permeability and mainly
helps in the synthesis of ceramide. L-threo-sphingosine
is a stereoisomer of sphingosine which acts as the pro-
tein kinase C inhibitor in the mitogen-activated protein
kinase (MAPK) pathway [50]. It plays a major role
in the induction of apoptosis by inhibiting cell proli-
feration via inhibition of the MAPK pathway. Phyto-
sphingosine belongs to the sphingolipid family which
is found in yeast, plants, and also in mammals. Phy-
tosphingosine possess an extra hydroxyl group at C-4
in comparison to other sphingosine long-chain bases.
In the cell, an odd number of fatty acids integrate to form
glycerophospholipids obtained from phytosphingosine
[51]. These phospholipids are the major component of
the cell membrane, which involves various cellular pro-
cesses such as cell proliferation, cell signaling, cell-cell
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Fig. 18. Pathway analysis of significant metabolites from plasma and swab specimens extracted
from NSC and SC patient cohort.

A. Oxidation of branched fatty acid pathway mapping propionylcarnitine. The propionylcartinitine was found
to be overexpressed as compared to non-severe patients;
B. Bile acid biosynthesis pathways mapping the chenodeoxycholic acid glycine conjugate and found
to be overexpressed in the non-severe patients;

C. Arginine and proline synthesis pathway mapping creatine.

Creatine was found to be overexpressed in the severe patients as compared to non-severe patients.
The mapped metabolites from the study are highlighted in red,

blue highlights are the interacting biomolecules to result in alteration of the effected pathways.
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interaction, and cell apoptosis. Like I-threo-sphingosine,
phytosphingosine plays a major role in cell apoptosis.
Phytosphingosine induces the mitochondria to release
caspase-independent cytochrome ¢ which helps apopto-
sis of T-cell lymphocytes in mammals [52].

It has been shown that upregulation of fatty ac-
ids in the body shows a host response against the virus
due to activation of a defense mechanism in the host
body. These fatty acids are also involved in inflam-
mation which regulates the levels of cytokines in the
body. Due to the invasive microorganism host body
develops a defense mechanism that induces the release
of cytokines, leading to the formation of unsaturated
fatty acids in the host body [53]. In our study, we found
myristamide to be upregulated in the case of SC pa-
tients. Myristamide is an amide form of myristic acid,
which is derived from a tetra decanoic acid [54]. On
comparing the non-severe with SC cohort, meglutol
also known as 3-hydroxy-3-methylpentanedioic acid is
downregulated in SC patients. It is a dicarboxylic acid,
which is a derivative product of glutaric acid. Meglutol
is mainly involved in the transformation of acetate to
hydroxymethylglutaryl coenzyme A which lowers the
phospholipid level [55].

Role of exposome in COVID-19

Exposomes are the compounds that we get ex-
posed to during our daily life and living habits such
as medicinal drugs, food supplements, habits such as
smoking, chewing tobacco or consuming alcohol, and
any other exposome from the environment that is not
found naturally the human system. Exposome-wide as-
sociation studies have shown a novel approach towards
understanding the relationships of several chemical and
non-chemical exposures in the progression of human
diseases over the course of life and possibly across
generations [56, 57]. In case of infectious diseases, the
compiled description and evaluation of the exposome
components can help in tailoring and evaluation of
health disparities and other risk factors (e.g. co-expo-
sure to chemicals, pollution etc.) [58]. In this study, we
have attempted to identify few exogenous metabolites
significant in COVID-19 utilizing a new data analysis
method to comprehensively understand COVID-19
pathogenesis in relation to the external environment.

One of the significant blood exposome observed
in severe COVID-19 patients is tabun, which is rela-
ted to cholinesterase inhibitors drugs. The neurotrans-
mitter acetylcholine is hydrolyzed, and thereby inac-
tivated, by cholinesterases [59]. Another exogenous
compound (2-benzothiazolylthio) acetic acid has also
been observed to be significantly altered in severe pa-
tients. It was very interesting to note that benzothiazole
derivatives have been reported to be a compound of
exogenous origin and used as fungicides, corrosion
inhibitors, and vulcanization accelerators in industry
[60]. Contrastigmin, also known as pralidoxime methyl
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sulfate, is a constituent of antidotes: cholinesterase re-
activators. These compounds are an important compo-
nent of therapy in agricultural, industrial, and military
poisonings by organophosphates and sulfonates [61].
Also, we observed deoxymethyl-SA, also known as
1-deoxymethylsphinganine, is a compound of endoge-
nous origin and is related to the sphingolipid metabolic
pathways [62].

The major focus for conducting this analysis was
several unannotated compounds after annotating the
data using CD. The probable reason is the existence
of several compounds in the samples which are not
directly involved in metabolic pathways in the hu-
man body, unreported byproducts or compounds of
exogenous origin which are not included in HMDB.
These compounds can be explored by incorporating
databases like blood exposome and other exposomics
databases, which will consider the various compounds
that a person is exposed to in the environment. In this
study, the differential expression of these compounds
was studied among various COVID-19 patients to get
an insight into potential markers for this disease that
may not be directly involved in any biological path-
way but exists in the blood due to the dynamic exter-
nal environment the individual is exposed. However,
the major constraints of the study were the small pa-
tient dataset and detailed clinical data were not avail-
able for all of the patients.

The findings and observations from this study may
be used to modulate the altered pathways as therapeu-
tic agents or for diagnostics and prognostic purposes.
Metabolites being highly dynamic and major driving
molecules of the disease pathways may lead clinicians
to early detection of the disease for efficient treatment
resulting reduced rate of mortality due to COVID-19.

Future perspective

The significant metabolites reported in this study
are the primary and most recurring metabolites as per
our datasets and published literature. One of the major
unresolved factors is the role of co-morbidities in the
COVID-19 severe or vulnerable patient cohort. The
pandemic outbreak pattern revealed that the population
vulnerable to the virus was the elderly and the comorbid
patients. The vulnerable cohort faced the severe form
of the disease to the maximum extent [63]. However,
a clear map of the pathways involved in the co-morbi-
dity-related severity in the vulnerable patients remains
unraveled. Additionally, exposomes become a part of
one’s metabolome and may modulate the immune sys-
tem efficiency in the long term. Various reports have
favored the role of one’s exposome on one’s immuni-
ty or vulnerability towards a disease [64—66]. Hence,
a deeper insight into the exposomes of not only blood
but also other biospecimens will provide much more
comprehensive understanding of the various exoge-
nous and endogenous factors that contribute towards
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disease severity. Information about the factors and
pathways leading to severity might provide a better di-
rection for clinicians to treat and control the pandemic.
The co-morbidities suspected to synergize the disease
prognosis are majorly lifestyle-based and may have the
role of exposures one goes through in their daily lives.
Hence, prompting the need for co-morbidity-based
studies by systematic cohort recruitment, well-defined
inclusion, and exclusion criteria. This will enhance the
understanding of the disease pathogeneses with respect
to age, race, gender, genetic makeup, and co-morbidi-
ties involved.

Data and materials availability

All processed data associated with this study are
present in the article or in the supplementary materials
on the web page of the journal. Raw data will be avail-
able on Metabolights MTBLS2291 and MTBLS2349
for plasma and swab raw files, respectively.
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