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Chapter 10

NMR-Metabolomics in COVID-19
Research

Joao Guilherme de Moraes Pontes, Roney Vander dos Santos,
and Ljubica Tasic

Abstract COVID-19 stands for Corona Virus Disease 2019, which starts as a viral
infection that provokes illness with different symptoms and severity. The infected
individuals can be asymptomatic or present with mild, moderate, severe, and critical
illness with acute respiratory distress syndrome (ARDS), acute cardiac injury, and
multiorgan failure. When the virus enters the cells, it replicates and provokes
responses. Most diseased individuals resolve the problems in a short time but unfor-
tunately, some may die, and almost 3 years after the first reported cases, COVID-19
still kills thousands per day worldwide. One of the problems in not curing the viral
infection is that the virus passes by undetected in cells. This can be caused by the
lack of pathogen-associated molecular patterns (PAMPs) that start an orchestrated
immune response, such as activation of type 1 interferons (IFNs), inflammatory
cytokines, chemokines, and antiviral defenses. Before all of these events can hap-
pen, the virus uses the infected cells and numerous small molecules as sources of
energy and building blocks for newly synthesized viral nanoparticles that travel to
and infect other host cells. Therefore, studying the cell metabolome and metabolo-
mic changes in biofluids might give insights into the state of the viral infection, viral
loads, and defense response. NMR-metabolomics can help in solving the real-time
host interactions by monitoring concentration changes in metabolites. This chapter
addresses the state of the art of COVIDomics by NMR analyses and presents exem-
plified biomolecules identified in different world regions and gravities of illness as
potential biomarkers.
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1 Introduction

Coronaviruses belong to a group of infectious viruses, which infect animals and
humans, causing respiratory illness [1, 2]. In December 2019, a new zoonotic coro-
navirus was reported in Wuhan City, China [2, 3]. This was designated as severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causal agent of coro-
navirus disease 2019 (COVID-19), which is highly transmissible, as seen by its
rapid spread all over the world. It was estimated that 17.1 million to 19.6 million
people died in 2020 and 2021 due to COVID-19 complications [4]. Even now, the
virus is causing infections and deaths although vaccination has mitigated the
COVID-19 pandemic situation. There is still the risk of the emergence of new coro-
navirus variants because low-income and middle-income countries (LMICs) are
only partially vaccinated, due to limited access to vaccines or the lack of awareness
of the importance of vaccination [5].

The clinical features of COVID-19 are classified into cases with different sever-
ity such as asymptomatic, mild disease (fever, fatigue, myalgia, dry cough, sore
throat, and headache), moderate (fever greater than 37.8 °C and symptoms of pneu-
monia), severe (dyspnea and hospitalization in intensive care unit), and critical
cases (acute respiratory distress syndrome [ARDS], acute cardiac injury, and multi-
organ failure) (Fig. 10.1) [2, 6]. The gravity of the symptoms is linked to age,
comorbidities (diabetes, cardiovascular disease, hypertension, and others), genetic
factors, unhealthy eating habits, and lifestyle factors, such as the lack of physical
exercise [2, 7].

In this sense, it is important to diagnose COVID-19 during the asymptomatic
stage or when the first mild symptoms appear because the infected individuals with
SARS-CoV-2 in this disease stage are a source of infection [8].

Diverse strategies have been tested and/or used for the discovery of COVID-19
biomarkers to aid in diagnosis [9-11], with mass spectrometry and NMR spectros-
copy being the most commonly used techniques in COVID-19 metabolomics
research [12]. NMR-based metabolomics is an approach that has allowed the iden-
tification of biomarkers in different sample types and biological mixtures [13].
Furthermore, NMR spectroscopy is a suitable analytical platform for disease stud-
ies, because it is a highly reproducible technique, which can be used in studies that
require large-scale and longitudinal research [12, 14].

In addition to the identification of biomarkers for COVID-19 disease severity,
NMR spectroscopy has also been used for metabolite quantification [15], evaluation
of vaccine effects [16, 17], studies of viral cell shielding [18], identification of the
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Fig. 10.1 Five stages of COVID-19. The asymptomatic profile does not have biomarkers due to
difficulties in recruiting people to collect blood for testing at this stage

etiological causes of ARDS [19], and monitoring the mental health of patients
affected by COVID-19 [20]. In this chapter, we discuss about the COVID-19 sever-
ity biomarkers detected by NMR spectroscopy approaches and those found in car-
diovascular and thrombosis risks resulting from the disease.
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2 Biomarkers of COVID-19 Severity

Since the escalation of the first COVID-19 cases, the scientific community has per-
formed a collective effort to ameliorate the pandemic situation. Omic-based searches
have acquired, interpreted, and integrated different data about this concern, which
has been named “COVIDomics.” Blood plasma and serum have been mostly used
as biological samples in metabolomics studies [21]. Table 10.1 and Fig. 10.1 sum-
marize the metabolites detected by 'H-NMR spectroscopy as biomarkers of differ-
ent COVID-19 stages.

