
Vol.:(0123456789)1 3

Pharmacological Reports (2023) 75:1045–1065 
https://doi.org/10.1007/s43440-023-00517-w

REVIEW

Metabolomics‑directed nanotechnology in viral diseases 
management: COVID‑19 a case study

Marwa O. El‑Derany1 · Diana M. F. Hanna2 · John Youshia3 · Enas Elmowafy3 · Mohamed A. Farag4 · Samar S. Azab2 

Received: 28 January 2023 / Revised: 28 July 2023 / Accepted: 28 July 2023 / Published online: 16 August 2023 
© The Author(s) 2023

Abstract
The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is currently regarded as the twenty-first century’s 
plague accounting for coronavirus disease 2019 (COVID-19). Besides its reported symptoms affecting the respiratory tract, 
it was found to alter several metabolic pathways inside the body. Nanoparticles proved to combat viral infections including 
COVID-19 to demonstrate great success in developing vaccines based on mRNA technology. However, various types of 
nanoparticles can affect the host metabolome. Considering the increasing proportion of nano-based vaccines, this review 
compiles and analyses how COVID-19 and nanoparticles affect lipids, amino acids, and carbohydrates metabolism. A 
search was conducted on PubMed, ScienceDirect, Web of Science for available information on the interrelationship between 
metabolomics and immunity in the context of SARS-CoV-2 infection and the effect of nanoparticles on metabolite levels. 
It was clear that SARS-CoV-2 disrupted several pathways to ensure a sufficient supply of its building blocks to facilitate its 
replication. Such information can help in developing treatment strategies against viral infections and COVID-19 based on 
interventions that overcome these metabolic changes. Furthermore, it showed that even drug-free nanoparticles can exert an 
influence on biological systems as evidenced by metabolomics.
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ACE2	� Angiotensin-converting enzyme 2
Apo	� Apolipoprotein
BW	� Body weight
COVID-19	� Coronavirus disease 2019
DHEAS	� Dehydroepiandrosteronesulphate
GABA	� Gamma amino butyric acid
HIF-1α	� Hypoxia-inducible factor-1α
HMG-CoA	� 3-Hydroxy-3-methylglutaryl coenzyme A
IFN	� Interferon
IL	� Interleukin
IP	� Intraperitoneal
IV	� Intravenous
HDL	� High-density lipoprotein
LDL	� Low-density lipoproteins
LPC	� Lysophosphatidylcholine
MERS	� Middle East respiratory syndrome
NPs	� Nanoparticles
NAD+	� Nicotinamide adenine dinucleotide
PC	� Phosphatidylcholine
PEDV	� Porcine epidemic diarrhea virus
PUFAs	� Polyunsaturated fatty acids
ROS	� Reactive oxygen species
SARS-CoV-2	� Severe acute respiratory syndrome corona-

virus 2
S1P	� Sphingosine-1-phosphate
TCA​	� Tricarboxylic acid
TG	� Triglycerides
TC	� Total cholesterol
TLR	� Toll-like receptor
TNF-α	� Tumor necrosis factor-alpha
VLDL	� Very-low density lipoprotein

Introduction

In December 2019, severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) was recognized as the causative 
agent of COVID-19 [1]. SARS-CoV-2 belongs to a prevalent 
class of viruses known as the β–coronaviruses [2]. Later, in 
March 2020 the World Health Organization proclaimed it 
as a global pandemic [1]. Hence, SARS-CoV-2 is currently 
regarded as the 21 century’s plague [2]. Being a highly con-
tagious disease, COVID-19 poses a significant global threat 
to public health through its effects on the respiratory system 
with increased evidence for multisystem complications. The 
disease ranges from mild flu-like symptoms to acute fatal 
respiratory distress syndrome [3]. Such wide disparities in 
disease severity among different patients is probably caused 
by several underlying factors including genetic, and envi-
ronmental vulnerabilities and associated comorbidities [4].

As a rapidly developing field of research, the use of 
metabolomics in the diagnosis of infectious diseases was 
given a boost by the COVID-19 pandemic [5]. Focused 

on phenotypic diversity, metabolomics can provide help-
ful mechanistic information for understanding distinctive 
responses to a specific disorder (COVID-19 for example) 
from different patients in comparison to normal cases [6–8]. 
Additionally, a detailed characterization of the metabolic 
readouts should facilitate the discovery of new therapeutic 
targets and biomarkers, of potential use in disease diagnosis 
and monitoring therapeutic activity [9]. Furthermore, ana-
lyzing the interrelation between metabolomics and immunity 
might potentially introduce new arsenals in our battle against 
several viral infections such as COVID-19. For instance, the 
novel SARS-CoV-2 variant Omicron S protein with a large 
number of mutations has shown a remarkable impact on the 
viral contagiousness and immune escape potential [10]. This 
is likely related to the development of SARS-CoV-2 specific 
T cell responses secondary to altered metabolite levels [11].

