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Abstract: Human Severe Acute Respiratory Syndrome
CoronaVirus 2 (SARS-CoV-2) infection activates a complex
interaction host/virus, leading to the reprogramming of the
host metabolism aimed at the energy supply for viral repli-
cation. Alterations of the host metabolic homeostasis
strongly influence the immune response to SARS-CoV-2,
forming the basis of a wide range of outcomes, from the
asymptomatic infection to the onset of COVID-19 and up
to life-threatening acute respiratory distress syndrome,
vascular dysfunction, multiple organ failure, and death.
Deciphering the molecular mechanisms associated with the
individual susceptibility to SARS-CoV-2 infection calls for a
system biology approach; this strategy can address multiple
goals, including which patients will respond effectively to
the therapeutic treatment. The power of metabolomics
lies in the ability to recognize endogenous and exogenous
metabolites within a biological sample, measuring their
concentration, and identifying perturbations of biochemical
pathways associated with qualitative and quantitative
metabolic changes. Over the last year, a limited number of
metabolomics- and lipidomics-based clinical studies in
COVID-19 patients have been published and are discussed
in this review. Remarkable alterations in the lipid and amino
acid metabolism depict the molecular phenotype of subjects
infected by SARS-CoV-2; notably, structural and func-
tional data on the lipids-virus interaction may open new
perspectives on targeted therapeutic interventions. Several
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limitations affect most metabolomics-based studies, slow-
ing the routine application of metabolomics. However,
moving metabolomics from bench to bedside cannot imply
the mere determination of a given metabolite panel; rather,
slotting metabolomics into clinical practice requires the
conversion of metabolic patient-specific data into action-
able clinical applications.

Keywords: amino acids; COVID-19; lipidomics; metab-
olomics; system biology.

Introduction

When the human body is infected with a virus, including
the Severe Acute Respiratory Syndrome CoronaVirus 2
(SARS-CoV-2), both host and virus impact each other’s
metabolism. Indeed, host cells serve viral replication and
survival with the consequent virus-induced host metabolic
reprogramming [1]. The immune response to SARS-CoV-2
and other viruses strictly depends on the metabolic
homeostasis; for example, cytokine maturation and T-cell
proliferation are promoted by byproducts of glycolysis [2],
and the macrophage synthesis of interleukin-1p (IL-1B)
requires the availability of 3-phosphoglyceric acid, a pre-
cursor of the de novo serine synthesis [3]. In Coronavirus
Disease 2019 (COVID-19) patients with type-2 diabetes
mellitus or metabolic syndrome, hyperglycemia hampers
the regular production of type-1 interferons (IFNs-1), a fam-
ily of cytokines encompassing 13 IFN-a subtypes, IFN-f3, I[FN-
w, IFN-k, and IFN-¢ [4]. IFNs-1 are potent antiviral cytokines
produced by innate immune cells and play a key role in
protecting against the systemic spread of viruses [5]; it is not
surprising that low levels of IFNs-1 strongly correlated with
COVID-19 severity [6]. The impaired synthesis of [FNs-1 al-
ters the urea cycle, and reduces the ornithine and arginine
availability necessary to regulate the adaptive immunity
and limit tissue damage. Additional examples of the rela-
tionship between metabolism and the immune response are:
(a) the activation of the mammalian target of rapamycin
complex 1 (mTORC1) by branched-chain amino acids
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(BCAA) and other essential amino acids; (b) the role of
glutamine for mTORC1 function; (c) the tryptophan degra-
dation induced by interleukin-6 (IL-6). Lipids are consider-
ably involved in the immune response’s modulation,
playing a key role in the inflammatory signaling pathways.

The role of metabolomics in the
context of COVID-19 pandemic

Over the past years, metabolomics has moved far beyond
the stage of being an emerging field within the “omics”
sciences; notions, such as the “molecular phenotype” of a
given biofluid or tissue, and the individual “metabotype”
have now become well known within the scientific com-
munity. The power of metabolomics consists of the ability
to recognizing endogenous and exogenous metabolites
within a biological sample, measuring their concentration,
and identifying perturbations of biochemical pathways
associated with qualitative and quantitative metabolic
changes. As very recently stated, metabolomics can be
considered the stethoscope of the 21st century [7]. A chal-
lenging opportunity for metabolomics may be the evalua-
tion of the saliva metabolome and its changes associated
with the course and the severity of COVID-19. In particular,
salivary metabolomics can reflect the exact mechanisms
underlying the temporary loss of taste (ageusia) and
smell (anosmia) that affect patients with COVID-19 [8].
SARS-CoV-2 targets non-neuronal cells in the olfactory
epithelium and olfactory bulb expressing SARS-CoV-2 en-
try—associated transcripts and their associated proteins
(ACE2 receptor and Transmembrane Serine Protease
2-TMPRSS2), inducing anosmia [9]. Metabolomic studies
unveiled that subjects who are insensitive to the perception
of oleic acid exhibited higher levels of acetate and butyrate
in saliva, along with a reduced concentration of lysine and
fatty acids [10]. In particular, significant metabolic differ-
ences were found between sensitive and insensitive oleic
acid perceivers; the former exhibit increased salivary levels
of acetate, propionate, formate, lysine, valine, and GABA,
while the latter higher concentrations of galactose, glucose,
lactate, threonine, phosphocholine, and ethanolamine [11].
Additionally, it was postulated that L-Arginine could
modulate bitter taste function and suppress the quinine’s
bitterness by blocking the T2R4 receptor [12]. Disadvan-
tages related with metabolomics in saliva samples consist
of: (a) the low concentration of metabolites, compared with
that in other biological fluids (serum, plasma, urine); (b) the
high biological variability due to large diurnal fluctuations
in metabolites concentration; and (c) the presence of oral
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injuries with potential blood contamination [13]. However,
the study of the salivary metabolome is a unique source of
metabolic information on the nasopharyngeal and body’s
response to the viral infection; thus, efforts to improve the
current performances are required. First, there is the need
to standardize the collection of saliva samples by using
specific commercially available devices containing
absorbing materials (e.g., inert polymers) or specific swabs
capturing cells and saliva in the mouth [14]. In addition,
standardization of transport and storage is crucial to prevent
conformational changes of metabolites and polypeptides. It
has been suggested that saliva samples stabilization during
transport and storage can be obtained by drying samples in
presence on non-reducing sugars [15]. Emerging technolo-
gies, such as pulsed and magnetic field gradients (pro-
grammed set of changing magnetic gradients) in nuclear
magnetic resonance (NMR) spectroscopy-based metab-
olomic studies, may ameliorate the sensitivity, facilitating
the utilization of saliva in metabolomic studies [16]. Finally,
rigorous recommendations on a diet and fasting time stan-
dardization before sample collection may contribute to
overcoming current pitfalls [17]. Compared to the impressive
number of clinical studies in patients with COVID-19, tar-
geted or untargeted metabolomic studies profiling COVID-19
patients represent a small portion. Table 1 illustrates the
main characteristics of the studies included in this review.