There are few studies which have used saliva as an NMR sample, which could
indicate the nasopharyngeal state of COVID-19 patients [12]. However, there are
some limitations to the use of these approaches, such as the low concentration of
metabolites (99% water and 1% inorganic and organic compounds), diary fluctua-
tions of metabolite concentrations, and the possible influence of oral injuries. In
these cases, it would be necessary to perform metabolomics analyses in an NMR

Table 10.1 Biomarkers of COVID-19 severity detected using '"H-NMR spectroscopy

Samples
(concentration in relation to

Metabolites | disease stage) Peak Assignments References

Creatine Plasma 3.04 (s), 3.94 (s) [15, 23]
(increase in moderate-severe)

Formate Blood and urine 8.45 (s) [15, 24, 25]
(higher levels in moderate)

Glucose Plasma 3.23 (m), 3.40 (m), 3.46 (m), | [15, 23, 26]
(higher levels in moderate) 3.52 (dd), 3.78 (m), 3.82 (m),

3.89 (dd), 4.64 (d), 5.23 (d)

Glutamate Plasma 2.04 (m), 2.13 (m), 3.35 (m), | [15,27]
(higher levels in moderate) 3.75 (m)

Glutamine Blood 2.12 (m), 2.15 (m), 2.44 (m), | [23, 24, 26]
(decrease in severe) 2.48 (m), 3.77 (dd)

Lactate Blood 1.33 (d; J=7.0 Hz), [15, 24, 28]
(increase in accordance to the 412 (q; J=7.0 Hz)
infection process)

Leucine Plasma 0.96 (d; J = 6.2 Hz), [15, 23]
(decrease in mild stage and a 0.97 (d; J=6.1 Hz),
slight increase in 1.68 (m), 1.72 (m),
moderate-severe) 1.75 (m)

Phenylalanine | Blood 3.13 (m), 3.28 (m), [15, 23, 24,
(increase in accordance to the 7.34 (d; J=7.5Hz), 28, 29]
infection process) 7.38 (t; J=7.4Hz), 7.44 (1)

Pyruvate Blood 2.38 (s) [15, 24]
(higher levels in severe)

Tyrosine Blood 3.05 (dd), 3.20 (dd), [15, 23, 28]
(increase in accordance to the 3.93 (dd),
infection process) 6.91 (d; J=8.5 Hz),

7.20 (d; J=8.5 Hz)
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spectrometer with pulsed and magnetic field gradients to improve sensitivity and
accuracy [12, 22].

Glutamine deficiency has been reported in severe COVID-19 patients [23, 26,
30]. The acute inflammatory process featured in COVID-19 requires energy from an
increase in the concentration of some metabolites of the tricarboxylic acid cycle
(TCA), such as glucose and glutamine [31]. When the endogenous synthesis of
glutamine is not sufficient to supply all the needs of the infected body, the plasma
glutamine levels are reduced [23]. The use of glutamine supplementation has been
suggested for COVID-19 patients [30], since glutamine performs important roles in
energy metabolism, the immune response, and cytokine production [23, 26].

Like glutamine, glutamate also takes part in energy metabolism, being the first
step in glutathione biosynthesis. Furthermore, glutamate and glutamine act in nucle-
otide biosynthesis as nitrogen donors [26, 30]. In COVID-19, the unregulated glu-
tamate levels in patients with hypoxia may cause neurological abnormalities since
glutamate is also an important neurotransmitter [32]. Reductions in glutamine and
increased glutamate in blood plasma are associated with health risks [30].

Elevated creatine levels have been associated with muscular energy metabolism
in severe COVID-19 patients [15, 23]. Creatine-kinase converts creatine to the
energy storage form of phosphocreatine. The high creatine concentration in infected
cells is possibly related to the energy consumption changes during viral replication
[15], as well as in COVID-19 patients, who spend significant time in the hospital
without utilizing muscular energy [23].