Nanoparticles (NPs) represent a strategic answer to com-
bat viral infections including coronaviruses such as SARS-
CoV-2 [12]. First, they can be used for formulating vaccines 
as a protective measure against COVID-19 through cellular 
delivery of loaded cargo such as antigens [12]. This was 
achieved via vaccines based on mRNA technology delivered 
by lipid NPs [13]. Second, they can be utilized for treatment 
either through an inherent antiviral nature of certain nano-
materials or by acting as nanocarriers for antiviral agents. 
Nevertheless, NPs were increasingly reported to affect bio-
logical systems’ metabolome [14]. In this review, we focused 
on how exposure to COVID-19 and NPs can alter lipid, 
amino acid, and carbohydrate metabolism to illustrate what 
parameters to be considered when using NPs to combat viral 
infections in general and COVID-19 in particular. Figure 1 
graphically depicts the proposed integrated role of metabo-
lomics and nanotechnology against coronaviruses that will 
be described in this review.

Fig. 1   Integrated role of metabolomics and nanotechnology in 
COVID-19 management
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Search strategy

Literature review articles; formerly conceptualized as the 
‘gold standard’, aim to update the guideline knowledge 
of pharmacologists, nutritionists and clinicians as well 
as guide their implementation into clinical practice [15]. 
A comprehensive literature search was conducted in this 
review using a rationalized search of the published litera-
ture with shedding light on the effect of nanotechnology 
and metabolomics in COVID-19 management. This com-
prehensive search was conducted on PubMed, Web of Sci-
ence, ScienceDirect databases and Scopus electronic data-
bases using database-specific search terms in two fields: 
COVID-19 metabolomics and Antiviral Nanoformulations. 
The selection criteria proceeded with the following key 
search terms: COVID-19; metabolome; metabolite; car-
bohydrate; lipid; protein; nanoformulation; nanotechnol-
ogy; nanoparticle. The inclusion criteria were articles in 
the English language and articles with full texts mainly 
focusing on how COVID-19 and nanoformulations affect 
metabolite levels. Exclusion criteria included papers in 
languages other than English and papers with abstracts 
only. Data extraction followed a search strategy by com-
pilation and comparison of all suggested articles to iden-
tify and select the recommended key terms. Finally, the 
reference lists of selected papers were also examined for 
recommended articles of relevance.

Interrelationship between metabolomics 
and immunity in SARS‑CoV‑2 infection

Lipid metabolism in COVID‑19 patients

Steroids and triglycerides

Considering that viruses attack lipid signaling pathways 
for their survival, it is assumed that lipids play a crucial 
role in viral infection [16]. Emerging evidence suggests 
that lipid dysregulation may contribute to fatal complica-
tions correlated to COVID-19 disease severity [17]. Inter-
estingly, previous studies reported that the accumulation 
of some steroid hormones such as androgens, estrogens 
and progesterone are associated with the modulation of 
macrophages besides other immune and non-immune cells 
in COVID-19 patients [18]. Additionally, serum levels of 
21-hydroxypregnenolone, an intermediate for synthesizing 
corticosterone, increased in SARS-CoV-2 infected patients 
[18]. On the other hand, the sulfated form of dehydroepian-
drosterone, DHEAS, an abundant steroid in human serum 
was found to be reduced in severe COVID-19 patients [19, 

20]. Interestingly, male COVID-19 patients experienced 
a greater magnitude of DHEAS decline when compared 
with female patients [20]. This might explain why male 
COVID-19 patients have higher severity and mortality 
rates than female COVID-19 patients [21]. Depressed 
DHEAS and a higher cortisol/DHEAS ratio, have also 
been observed in aged people, critically ill patients, and 
those with inflammatory diseases [22]. It has been demon-
strated that administration of DHEA supplements reduces 
pro-inflammatory cytokines and boosts regulatory T cells 
in inflammatory models [23]; that implies driving interest 
to investigate DHEA as a potential adjuvant in COVID-19 
therapy.