Lipids and lipidomic studies in
SARS-CoV-2 infection

The link between lipids, viral infection, and
the host immunological response

Lipid metabolism is a galaxy consisting of myriad of me-
tabolites, closely interconnected each other, and hundreds
of specific pathways supporting the life-cycle of cells, tis-
sues, and organs. Beyond the well-known function of lipids
as structural components of biological membranes and
source of energy, they may act directly as bioactive
signaling molecules, named lipid mediators [18]; early,
bioactive lipids were considered as antiviral drugs [19].
Thus, it is not surprising that lipids are strongly involved in
the interplay between SARS-CoV-2 cellular infection and the
host metabolic and immunological response [20]. Lipid
mediators can be classified into three categories (Table 2);
their half-life is relatively short, ranging from seconds to
very few minutes [21]. The driver promoting the synthesis of
lipid mediators is the inflammation arising from acute or
chronic organ/tissue injuries or infections; as a result, lipid
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Table 1: Characteristics of the main metabolomics-based studies in COVID-19.

Author [ref.] Patient cohort Biological Time of sample collection Method
matrix
Mounayar [10] 11 subjects who could perceive taste Saliva Resting saliva was collected Untargeted "H NMR
sensitivity to C18:1 at low concentration; between 6 and 7 p.m. on three  spectroscopy
11 subjects who could not perceive taste consecutive days
sensitivity to C18:1 at high concentration
Mounayar [11] 22 subjects retrospectively classified as Saliva Allthe sessions took place in the Untargeted *H NMR
sensitive or insensitive to C18:1 by a evening spectroscopy

stimulation with 2 emulsions, the first one
with C18:1and the second one without

c18:1
Schwarz [54] 20 severe COVID requiring ICU admission; Serum 3 +1and 4 + 2 days post- Targeted LC-MS/MS
18 moderate COVID; 19 healthy subjects admission for moderate and se-
vere COVID, respectively
Barberis [55] 19 critical COVID; 84 non-critical COVID; 20 Plasma Not specified Untargeted UPLC-MS/MS and
non-critical non-COVID pneumonia; 12 GC-TOF-MS
critical non-COVID pneumonia; 26 healthy
subjects
Wu [56] 9 COVID with fatal outcome; 11 severe EDTA Serial samples collected over Targeted LC-ESI-MS/MS
COVID; 14 mild COVID; 10 healthy subjects plasma the course of the disease every
3-5 days
Overmyer [57] 51 critical COVID (ICU); 51 non-critical Plasma Time of patient’s enrollment; Targeted metabolomics GC-MS;
COVID; 16 critical non-COVID (ICU); 10 non- single timepoint collection lipidomics LC-MS/MS
critical non-COVID
Bruzzone [58] 263 COVID training cohort; 135 COVID Serum Admission time to hospital; sin- *H NMR spectroscopy
validation cohort; 280 healthy subjects gle timepoint collection
(samples collected in pre-COVID times)
Thomas [60] 33 COVID; 16 SARS-CoV-2 negative, Serum Not specified Targeted and untargeted
including those never positive and conva- UPLC-MS
lescent plasma donors
Shen [61] 28 severe COVID; 37 non-severe COVID; 25 Serum Few days after hospital admis-  Targeted and untargeted RP
non-COVID; 28 healthy subjects sion; single timepoint collection UPLC-MS/MS and HILIC
UPLC-MS/MS
Roberts [62] 71 mild COVID; 49 severe COVID (31 with  Serum At admission and diagnosis Untargeted LC-MS/MS
fatal outcome)
Song [64] 13 severe COVID; 19 moderate COVID; 18 EDTA Within 24 h upon hospital Targeted lipidomics by RP
mild COVID; 26 healthy subjects plasma admission LC-MRM-MS; untargeted
metabolomics by RP UPLC-TOF-
MS/MS
Xu [65] 69 severe and 34 mild-to-moderate COVID Plasma Single timepoint collections af- Untargeted LC-ESI-MS/MS
(enrolled 3 months after hospital ter 3 months from hospital
discharge); 27 healthy donors discharge
Caterino [68] 17 severe COVID; 16 moderate COVID; 20  Serum Multicentre single timepoint Targeted LC-MS
mild COVID collection
Delafiori [69] 442 COVID; 23 suspicious COVID; 37 Plasma Multicentre multiple sample Untargeted direct Infusion-
symptomatic but RT PCR, clinical and collection; time of hospital Mass spectrometry (DI-MS)
imaging negative; 313 asymptomatic admission and during
controls hospitalization
Snider [71] 30 mild COVID; 30 severe COVID; 30 COVID Plasma Not specified; single timepoint  Untargeted UPLC-ESI-MS/MS
with fatal outcome collection
Blasco [74] 55 COVID positive; 45 non-COVID Plasma After SARS-CoV-2 RT PCR: Targeted LC-HR-MS
3.6 + 2.6 days in COVID positive;
2.6 + 1.8 days in COVID negative
Kimhofer [75] 17 COVID positive; 25 healthy subjects Plasma Not specified; single timepoint  'H NMR spectroscopy;
collection UPLC-MS for amino acids
Sindelar [76] 274 COVID; 67 non-COVID Plasma Hospital admission day 0 (d0);  Untargeted LC-MS

d03; d07; d14; d28; d84
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Table 1: (continued)
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Author [ref.] Patient cohort Biological Time of sample collection Method
matrix
Dogan [78] 44 COVID; 41 healthy subjects (a discrep-  Serum Morning after hospital admis- Untargeted LC-MS
ancy on the number of participants is sion; single timepoint collection
evident between abstract and text)
Fraser [83] 10 COVID positive; 10 COVID negative; 10 Plasma ICU admission for up to 3 days  Targeted *H NMR spectroscopy

healthy subjects

(COVID neg.) or 7 days (COVID
pos.)