Unregulated leucine, isoleucine, and valine concentrations in blood plasma are
harmful to the organism, because these compounds may cause inflammation and
neurological impact, and promote oxidative stress [23]. Other unregulated amino
acid concentrations observed in severe COVID-19 groups include phenylalanine
and tyrosine [33]. Barberis et al. observed perturbations in phenylalanine metabo-
lism, arachidonic acid metabolism, and tricarboxylic acid cycle (TCA) in COVID-19
patients [33]. Since this report, the increase in phenylalanine and tyrosine concen-
trations in blood samples has been reported in a various researches on this issue
(Table 10.1). Correia et al. quantified these amino acids and observed that although
tyrosine concentration increased with COVID-19 severity, tyrosine levels remained
slightly lower than those of phenylalanine during the infection process, which may
point to a disturbance in the immune system [15].

The increase in pyruvate levels in blood samples from COVID-19 patients may
be related to breathing difficulties felt by these individuals, which decreases the
oxygenation rate essential in biochemical processes. In aerobic conditions, pyruvate
is converted to lactate and eliminated from the TCA [15]. However, in hypoxic con-
ditions, pyruvate is regulated by anoxic respiration, which increases the NADH
concentration. Under these conditions, pyruvate dehydrogenase is allosterically
hampered in performing pyruvate oxidation [27].

Pyruvate is not commonly used as a biomarker because it is sensitive to preana-
lytical procedures [34]. Due to this problem, other methods to monitor COVID-19
have been performed through measurements of lactate or the lactate-to-pyruvate
conversion rate, which has been reported as a biomarker of severe respiratory
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dysfunctions [26]. Hyperlactatemia is featured in sepsis and some damages caused
by COVID-19 such as end-organ injury, systemic dysfunctions, ischemia, and
thrombosis [35].

Elevated formate levels in plasma and urine samples have been associated with
indicators of environmental exposure to contaminants or as biomarkers of impaired
one-carbon metabolism [25, 36]. However, in COVID-19 cases, patients with mod-
erate and severe disease may be in isolation or hospitalized. Therefore, they are not
likely to be exposed to environmental contaminants. In these cases, formate changes
may be related to sarcopenia or kidney damage [25].

It is worth mentioning that acetylated glycoproteins and phospholipids have been
reported as changed in COVID-19 and might be considered important inflammatory
biomarkers that can be measured in clinics by applying low-field NMR [37]. For
instance, N-acetyl signals from glycosylated serum proteins were found to be ele-
vated and phospholipids showed an inverse relationship in COVID-19 patients.
Therefore, the phospholipid:acetylated glycoprotein ratio has been suggested as a
biomarker for inflammation assessment [26, 37, 38].

Finally, it can be assumed that NMR-monitored metabolic changes during
COVID-19 are driven by immune system regulation of key metabolic enzymes by
cytokines, the energy consumption of cytokine-secreting cells, or by the effect of
immune cells on other tissues [39]. In line with this, altered lipid metabolism has
been observed in COVID-19, including effects on cholesterol and cholesterol esters,
sphingolipids, and saturated fatty acids (FAs). Furthermore, an increase in the tri-
glyceride levels of lipoproteins with different densities, such as very-low (VLDLs),
low- (LDLs), and high-density lipoproteins (HDLs), and the fatty acids (FAs) satu-
ration state have been associated with increased disease severity.

3 Principal Risks Caused by COVID-19

There are many consequences reported in convalescent COVID-19 patients, some
of which have been linked to thromboembolic episodes. Therefore, it is crucial to
understand in which way COVID and post-COVID syndrome metabolomic and
lipidomic alterations are linked to thrombosis. Although NMR studies of blood
metabolite alterations in thrombosis have not been thoroughly explored in the litera-
ture [40, 41], some works have reported effects on lipids, free fatty acids (FFAs),
acylcarnitines, trimethylamine N-oxide, and their involvement in thromboinflam-
mation and platelet dysfunctions [42]. It is also important to note that low-density
lipoproteins (LDLs) and their oxidation products (oxLDLs) take part in prothrom-
botic responses. Another important class of metabolites linked to thrombosis is ste-
rol and derivatives, such as cholesterol and cholesterol esters. Their involvement in
thrombosis is expected, as well as other thrombotic risks, such as hypercholesterol-
emia, the enhanced inflammatory potential of lipid-laden platelets, and changes in
circulatory lipids and atherogenic chemokines. Also, imbalances in the ratio of
branched-chain amino acids (BCAAs) to alanine, as seen in thrombosis [41], as
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well as alterations in lipids, acetoacetate, pyruvate, glucose, 3-hydroxybutyrate, lac-
tate, creatine, and phenylalanine [41, 43], might be linked to pathological condi-
tions in thrombosis and have been observed in COVID-19 (Fig. 10.2). Thus, these
represent potential biomarker candidates for prediction of thrombotic risk in moder-
ate and severe patients. It is worth mentioning that, of the 20 biomarkers reported
for thrombosis, most of them are also increased in COVID-19 patients. In addition,
the potential role of platelets beyond thrombosis and hemostasis is coming under
increasing attention. It is known that platelets mediate inflammation through
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Fig. 10.2 Principal risks associated with COVID-19 disease: (a) cardiovascular diseases, (b)
pneumonia, (c¢) diabetes, and (d) thrombosis. The associated metabolites are also indicated by
either increased (up, red arrows) or decreased (down, blue arrows) concentrations. Heart, lung, and
vein were adapted from link smart.servier.com (free medical images)
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interactions with immune cells or cytokine/chemokine secretion [44] and patients
affected by COVID-19 have been reported to have micro-thromboses due to altered
immune function [45]. Furthermore, pro- and anti-inflammatory lipid mediators
may be generated by activated platelets during the inflammation course [42].