COVID-19 patients have shown characteristic serum pro-
file changes typical for severe dyslipidemia as compared to 
healthy controls [24]. Decrements in total cholesterol (TC) 
[24–26], TC-high-density lipoprotein (HDL) [25], TC-low-
density lipoprotein (LDL) [25], apolipoprotein A2 (ApoA2) 
[26], ApoD [27], and ApoM [27] were reported in COVID-
19 patients. Depressed ApoA1 protein levels in COVID-19 
patients are negatively correlated with C-reactive proteins, 
IL-6, d-dimers, prothrombin time and thrombin time [28]. 
On the contrary, serum triglycerides (TG) [25, 26, 29], TG-
HDL [25], TG-intermediate-density lipoprotein [24], TG-
LDL [25], TG-very low-density lipoproteins (VLDL) [24, 
30], and ApoB [24] increased. Elevated TG levels have been 
reported to diminish immunoglobulin G level, an antibody 
that protects against viral infections including the SARS-
CoV-2 virus [31]. Interestingly, some authors reported the 
upregulation of VLDL levels for 6 months after COVID-19 
infection [30], supporting the finding of altered lipid metab-
olism following SARS coronavirus infection [32]. Accumu-
lation of TG and VLDL in COVID-19 patients is probably 
due to attenuated hepatic capacity to oxidize aceto-acetyl 
CoA inside the mitochondria with subsequent increase in 
ketone bodies like 3-hydroxybutyrate, acetoacetate, and 
acetone [25, 33].

Fatty and bile acids

Fatty acids represent the building blocks for viral replication. 
In addition, owing to their conversion to lipid mediators as 
eicosanoids, fatty acids are robustly involved in immune and 
inflammatory responses [34]. Arachidonic acid (AA) was 
recognized by system biology-based analysis as one of the 
key metabolic pathways mostly affected by COVID-19-in-
fected cases [35]. It is assumed to have potent antiviral prop-
erties against enveloped viruses such as SARS-CoV-2 [36, 
37]. However, its serum levels in COVID-19 patients were 
contradictory. Serum concentrations of AA were markedly 
decreased by 2-to-4-folds in COVID-19-positive patients 
compared to healthy controls [18, 38, 39]. Such decline was 
found to be associated with an increased state of systemic 
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inflammation in diseased COVID-19 patients [40]. In con-
trast to these studies, elevated levels of AA, together with 
5- and 11-hydroxyeicosatetraenoic acids were reported in 
the plasma of COVID-19 diseased subjects and found to 
strongly correlate with elevated acetylcholine concentration 
and likewise to disease severity [41]. This lipid/cholinergic 
mediator cross-talk was positively correlated to increased 
intensities of inflammatory and thrombotic markers, such 
as neutrophil to lymphocyte ratio, neutrophil counts, inter-
national normalized ratio, and cytokine levels (IL-1β, IL-6, 
and IL-8), thus contributing to COVID-19 immunopathol-
ogy [41]. Regardless of increases or decreases in serum AA 
levels, it is postulated that once AA metabolites promote 
hyperinflammation and lethality in COVID-19 patients, it 
would be ineffective to use AA as a therapeutic tool [41]. 
Among the numerous protocols proposed as complemen-
tary treatments for COVID-19, the anti-inflammatory and 
immunomodulatory glucocorticoids have proven effective-
ness; which is likely to be mediated through attenuation of 
both proinflammatory lipid mediators and acetylcholine 
levels [41–43].

Analysis of plasma levels of saturated fatty acids i.e., 
stearic, lauric, and palmitic acids showed a decrease in 
COVID-19 infection [38]. Such a decrease was postulated to 
be related to these fatty acids’ consumption during the acti-
vated biosynthesis of viral membrane phospholipids [38]. 
Alternative to diminished stores of poly-unsaturated fatty 
acids (PUFA), other metabolic transformations were found 
favored resulting in much higher levels of other fatty acids 
such as linoleic acid which showed 2- to 11-fold increase in 
COVID-19-infected intensive care unit patients [39]. Others 
include α-linolenic, nervonic, trans-vaccenic, and palmit-
oleic acids which positively correlated with a worse prog-
nosis of COVID-19 [33]. Patients with severe and critical 
COVID-19 disease manifested modified expression of genes 
linked to fatty acids and derived bioactive lipid mediators’ 
pathways. That included upregulation of genes encoding 
proinflammatory proteins (OXER1, LTB4R) and down-
regulation of those encoding anti-inflammatory proteins 
(HACL1, THEM4) [41]. The product of the HACL1 gene 
has modulatory action on peroxisome proliferator-activated 
receptor alpha signaling with subsequent inhibition of hyper-
inflammatory odd-chain fatty acids metabolites [44]. Mean-
while, the product of the THEM4 gene has been implicated 
in the anti-inflammatory actions mediated by vitamin D via 
inhibiting the production of lipid mediators derived from the 
cyclooxygenase-2 pathway [45].