Table 2: Bioactive lipid mediators.

Category Function Mediator
Class 1 Members of this class are both useful to the virus and/or for the host by Eicosanoids (derived from arachidonic acid)
— amplification or reduction of inflammation - PGE,
—  coordination of immune cell recruitment - dmPGE,
—  cytokine and chemokine production - dmPGA,
— antibody formation - dmPGA,
—  cell proliferation and migration - LTE,
— antigen presentation - LTB,
Class 2 Members of this class (i.e., PAF, LPA, SP1) induce exclusively Phospholipids
a proviral environment by - PAF
— enhancing viral replication - LPA
- enhancing the inflammatory environment - PA
— increasing vascular permeability - PC
- promoting cytokines production - PS
- PI
Sphingolipids
- SIP
— ceramide
- SM
- SP
Class 3 Members of this class, (i.e., PD1, RvE1, lipoxin) have prohost activities -3 fatty acids
against viral infection by —  protectins
—  blocking the acute inflammatory response - resolvins
- upregulating TNF-a and IFN-y — maresins

—  stimulating the recruitment of immune cells

- decreasing NF-kB, AKT, ERK1/2, COX-2 and 5-lipoxygenase -

-6 fatty acids
lipoxins (derived from arachidonic acid)

- modulating the proinflammatory class 1 lipid mediators

PGE,, prostaglandin E,; dmPGE,, dimethyl-prostaglandin E,; dmPGA,, dimethyl-prostaglandin A;; dmPGA,, dimethyl-prostaglandin A,; LTE,,
leukotriene E4; LTB,, leukotriene B,; PAF, platelet-activating factor; LPA, lysophosphatidic acid; PA, phosphatidic acid; PC, phosphocholine; PS,
phosphatidylserine; Pl, phosphatidylinositol; S1P, sphingosine-1-phosphate; SM, sphingomyelin; SP, sphingosine; PD1, protectin-1; RvE1,
resolvin E-1; TNF-a, tumor necrosis factor-a; IFN-y, interferon-y; NF-kB, nuclear factor k-light-chain-enhancer of activated B cells; AKT, serine/
threonine kinase; ERK1/2, extracellular signal-regulated kinase v2; COX-2, cyclooxygenase-2. Mediator families have been written in bold.

mediators modulate inflammation and infection in critically
ill patients [22]. Depending on the lipid class and the type of
virus, bioactive lipid mediators play a dual role: on the one
hand, they trigger the viral replication, the synthesis of pro-
inflammatory factors (e.g., cytokines, chemokines) and the
cell-cell fusion, inducing the so-called ‘proviral environ-
ment’. On the other hand, lipid mediators boost the inhibi-
tion of viral replication, the synthesis of anti-inflammatory
cytokines, and the macrophage differentiation, creating the
so-called ‘prohost environment’. Upon cell activation, lipid

mediators are produced through specific biosynthetic
pathways from the breakdown of various lipids either by
oxidative fragmentation of polyunsaturated fatty acids or
enzymatically, by phosphorylation/dephosphorylation of
glycerophospholipids via phospholipases (PLs), phospho-
kinases, and phosphatases. Plasmalogens, special phos-
pholipids with a vinyl ether moiety maintaining cell
membrane integrity and involved in the immunomodula-
tion, are of particular interest as a primary pool of poly-
unsaturated fatty acids (PUFAs) for the generation of lipid
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mediators. The biosynthesis of lipid mediators takes place
within lipid droplets (LDs), small multifunctional organelles
recognizable in all eukaryotic cells [23]; cholesteryl esters,
triacylglycerols, and phospholipids are the main constitu-
ents. LDs were previously considered lipid storage organ-
elles necessary to fuel intracellular metabolic pathways and
membrane biosynthesis; currently, further key roles have
emerged for LDs, including their preservative function
against mitochondrial injury and lipotoxicity during auto-
phagy [24]. Multiple evidences support the strong involve-
ment of LDs both as platforms for viral replication [25] and
key components in the intracellular host defense program,
developed by innate immunity. Briefly, several pathogens
promote the LDs biogenesis; concomitantly, the infected
cell synthesizes antiviral citokines, predominantly IFNs,
which in turn activate IFN-stimulated genes (ISGs) even
localized within LDs (Figure 1). Thus, LDs are considered
the first-line intracellular defense against SARS-CoV-2
and, more extensively, against several pathogens [26].
The in vitro infection of primary human monocytes,
human lung epithelial cell line, and human lung

TLRs (TLR3, TLR4)
ACE2 receptor

Lipid Rafts ———»

Lysosomes
Nucleus

Pro-inflammatory @

response
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microvascular endothelial cell line with SARS-CoV-2 has
demonstrated that the virus triggers the increase of LDs
within 24 h from the infection [27]. ISGs promote the
synthesis of antiviral proteins, such as viperin, members
of the immunity related GTPase family M proteins (IRGM),
and members of the helicase family (Figure 1). In partic-
ular, SARS-CoV-2 infection promotes the reprogramming
of monocytes towards lipogenesis, with the up-regulation
of transcriptional lipogenic factors, such as CD36, sterol
regulatory element-binding protein-1 (SREBP-1), peroxi-
some proliferator-activated receptor y (PPARy), and
diacylglycerol o-acyltransferase-1 (DGAT-1). As a result,
LDs biogenesis is accelerated, leading to an increase of
pro-inflammatory cytokines and chemokines. Further
details have been reported in Figure 1.