Other important roles of platelets in the immune response have been recognized,
such as the capacity to guide immune cells to the infected area and in recognizing
and neutralizing pathogens. Platelets also play an important role in the coagulation
cascade and in resolving bleeding problems during vascular injuries, but their inap-
propriate activation can cause thrombosis. Many proteins that interact with plate-
lets, such as fibrin and collagen, are also recognized as key players in the clotting
process.

Platelets are blood cells that circulate freely till the moment the blood vessel suf-
fers an injury. Then, the platelets organize themselves and initiate clot formation by
forming spider-net-like 3D structures with actin and fibrin, which are adhesion
matrix proteins with motifs that recognize and stick to the platelets. As stated ear-
lier, platelets also take part in immune responses. For example, CD8+ T-cells which
take part in the adaptive immune response are orchestrated by platelets against viral
hepatitis [46]. Considering these dual roles, an infection can cause secondary
thrombocytosis, a condition marked by increased platelets and thrombosis formation.

During the process of clot formation, platelets participate in the regulation,
recruitment, and functions of innate immune cells. As part of this, the platelets
release the following mediators: chemokine ligand 1 (CXCL 1), CXCL 3, 5, and 7,
and beta-chemokines ligand 5 (CCL 5) and 7, among others that trigger receptors
expressed on myeloid cells. There are two families of cytokines which can be dis-
tinguished based on the first cysteine residue. The first is the family called CC che-
mokines, also known as beta-chemokines, and the second is called CXC chemokines,
alpha-chemokines, which have an amino acid between the first two cysteines. CC
chemokines mainly stimulate monocytes, as well as basophils, eosinophils,
T-lymphocytes, and natural killer (NK) cells. On the other hand, CXC chemokines,
which primarily stimulate neutrophil chemotaxis, contain a glutamate-leucine-
arginine (ELR) sequence at the N-terminus that is essential for receptor binding.
These mediators support leukocyte accumulation and promote their microbicidal
activity. Furthermore, platelets interact with innate immune cells affecting effector
functions such as the formation of extracellular neutrophil trap (NETosis) and cell
migration. During the formation of neutrophils and other white blood cells, such
cells expel their chromatin content, which participates in the formation of the extra-
cellular fiber network, capturing and eliminating pathogens. So, NETs act in differ-
ent biological activities through activation and promotion of recruitment of platelets
as well as their feedback mechanisms, thus causing a thrombosis [46, 47].

Although NETose is generally associated with responses against extracellular
pathogens, there is increasing evidence that NETose also occurs in viral infections
[48]. During the COVID-19 pandemic, several reviews cited the formation of NETs
as a major defense mechanism [49]. This was especially marked in the cases of
ARDS, being easy to identify due to its high presence in plasma [49, 50]; Autopsy
of COVID-19 victims also showed a high number of neutrophils [51].
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In addition to immunothrombosis, COVID-19 can cause hyperinflammation and
hypercoagulopathy [47]. One of the causes of hyperinflammation is ARDS, which
is triggered by primary micro-thrombi in the pulmonary vessels, evolving to sys-
temic microangiopathy and can lead to a variety of damaging scenarios in the
COVID-19 patient such as the encompassing cardiomyopathy, multiple organ dys-
function syndromes (MODS), hepatic and renal failure, mesenteric ischemia, and
neurological dysfunctions (Fig. 10.2) [47]. Another cause of hyperinflammation
commonly seen in COVID-19 is the NLRP3 inflammasome activation, which can
result in various cardiovascular disorders [52], characterized by increasing concen-
trations of plasminogen activator inhibitor I (PAI-1), free fatty acids (FFAs), leptin,
interleukin-6 (IL-6), and monocyte chemoattractant protein-1 (MCP-1) [53].