As a consequence of altered fatty acid levels, oxylipins 
metabolism was also expected to be affected. Oxylipins are 
oxidation products of fatty acids and mediators of inflam-
matory responses of which levels tend to increase in oxida-
tive stress [46]. Oxylipins are suggested to play a role in 
infection propagation, support the viral capsid membrane 

synthesis, targeting pro-inflammatory immune cells, and 
initiation of thromboembolic complications through plate-
let activation [47, 48]. COVID-19-infected intensive care 
unit patients displayed increased plasma levels of oxylipins 
derived from non-enzymatic peroxidation of PUFA which 
strongly correlated with markers of macrophage activation 
[39]. On the other hand, another study reported decreased 
serum levels of oxylipin products derived from the oxida-
tion of AA and linoleic acid, namely 15-hydroxyeicosa-
tetraenoic acid, and 9/13-hydroxyoctadecadienoic acids, 
respectively in COVID-19 patients [38]. This might be 
attributed to the deficiency of the precursor molecule AA, 
as previously discussed. High oxylipin levels in COVID-
19-infected lung cells without associated elevation in the 
circulation were also disclosed in a third study [49]. A 
possible breakdown of high-density lipoproteins (HDL) 
by the antioxidant enzyme paraoxonase-1 during plasma 
transportation might account for the decreased or unal-
tered circulatory oxylipin levels [38, 50].

Acylcarnitines are specific markers for the β-oxidation 
of fatty acids, thus reflecting mitochondrial status. Elevated 
acylcarnitine levels result from incomplete fatty acids oxida-
tion [51]. Impairment of mitochondrial β-oxidation of very 
long-chain and medium-chain fatty acids has been reported 
in several viral infections including that of COVID-19 
[38, 52]. Several studies showed an increase in acylcarni-
tines serum levels in positive COVID-19 patients versus a 
decrease at hospital discharge [33, 53]. This is in line with 
the finding of acylcarnitines accumulation in respiratory 
viruses such as influenza virus, where they co-localize with 
pulmonary surfactant with subsequent reduction of surface 
tension and prevention of alveolar collapse during breath-
ing [54]. Contrary to these findings, other studies reported a 
decrease in acylcarnitine serum levels in COVID-19 patients 
[48, 55], which might translate into a defective anticoagulant 
function [56], and in consistence with the hypercoagulable 
phenotype in COVID-19 patients. Such variability in acyl-
carnitine levels should encourage more analysis from differ-
ent race groups to be conclusive.

Besides their role in cholesterol elimination and enhanced 
absorption of fat-soluble nutrients, bile acids act as signaling 
molecules either to boost or hamper virus replication [57] 
that has been demonstrated in different viruses including 
herpes simplex [58], influenza A [59], hepatitis B and C 
viruses [60]. Involvement of bile acids signaling in SARS-
CoV2 viral replication is possible but still needs investi-
gation of proof of concept. Bile acid metabolites such as 
taurocholic acid, taurodeoxycholic acid, glycodeoxycholic 
acid, glycocholic, and glycoursodeoxycholic acid were found 
to increase with the severity of COVID-19 infection [33]. In 
other studies, secondary bile acids such as deoxycholic acid 
and ursodeoxycholic/hydrodeoxycholic acid showed lower 
levels in COVID-19 patients [38, 61].
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Phospholipids and sphingolipids