Cholesterol plays multiple roles during viral entry,
fusion between viral and host cell membranes, and viral
replication. Recent evidences support the close intercon-
nection between the aromatic residues in the helical
portion of SARS-CoV-2 fusion peptide and membrane
cholesterol; this association increases the binding affinity

Eicosanoids
* Leukotrienes (LTB4, IFNs

CySLT) e IFN"Y
* Prostaglandins (PGE;) . IFN-B
Chemokines ISGs-induced
*1L-8 proteins
¢ CXCL10 . Viperin
Cytokines « IRGM family (IRGM1,
*IL-1B IRGM3)
*IL-6 * Helicase family
* TNF-a * CAMP
*[L-10

*[L-12 Prohost

environment
Provirus

environment

Figure 1: Partial representation of the lipid metabolic reprogramming induced both by SARS-CoV-2 infection and the response of the innate

immunity within a monocyte.

SARS-CoV-2 entry promotes lipogenesis and the pro-inflammatory response by up-regulating several transcriptional factors, such as CD36,
SERP-1, PPAR-y, nuclear factor k light chain-enhancer of activated B cells (NF-kB), and the enzyme diacylglycerol o-acyltransferase 1 (DGAT1)
catalyzing the final step of the triacylglycerol biosynthesis. Lipogenesis gives rise to lipid droplet (LD) biogenesis, which in turn, activate the
synthesis of proinflammatory molecules, such as eicosanoids, chemokines, cytokines. SARS-CoV-2 could stimulate toll like receptors (TLRs)
expression, especially TLR3 and TLR4. Activated TLRs are recruited into lipid rafts (LRs), participating in the cellular immune response. The
binding between pathogen-associated molecular patterns (PAMP) and TLRs activates the NF-kB signaling and leads up to the expression of key
proinflammatory cytokines. On the other hand, interferons (IFNs) downregulate cholesterol biosynthesis and upregulate the interferon-
stimulated genes (ISGs), recognizable not only within cellular nucleus, but also within LDs. As a result, several ISGs-induced proteins are

overexpressed; viperin is the most important protein.
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and the subsequent fusion of the viral and host cell
membranes [28]. Together with glycosphingolipids, phos-
pholipids, and glycophosphatidylinositol (GPI)-linked
proteins, cholesterol constitute lipid rafts, subdomains
localized within the plasma membrane for receptor
signaling events, including viral entry into host cells [29].
Lipid rafts recruit and concentrate various signaling mole-
cules and operate as small-signal transduction platform;
they are crucial for the interaction spike protein — ACE2
receptor, and for viral endocytosis [30]. High cholesterol
levels positively correlate with the increase in lipid rafts,
which in turn are closely associated with the ACE2-receptor.
Collectively, data from the literature strongly support the
importance of cholesterol for viral entry [31] and the need to
lowering cholesterol levels for reducing viral infectivity [32].
The transcription factor SREBP-2 is highly expressed in
severe COVID-19, suggesting a close relationship between
the cholesterol biosynthesis and the pathogenesis of
COVID-19 [33]. Intriguingly, SREBP-2 acts at multiple levels:
it is also a transcription factor for inflammatory genes and
sestrin-1 (SESN-1 or PA26). The latter inhibits the liver
cholesterol biosynthesis by activating the AMP kinase
pathway [34], while the SREBP-2 C-term fragment plays
the same role as endotoxins, triggering cytokine storm
in septic patients with COVID-19 [35]. The oxysterol
25-hydroxycholesterol (25HC) is the product of the enzy-
matic oxidation of cholesterol by cholesterol 25-hydrolase,
an enzyme encoded by the ISG CH25H [36]. The enzymatic
activity of cholesterol 25-hydrolase promotes the internal-
ization of 25HC in the late endosomes and the inhibition of
cholesterol mobilization from the plasma membrane by
activating the endoplasmic reticulum (ER)-localized acyl-
CoA:cholesterol acyltransferase (ACAT) [37]. As a conse-
quence, membrane fusion is inhibited [38].

Fatty acids are implied in the virus-host interplay; the
essential free fatty acid linoleic acid binds to three bind-
ing pockets located in the receptor-binding domain (RBD)
of the MERS-CoV and SARS-CoV-2 spike (S) glycoproteins
and this binding inhibits the interactivity between linoleic
acid and the host angiotensin-converting enzyme 2
(ACE2), facilitating the viral cell entry [39]. Arachidonic
acid is a potent endogenous antiviral metabolite partici-
pating in the inactivation of enveloped viruses, including
SARS-CoV-2 [40, 41]; cellular viral infection and inflam-
mation promote the phospholipase A,-mediated cleavage
of arachidonic acid from membrane phospholipids,
especially in immunocompetent cells, such as macro-
phages, T and B cells, leading to the inactivation of the
invading virus. The exogenous supplementation of
arachidonic acid to infected cells significantly suppresses
viral replication.
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The mitochondrial long-chain fatty acids B-oxidation
is impaired in SARS-CoV-2 infection [42] and other viral
infections such as influenza and respiratory syncytial virus
(RSV); B-oxidation defects are mirrored by changes in the
concentration of long-chain acylcarnitines. The accumu-
lation of long-chain acylcarnitines within the lung is a risk
factor for developing acute lung injury due to their direct
inhibition of the pulmonary surfactant [43].

Glycerophospholipids, commonly called phospho-
lipids, their by-product lysophospholipids, and sphingoli-
pids are key components of the cellular membrane and are
involved in the metabolism of cell signaling. Glycer-
ophospholipids are essential for the biosynthesis of lipo-
proteins; interestingly, glycerophospholipids mediate the
first binding of the virus with the cell membrane, promoting
the adhesion of SARS-CoV-2 and other viruses to the host
cells [44]. Low plasma levels of glycerophospholipids may
originate from the liver impairment in patients with severe
COVID-19, while the overexpression of lysophospholipids
suggests the increased activity of phospholipase A,.
Oxidized phospholipids (0xPLs), mainly generated by the
nonenzymatic reaction between unsaturated fatty acids with
reactive oxygen species (ROS), expand the host innate im-
mune response and trigger the toll-like receptor 4 (TLR4)
signaling pathway, contributing to the pathogenesis of acute
lung injury; on the other hand, low levels of 0xPLs improve
the pulmonary endothelial barrier function and promote the
expression of antioxidant genes, playing a protective role
against viral replication and dissemination [18].