The NLRP3 inflammasome (NOD-, LRR-, and pyrin domain-containing protein
3) is a sensor, with an adapter (ASC or PYCARD) and an effector (caspase 1). For
example, the protein (NLRP3) that plays an important function is a three-domain
ATPase, which also has a purine domain on its amino-terminal, and a carboxy-
terminal rich in leucine and arginine residues (LRR domain). Its central domain is
an ATPase that is crucial for self-association and function. The final LRR domain is
considered important for self-inhibition by reducing the ATPase function and stop-
ping the auto-oligomerization. NLRP3 oligomers recruit ASC using homotypic
interactions of the pyrin domain (PYD-PYD interactions) and act through nucle-
ation in the formation of helical ASC filaments, which also occur by PYD-PYD
interactions. Then, the multiple ASC filaments coalesce into a macromolecular
focus, named the ASC spot. Further, processing between the carboxy-terminal cas-
pase recruitment domain (CARD) and p20 releases p20—p10 from the ASC. The
protease activity of the p20-p10 heterotetramer is lost in the cell, due to its instabil-
ity. Recently, NIMA-related kinase 7 (NEK7), an enzyme that plays a role during
the mitosis process, has been reported as an essential enzyme for the NLRP3 inflam-
masome activation. The assembly of NEK?7 leads to caspase 1-dependent release of
antibodies (IL-1p and IL-18) and gasdermin D-mediated pyroptosis. Activation of
NLRP3 results in several biochemical responses, most of which are not mutually
exclusive, including ion efflux (K* and Cl7), calcium ion flux, metabolic changes,
and cellular consequences such as mitochondrial dysfunction, lysosomal disruption,
and trans-Golgi disassembly [54].

As explained briefly, blood clotting is a complex process involving an orches-
trated and precise action of many proteins such as clotting factors, chemokines,
receptors, binding motifs, signaling molecules, and the participation of platelets.
Nevertheless, if provoked by inflammation and unchecked by normal feedback
mechanisms, enhanced clotting can occur, which can cause severe damage to health
and even death, as in embolisms, stroke, or other grave thrombotic events. It appears
that in COVID and post-COVID micro-thrombosis, the associated hyperinflamma-
tion and altered blood metabolites can drive such undesired and uncontrollable clot-
ting events, leading to thrombosis and potentially fatal outcomes.
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4 Conclusions and Perspectives

COVIDomics by NMR has shown significant potential in mapping serum and
plasma samples, and some blood metabolites are now being considered as poten-
tially disease-relevant prognostic biomarkers. We have cited the main roles and
explored the potential of the most common metabolites described in the recent lit-
erature. Among these, the lipoproteins, some lipids, lactate, glucose, aromatic
amino acids, and creatine draw the most attention and concerns when disease grav-
ity is discussed. Interestingly, most of the discovered metabolites showed higher
concentrations of biofluids in the disease state, which might point to the changing
viscosity of the blood and increased ionic force. This suggests that the resulting
concentrated blood may lead to an increased risk for coagulation abnormalities and
blood clotting dysregulation as shown by the micro-thrombotic events and thrombo-
ses in COVID-19.

Alongside mapping blood alterations provoked by COVID-19, there are many
efforts to link the disease hallmarks with factors such as the risk of hospitalization
and negative outcomes. As NMR-metabolomics is expensive due to equipment
costs, and due to practical considerations such as the lack of trained professionals in
clinics, the new wave in exploring NMR-metabolomics in COVID-19 research is to
design pulse-sequences for low-field and portable NMR types of equipment that
trained professionals without a strong background in NMR can use with ease and
obtain similar results as with the high-field equipment. The progress in this regard
is not only relevant for COVID-19 risks but also for clinical monitoring of other
diseases that are still challenged with imprecise or doubtful diagnoses or with dif-
ficulties in predicting outcomes or treatment effects.

Another important issue is the critical factor of obtaining reliable samples for
NMR analysis and overcoming any bioanalytical drawbacks among the different
sample handling and storage steps [49]. This is especially so when the samples in
question have a viral and potentially life-threatening origin. Even so, recent proce-
dures have been put in place to overcome these issues [55].

Last, but not least, NMR-metabolomics might shed the light on disease mecha-
nisms and immune response, track early markers of disease severity, and bring
insights into treatment effects, among others, therefore enabling us to estimate the
recovery or the need for hospitalization. Many benefits of metabolomics by NMR in
revealing COVID-19 early markers might positively affect the present and future
pandemics, making this exciting research field one of the most important diagnos-
tics and prognostics tools.
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