Studies have pointed out altered levels of phospholipids in 
COVID-19 infection. Choline (a common component of 
most phospholipids) was reported to decrease specifically in 
severe COVID-19 cases. Meanwhile, a significant increase 
in phosphocholine (an intermediate in phosphatidylcho-
line synthesis) was observed [18, 19]. This could be likely 
attributed to the increased polarization of macrophages in 
response to viral infection leading to an augmented absorp-
tion of choline required for phosphocholine formation which 
in turn promotes elevated cytokine secretion [62]. Besides, 
increased phosphocholine stimulates phagocytosis and endo-
cytosis [63]. Contradictory results were observed in phos-
phatidylcholine (PC) and lysophosphatidylcholine (LPC) 
levels in COVID-19 cases. Decreases in both PC and LPC 
plasma levels were reported in COVID-19-positive patients 
[64, 65]. Other studies showed decreases in PC versus 
increases in LPC [53, 55, 60] or even the other way round 
where PC was increased [38, 67] and LPC was decreased 
[33, 38, 68, 69]. Such discrepancy in the observed effects 
might be attributed to differences in the characteristics of 
the studied patient groups [38]. Supporting this hypothesis, 
another recent study reported opposing phospholipid profiles 
in the plasma of two subgroups of COVID-19-diseased sub-
jects [70]. They speculated such variability to be probably 
related to an interplay between inflammation and thrombosis 
with systemic oxidative stress and altered immune system 
being potential predictors of possible lethal outcomes [70]. 
In cellular models, an exploratory functional evaluation of 
LPC 16:1 and lysophosphatidylethanolamine18:1 revealed 
their capacity to induce membrane disruption, elevate intra-
cellular calcium and cytokines, and mediate apoptosis [71]. 
Thus, indicating the possible use of particular phospholipids 
with functional impacts in assessing the severity and patho-
genesis of COVID-19 with consequent clinical decision-
making [71].

Another class of potent structural bioactive lipids which 
mostly exist in nervous tissues is sphingolipids. They have 
been implicated to play a role in the pathogenesis of several 
respiratory tract infections through the regulation of inflam-
matory processes and in the modulation of host–pathogen 
interactions [35, 72]. Ceramides and sphingosine-1-phos-
phate (S1P) are central metabolites of sphingolipids with 
crucial roles in the control of immune cell activation, traf-
ficking, and inflammation [73, 74]. Studies on COVID-19 
patients revealed elevated sphingolipids levels [19, 35]. 
Another study reported depressed sphingolipids and glyc-
erophospholipids levels both in non-severe and severe 
COVID-19 patients which were assumed to result from 
liver damage [18]. In a lipidomic analysis of the plasma of 
COVID-19-infected individuals, total levels of ceramides 
showed an increase of more than 250-fold in patients with 

mild symptoms [75]. Those with severe respiratory distress 
symptoms showed a total ceramide level increase of more 
than 450-fold, thus suggesting a potential role of ceramides 
in COVID-19-associated respiratory disease [75]. On the 
other side, circulatory S1P levels act as a biomarker of the 
severity and mortality of COVID-19 [76], where restoring 
S1P levels has been advised to be a promising COVID-19 
therapeutic target [77].

In favor of the potential therapeutic roles played by lipids 
in human health, a transcriptomic and broadly targeted 
lipidomic approach has identified, and pharmacologically 
evaluated novel lipid compounds from the rind of sugarcane 
against SARS-COV-2 [78]. Interestingly, 2-linoleoylglycerol 
and gingerglycolipid C have displayed strong binding inter-
actions with Cys145 and His41 residues of the main protease 
3CLpro of SARS-CoV-2 in molecular docking studies [78]. 
The 3CLpro is essential for SARS-CoV-2 replication [79], 
therefore, inhibiting 3CLpro using these lipids poses them 
as promising therapeutic candidates [78].

Amino acids/biogenic amines metabolism 
in COVID‑19 patients

Tryptophan‑kynurenine pathway

Widespread dysregulation of amino acids and biogenic 
amine metabolism has been also detected in COVID-19 
patients. Pro-inflammatory signaling in COVID-19 favors 
proteolysis and amino acids catabolism as evidenced by 
changed levels of several amino acids, together with ele-
vated oxidative stress, and inflammatory markers. Several 
studies have supported the decreased levels of tryptophan, 
an important regulator of inflammation and immunity in 
COVID-19 patients [33, 48, 68, 80–82]. Kynurenine, an 
important immunosuppressive metabolite of tryptophan, 
and its downstream product kynurenic acid displayed sig-
nificant increases in COVID-19 patients [18, 33, 48, 68, 80, 
81]. Increased kynurenine/tryptophan, and kynurenic acid/
kynurenine ratios were found positively correlated with 
inflammatory cytokines and poor prognosis of COVID-19 
infection [35, 48, 68, 83, 84]. A positive correlation between 
anthranilic acid level, a product of the kynurenine pathway 
and maintenance of elevated IL-10, and IL-18 levels were 
reported [81]. Moreover, dysregulated tryptophan metabo-
lism was reported in many inflammatory conditions ulti-
mately leading to decreased synthesis of nicotinamide ade-
nine dinucleotide known as NAD+ as it is synthesized from 
tryptophan by the kynurenine pathway [85]. Hence, being a 
cofactor in many cellular redox reactions, NAD+ can func-
tion as a switch for macrophage effector response [86] as in 
the case of viral infections. Altogether, this supports previ-
ous reports on the modulatory role played by the tryptophan-
kynurenine pathway on T-cells and macrophage-mediated 
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responses [86–90]. Thus, confirming the key contribution 
of this pathway to COVID-19 infection.