Among the prostaglandin (PG) family, PGE, is crucial
for viral replication, providing a proinflammatory environ-
ment; however, PGE, enhances both the innate and adap-
tive immunity by modulating the activity of T cells [21].
Interestingly, pulmonary fibrosis following viral infection is
promoted by prostaglandin F,, (PGF,,) and restrained by
prostacyclin [45, 46].

The complexity of the molecular mechanisms acti-
vated by the interplay between viral infection, inflamma-
tion, and lipid metabolism is reflected by two opposed
(apparently) clinical features observed in patients with
COVID-19. Briefly, two recent meta-analyses demonstrated
that obesity, dyslipidemia, and metabolic syndrome in
patients with SARS-CoV-2 infection are key risk factors for
developing severe COVID-19 [47, 48]. A cascade reaction
involving atherosclerotic plaques may at least partially
explain the increased risk of developing severe COVID-19.
High levels of low-density lipoproteins (LDLs) within the
atherosclerotic plaques interact with macrophages, lead-
ing to an increase in inflammatory gene expression
together with a concomitant increase of cytokines and
chemokines; in turn, cytokines synthesis is induced by
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the adaptor protein myeloid differentiation factor 88
(MYD88)-mediated signaling via various TLRs, espe-
cially TLR2. Besides, the formation of cholesterol crystals
within macrophages, due to LDLs accumulation, activates
the inflammasome, promoting the secretion of proin-
flammatory cytokines. A further negative prognostic factor
associated with dyslipidemia is endothelial dysfunction
[49]; combining these factors is a powerful driver for the
development of cardiovascular complications leading to
severe clinical outcomes in COVID-19 patients. Differently,
in normolipidemic subjects developing COVID-19, hypo-
lipidemia occurs at the early stage of the disease and
positively correlates with the severity of the disease; in
particular, total serum cholesterol and its main fractions,
LDL cholesterol, and high-density lipoprotein (HDL)
cholesterol, are significantly decreased compared with
those in healthy subjects [50]. An early study found high
levels of triglycerides in patients with mild and severe
COVID-19 but not in critical COVID-19 patients admitted in
the intensive care unit (ICU) [51]. Several factors may
induce hypolipidemia in COVID-19 patients, including liver
injury due to SARS-CoV-2 hepatotoxicity, the role of
proinflammatory cytokines, the lipid degradation by the
leakage of free radicals from host cells infected by
SARS-CoV-2, and the alteration of vascular permeability
causing the cholesterol escape and its accumulation as
exudate within alveolar spaces and other tissues. The drop
of circulating cholesterol corresponds to severe cholesterol
loading in peripheral tissue; this accumulation facilitates
endocytosis, the most crucial entry pathway for SARS-CoV-2,
increasing the viral infectivity.

Lipidomics

A couple of lipidomic studies investigated lipid alterations
in various cell lines infected by Coronaviruses (CoVs). In the
first study, the lipidomic profiling on Huh-7 (human liver
cell line) and VeroE6 (kidney epithelial cells from an African
green monkey) cells infected with human Coronavirus 229E
(HCoV-229E) unveiled the up-regulation of lysophospholi-
pids and FA synthesis together with perturbations of the
linoleic acid - arachidonic acid metabolism [52]; in the sec-
ond one, several cell lines infected with Middle East respi-
ratory syndrome—related coronavirus (MERS-CoV) showed
the up-regulation of lipogenesis, especially the pathway
involved in the steroid biosynthesis [53]. In humans,
COVID-19 severity and outcome are strongly influenced by
the immune-regulatory and proinflammatory lipid media-
tors baseline level (before the onset of the disease) [54].
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Triglycerides and triglycerides-rich lipoproteins (e.g., VLDL,
LDL) are up-regulated in patients with COVID-19 [55-58].
This dysregulation is caused by the lipolysis of the adipose
tissue, commonly observed in septic patients; the increase
in triglycerides positively correlates both with the severity of
the disease and fatal clinical outcome [55, 56], as opposed to
results previously mentioned [51]. An additional source of
triglycerides accumulation in patients with COVID-19 may
be the excess of acetyl-CoA due to the reduction of its
oxidation within the liver mitochondria [59]; as a conse-
quence, acetyl-CoA oxidation is redirected to the synthesis
of ketone bodies, leading to high levels of circulating ace-
toacetic acid, 3-hydroxybutyric acid, and acetone [58]. The
biosynthetic pathway of arachidonic acid (C20:4), a poly-
unsaturated fatty acid, is significantly upregulated in
patients with COVID-19 [54, 55, 60]. The elevation of
arachidonic acid and other unsaturated fatty acids, such as
oleic acid (C18:1) positively correlates with IL-6 concentra-
tion and with the severity of the disease [60]. However, a
study reported the downregulation of fatty acids in patients
with COVID-19, probably due to severe liver damage in
patients’ cohort, as stated by authors. This deduction was
supported by the elevation of bile acids observed in those
patients [61]. Specific saturated fatty acids, such as palmitic
acid (C16:0) and stearic acid (C18:0), are significantly
increased in patients with COVID-19 [55]. In the plasma of
critical and noncritical patients with COVID-19, all the 18
acylcarnitines were found increased [55]; in severe and fatal
COVID-19, serum concentrations of several short- and
medium-chain acylcarnitines (C4, C4 OH, C6, C8 OH) were
elevated [62]. Interestingly, in the breast milk of COVID-19
puerperal women, isobutyrylcarnitine and butyrylcarnitine
(C4) are increased [63]. Conversely, short- and long-chain
acylcarnitines, except a-linolenyl carnitine (C18:3), were
found significantly decreased in the serum of patients
with COVID-19 [60]; similarly, plasma C16, C18, and C18:1
long-chain acylcarnitines were decreased, suggesting the
hypothesis of the slow entry of fatty acyls into mitochondria
[64]. Some acylcarnitines, not better identified, were also
found decreased in patients with severe COVID-19 marked
by abnormal diffusing capacity of the lung for carbon
monoxide [65]. The acylcarnitines shortage corresponds to
the decrease of their anticoagulant function, enhancing the
hypercoagulable phenotype associated with severe and
fatal COVID-19 [66, 67]. COVID-19 and the severity of the
disease strongly impact glycerophospholipids metabolism;
most glycerophospholipids are downregulated in patients
with COVID-19, while various lysophospholipids are over-
expressed [54-56, 61, 64, 65, 68]. However, high levels of
phosphatidylcholine (PC38:8), phosphatidylethanolamine
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(PE38:4), and phosphatidylglycerol (PG20:5) discriminate
low-risk infected patients from noninfected individuals [69].
Several sphingolipids, including sphingosine and sphingo-
myelins, have been found downregulated in COVID-19
[55, 61, 64, 69]; interestingly, by comparing severe with
mild COVID-19, ceramides, as Cer(d18:0/20:0), Cer(d18:1/
23:0), Cer(d18:1/18:0), Cer(d18:1/26:1), Cer(d18:0/26:10H)
were found significantly increased and glycosylceramides,
as HexCer(d16:1/22:0), Hex2Cer(d18:1/24:0), significantly
decreased in severe patients [68]. Sphingosine 1-phosphate,
a modulator of adaptive immune cell trafficking, vascular
development, and homeostasis [70], was reduced in
COVID-19 patients compared with healthy controls [61, 64].
The underexpression of sphingosine 1-phosphate was
associated with the predominance of inflammation over
the macrophage-driven anti-inflammatory response.
Conversely, it was observed that the increased activity of the
red blood cells sphingosine kinase 1 (SPHK1), an enzyme
catalyzing the phosphorylation of sphingosine to form
sphingosine 1-phosphate in response to hypoxia, induces
the increase of serum sphingosine 1-phosphate in COVID-19
patients [60]. By using machine learning models in patients
with COVID-19, a research group observed that the secreted
phospholipase A, type IIA (sPLA,-IIA), a member of the
secreted phospholipase A, family, may mirror the severity of
COVID-19 and predict the clinical outcome, being signif-
icantly different between survivors and non-survivors
[71]. A significant positive correlation was observed be-
tween circulating sPLA2-IIA and various indices of dis-
ease severity, including hyperglycemia, kidney
dysfunction, hypoxia, anemia, and multiple organ

mitochondria by leukocytes

.

Internalization of Figure 2: Scheme depictingthe potentialrole

of sPLA,-IIA in modulating COVID-19
severity and clinical outcomes.

sPLA,-IIA, secreted phospholipase A, type
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dysfunction. The sequence of molecular events promoted
by sPLA,-IIA in COVID-19 has been ordered in a scheme
(Figure 2), highlighting their correlation with the severity
and the clinical outcome of the disease. Structural and
functional data on the lipids-virus interaction may open
new perspectives on targeted therapeutic interventions to
treat SARS-CoV-2 infection [72]. The most relevant result
emerging from lipidomic studies may be considered a
partial list of circulating lipids predisposing to a more
severe and/or fatal COVID-19, as reported in Table 3.
However, given the complexity of lipid classes and sub-
classes, results emerging from the literature are complex
and partially ambiguous. Among glycerophospholipids,
some phoshatidylcholines may result increased and others

Table 3: Circulating lipids predisposing to a more severe and/or
fatal COVID-19.

Metabolite Expression Reference
Triglycerides Upregulated [55], [56]
Arachidonic acid Upregulated [60]?
Short- and medium-chain acylcarnitines: Upregulated [62]
(C4, C4 OH, C6, C8 OH)

Ceramides: Cer(d18:0/20:0), Upregulated [68]
Cer(d18:1/23:0), Cer(d18:1/18:0),

Cer(d18:1/26:1), Cer(d18:0/26:10H)

Glycosylceramides: HexCer(d16:1/22:0), Downregulated [68]
Hex2Cer(d18:1/24:0)

Secreted phospholipase A, type 1A Upregulated [71]

(sPLA,-11A)

?In patients with severe liver damage, arachidonic acid was found
downregulated, independently from the disease severity [61].
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decreased in the same group of patients; more important,
differences between studies may originate controver-
sial results on a single metabolite. Variables, such as the
biological matrix, analytical platforms, internal stan-
dards, and libraries for human lipidome, lead to the iden-
tification of different lipidomic profiles discriminating
critical from noncritical patients and infected from nonin-
fected individuals. Accordingly, metanalyses on lipidomic
datasets in COVID-19 seem to be premature and their
conclusions may be questionable and, at least partially,
inconclusive [73].

Amino acids metabolism in patients with
CcoviD-19

COVID-19 is characterized by the strong activation of
gluconeogenesis; hence, most gluconeogenic amino acids,
including valine, alanine, glycine, serine, histidine, gluta-
mine, and methionine, are significantly decreased [54, 58,
61, 74-76]. The decrease of gluconeogenic amino acids is
inversely correlated with the disease’s severity, as demon-
strated by the significant inverse correlation with IL-6 level
[60]. In COVID-19, hypoxia plays a crucial role in altering the
TCA cycle intermediates and related pathways; on the one
hand, hypoxia inhibits the malate-aspartate shuttle,
inducing the consistent decrease of aspartate and pertur-
bations in the alanine-aspartate-glutamate pathway [77].
Furthermore, hypoxia promotes the intensification of
succinate synthesis, resulting in the depletion of various
metabolites, such as fumarate [55, 61, 64], malate and
aspartate [56], a-ketoglutarate [61], and glutamate [61, 78].
Oddly, glutamate was found increased in two studies
[58, 75]; however, they did not report any data on glutamine,
preventing any plausible conclusion. Nevertheless, the
decrease of the glutamine/glutamate in COVID-19 is
considered clinically useful, reflecting the metabolic
reprogramming of energy metabolism, the increased skel-
etal muscle catabolism, liver failure, and septic shock [78].
Notably, emerging knowledge on the putative metabolic
reprograming of glutamine in host cells upon SARS-CoV-2
infection boosts the research of glutamine metabolism-
related therapeutic drugs [79]. Even results on succinate are
ambiguous; it was found increased [55, 58], decreased [64],
or unchanged [60]. The increase of succinate reflects hyp-
oxia; it is reasonable to assume that in studies reporting
decreased or unchanged levels of succinate, patients with
COVID-19 were normo-oxygenate or undergoing intense
respiratory treatment. Malate exerts a protective effect on
the endothelium of the blood vessels, and the lack of this
amino acid increases the risk of endothelial injury [80, 81].
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Low levels of malate result in decreased levels of aspartate.
Aspartate is involved in the TCA cycle and in the arginine,
glycine-serine-threonine metabolism; even purine meta-
bolism and de novo pyrimidine biosynthesis depend on
aspartate availability. The decrease of aspartate is probably
due to a deficiency of electron acceptors necessary for
aspartate synthesis by the TCA cycle [82]. Perturbations in
the arginine metabolism were observed in patients with
COVID-19 [60-62, 65, 74, 83]. L-arginine, a conditionally
essential amino acid derived from proteolysis and food
intake, is the precursor of the endothelium-derived relaxing
factor nitric oxide (NO) and is involved in the synthesis of
urea, L-ornithine, L-proline, polyamines, and creatine [84].
L-arginine decarboxylation originates agmatine, a neuro-
modulator found altered in major diseases of the central
nervous system [85]. Moreover, L-arginine is strongly
implied in the host immune response, especially by modu-
lating signal transduction pathways in immune cells [86, 87]
and regulating the T-cells metabolism, such as glycolysis
and mitochondrial activity [88]. Both sepsis and septic
shock induces the lack of arginine availability by at least
three mechanisms: enhanced consumption, with the
considerable contribution of the cytokines-induced increase
of the nitric oxide synthase (EC 1.14.13.39) activity; reduced
de novo synthesis; decreased nutritional intake [89].
L-arginine deficiency significantly reduces the resistance to
infections, since in activated macrophages NO synthesis
is essential for host defense against pathogens. Only
three metabolomics-based studies found reduced levels
of L-arginine and/or intermediates and end-products in
patients with COVID-19 [61, 62, 83]; these findings have been
associated with liver dysfunction [56]. The depletion rate
of L-arginine positively correlates with the severity of the
disease and the length of patient’s stay in ICU [83], ac-
cording to the notion that this amino acid is basic for tissue
repair [90]. In patients with moderate and high IL-6 levels,
L-arginine was found increased and associated with the
decrease of the urea cycle metabolic intermediates ornithine
and citrulline and with the increase of creatine, spermidine,
and acetyl-spermidine; this finding suggests that the
impaired kidney function in patients with COVID-19 may be
the main factor inducing this complex association [60]. The
increase of L-arginine in COVID-19 was also explained by
airway remodeling [65]. In the paper of Blasco et al. the
discriminant multivariate model predicting the diagnosis of
SARS-CoV-2 included L-arginine within the top-10 signifi-
cant metabolites, reported in Figure 2 of that study; regret-
tably, no information is available either on the increase or
the decrease of this amino acid [74].

Tryptophan metabolism, including the kynurenine
and the nicotinamide pathways, is strongly altered in
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patients with COVID-19 and many studies reported a
significant decrease of tryptophan in conjunction with a
significant increase of kynurenine and kynurenic acid
[55, 57, 60-62, 64, 74, 75, 83]. These trends were positively
correlated with disease’s severity and fatal clinical
outcome [57, 62]. The decrease of tryptophan is inversely
correlated with serum levels of IL-6 [60] and cortisol [62].
These data suggest a close relationship between the
immune response to SARS-CoV-2 and the tryptophan
metabolism; the ultimate objective is to boost the energy-
producing cofactor NAD. Hypercortisolemia is associated
with higher mortality in patients with COVID-19 [91] and
upregulates tryptophan 2, 3-dioxygenase (EC 1.13.11.11), an
enzyme encoded by the TDO2 gene catalyzing the oxida-
tion of tryptophan to kynurenine. The upregulation of the
tryptophan degradation to kynurenine and kynurenic acid
promotes two further metabolic dysregulations; from the
one hand, the reduced conversion of tryptophan to sero-
tonin results in serotonin and melatonin deficiency [62],
even though 5-hydroxytryptophan, the precursor of sero-
tonin, is increased in COVID-19 patients [64]. On the
other hand, the increased availability of quinolinic acid,
originating from the transformation of kynurenine to
3-hydroxyanthranilic acid, leads to high levels of nicotin-
amide [62, 74] and nicotinic acid [60], both positively
correlated with COVID-19 severity and fatal outcome
[62, 92]. It was postulated that the kynurenine pathway’s
hyperactivation facilitates SARS-CoV-2 to circumvent the
host immune response [60]. Perturbations in the kynur-
enine pathway alter the kynurenine/tryptophan ratio;
several studies observed a significant increase of this ratio
in SARS-CoV-2 infected patients [57, 61, 62, 92]. The
kynurenine/tryptophan ratio may be considered an indi-
rect measurement of the enzymatic activity of indole
2, 3-dioxygenase (IDO) [60, 62, 75], a pleiotropic enzyme
involved in modulating the immune response. IDO pro-
motes the conversion of tryptophan to kynurenine, which
activates the aryl hydrocarbon receptor [93]. Thus, IDO
controls and limits pulmonary inflammation, improving
survival from COVID-19 in critically ill patients. In order to
identify emerging diagnostic and prognostic biomarkers
for COVID-19, a study performed on a small patient cohort
found that using a cut-off level of 15.7, the arginine/
kynurenine ratio discriminated COVID-19 patient from
healthy subjects with 100% diagnostic accuracy and
COVID positive from COVID negative patients with 98%
diagnostic accuracy [83]. In addition, the creatinine/argi-
nine ratio predicted death in patients admitted to ICU with
100% diagnostic accuracy. However, before being defini-
tively accepted and proposed as clinical tests, these results
must be replicated and validated on larger patient cohorts.
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COVID-19 alters the biosynthesis and metabolism of
phenylalanine and tyrosine [55, 58, 60, 75]; indeed, it has
long been known that the accumulation of phenylalanine
occurs during an infection- or sepsis-induced inflamma-
tion [94, 95]. Multiple factors associated with the infection
and the related immune stimulation may contribute to
the accumulation of phenylalanine; the most important
mechanism is the progressive unavailability of 5, 6, 7,
8-tetrahydrobiopterin (BH4), a reduced form of biopterin.
BH4, a hydrogen donor, is a cofactor of phenylalanine
4-hydroxylase (EC 1.14.13.39; PAH), the enzyme catalyzing
the conversion of phenylalanine to tyrosine. Cytokine
activation in response to infections and sepsis triggers the
formation of reactive oxygen species (ROS), which promote
the irreversible non-enzymatic oxidation of BH4 to
7, 8-dihydrobiopterin (BH2). The consequent shortage of
BH4 induces the loss of PAH activity, with the reduced
conversion of phenylalanine to tyrosine (Figure 3). Even
the enzymatic conversion of tyrosine to L-DOPA, catalyzed
by the tyrosine 5-hydrolase, is dependent on BH4; as a
result, large amounts of ROS hamper the biosynthesis of
tyrosine, dopamine, norepinephrine, and epinephrine.
Data emerging from metabolomic studies in patients with
COVID-19 are discordant: both phenylalanine and tyrosine
were found decreased [55] or increased [75]; a study
reported the increase of phenylalanine in conjunction with
the decrease of tyrosine [58], and one more study reported
no information on phenylalanine and tyrosine levels [60].
Variables, such as the severity of COVID-19, the therapeutic
treatment, the severity of liver failure (the hydroxylation of
phenylalanine to tyrosine occurs mainly in the liver), and
the presence of co-morbidities may influence results.

The system biology approach to SARS-CoV-2
infection

Efforts to investigate the molecular mechanisms associated
with SARS-CoV-2 infection in asymptomatic individuals and
patients developing COVID-19 have involved multi-omics
approaches, including metabolomics and microbiomics.
This strategy can address multiple goals, including to
predicting which patients with COVID-19 are at high risk of
severe lung function impairment, multiple organ failure,
death, and which patients will respond effectively to the
therapeutic treatment [92]. Pharmaceutical industries and
academic research institutes are strongly involved in
investigating and interpreting the host metabolic response
to SARS-CoV-2 vaccines and related mechanisms underly-
ing the individual variability in vaccine response. One
crucial question that metabolomics may address is whether
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and how endogenous nucleotide metabolism affects the
response to DNA/RNA-based vaccines via replicative effi-
cacy. Emerging knowledge on the ability of SARS-CoV-2 to
induce gut dysbiosis by infecting and replicating in human
small intestine enterocytes call for the proper understand-
ing and interpretation of microbiomics and metabolomics
data; indeed, evidence suggests that gut dysbiosis modu-
lates host immune response, being positively correlated
with plasma concentrations of several inflammatory bio-
markers (cytokines, chemokines, acute-phase reactants)
and with COVID-19 severity and outcomes [96]. Gut micro-
biota co-metabolites, such as the short-chain fatty acid
(SCFA) palmitic acid, originating from gut microbial
fermentation of dietary fiber, promote the immune response
to the SARS-CoV-2 at distal sites, especially the lungs, and
influence the host inflammatory response in patients with
COVID-19 [97].

Conclusive and prospective
remarks

Human SARS-CoV-2 infection activates a complex interac-
tion host/virus forming the basis of a wide range of out-
comes, from the asymptomatic infection to life-threatening
acute respiratory distress syndrome (ARDS), vascular
dysfunction, and sepsis. Two steps are crucial for the viral
infection’s fate: (a) the direct interaction between the
coronavirus spike protein with the host cell surface receptor
and many other cell surface molecules facilitating virus
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attachment or entry; (b) the exploitation of host cell
machinery for viral replication and spread. Molecular and
metabolic alterations resulting from these two steps form
the basis of the individual susceptibility to the onset of
COVID-19. Thus, there is the need to speeding up the tran-
sition of metabolomics from clinical research into clinical
testing, considering that the measurement of a restricted
number of metabolites may become feasible and cheap for
clinical laboratories that already use LC-MS for testing
steroid hormones and immunosuppressive drugs [98].
Three simple ratios based on metabolomic data might be
rapidly introduced in the routine practice: the kynurenine/
tryptophan ratio, the glutamine/glutamate ratio, and the
Fischer’s ratio (valine + leucine + isoleucine)/(phenylala-
nine + tyrosine), also known as BCAA/aromatic amino
acids ratio. The Fischer’s ratio is well known for a long time
[99] and its significantly decrease in COVID-19 represents
an accurate index of liver dysfunction [75]. Furthermore,
recent experimental findings on type II pneumocytes of
lung from infected patients and in cultured cells have
demonstrated the peculiar changes in lipid metabolism
and LDs biogenesis induced by SARS-CoV-2; these results
may open new perspectives to effectively neutralize the
SARS-CoV-2 pathogenicity [100]. Some severe limitations
affect most metabolomics-based studies on COVID-19,
slowing the routine application of metabolomics. For
example, the right interpretation of changes in serum suc-
cinate level needs detailed patient’s clinical data, including
the blood oxygenation and the intensity and duration of
respiratory treatment. By this way is possible to identify
factors influencing the depletion of succinate in patients
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with COVID-19, as observed elsewhere [64]. Moreover, in
the study evaluating the diagnostic accuracy of the argi-
nine/kynurenine ratio, authors highlighted the urgent need
to develop lateral flow immunochromatographic assays for
the near-patient metabolomic testing [83]. This claim
sounds inopportune, especially at state of the art. Moving
metabolomics from bench to bedside cannot imply the
mere determination of a given metabolite panel by non-
reliable and non-standardized methods; rather, slotting
metabolomics into clinical practice takes much more than
any available point-of-care testing including the conver-
sion of metabolic patient-specific data into actionable
clinical applications [101]. Finally, the analysis and inter-
pretation of metabolomic data should be integrated with
other biological and imaging data; hence, the contribu-
tion of artificial intelligence and machine learning algo-
rithms may considerably improve the effective utilization of
results for clinical decision making.
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