Urea and tricarboxylic acid cycles

Another two disordered metabolic pathways in COVID-19 
infection are the urea and tricarboxylic acid (TCA) cycles 
which are in control of amino acids catabolism, and energy 
metabolism. Metabolites belonging to or closely related to 
these two cycles showed significant changes. Arginine, a 
crucial amino acid of the urea cycle, was found markedly 
decreased in severe COVID-19 patients as compared to 
healthy controls [18, 81, 91]. On the other hand, an increase 
in arginine levels in critical care COVID-19 patients was 
found [48, 81], or even a lack of change in arginine levels 
between acute and recovery phases of COVID-19 patients 
was also reported [80]. Serum levels of arginine derivatives 
like asymmetric dimethylarginine (ADMA), symmetric 
dimethylarginine (SDMA), homoarginine, and N-acetylargi-
nine were found to decline in non-severe COVID-19 patients, 
hence suggesting hepatic dysfunction [18]. Urea cycle inter-
mediates involved in arginine catabolism namely, ornithine, 
and citrulline displayed either declined levels [18, 48, 80], 
or elevated levels [19, 91] in COVID-19 patients. Moreo-
ver, significant ornithine and citrulline level differences 
could be observed between the acute and recovery phases 
of COVID-19 patients [80]. A highly significant correla-
tion between ornithine and cytokine storm and coagulation 
index was described [92]. Polyamines such as spermine, and 
spermidine, and their mono-or-diacetylated derivatives were 
found to increase, both in non-cancer [19, 81] and cancer 
[93] COVID-19 patients, suggesting an amplified polyamine 
biosynthesis from arginine. Among acetylated polyamines, 
N1-acetylputrescine showed a correlation with cytokines as 
interferon α2a (IFNα2a), IFNγ, IL-2, and IL-10 [93]. The 
fact that arginine can be further metabolized to creatine and 
creatinine suggested the implication of arginine catabolism 
in disturbed kidney functions in COVID-19 patients [80, 94]. 
This was supported by the elevated creatine and creatinine 
levels that were observed in COVID-19 patients and were 
reported to positively correlate with inflammatory cytokines 
expression [48, 91]. An important amino acid intermedi-
ate in the TCA cycle, glutamine has shown reduced levels 
both in mild and severe COVID-19 patients [18, 35, 80, 95] 
with a tendency to increase back in recovered COVID-19 
patients [30]. Such alteration was found to negatively cor-
relate with C-reactive protein, lactate dehydrogenase, and 
partial oxygen pressure and to positively correlate with 
partial carbon dioxide pressure, thus promoting disordered 
oxygen hemostasis and lung damage in COVID-19 patients 
[95]. Furthermore, a deficiency of glutamine might inhibit 
M2 macrophage polarization as a compensatory mechanism, 
contributing to the hyper-inflammatory response observed 

in severe COVID-19 cases [80]. Nevertheless, considering 
that glutamine serves as a hub metabolite in several meta-
bolic pathways, regulation of its production in COVID-19 
patient needs further studies ideally using isotopomer-based 
metabolomics to discern its different pathways [96]. Another 
TCA intermediate, 2-oxoglutarate displayed an increase with 
the highest levels in severe COVID-19 patients, suggesting 
a seriously affected TCA cycle [91]. In contrast, a previous 
study on COVID-19 patients reported decreased sera levels 
of the amino acids [18].

Amino acids

In severe COVID-19 patients, serum phenylalanine levels 
were massively elevated by 100% [97]. This finding came 
to support other studies suggesting that increased pheny-
lalanine levels can function as a potential marker for dis-
ease severity in COVID-19-infected patients [19, 25, 80, 
81, 95, 98]. Elevated plasma levels of phenylalanine are 
further translated into lower tyrosine levels indicating a dis-
turbed immune system owing to the induction of apoptosis 
as observed in human B-cells, thus facilitating viral infec-
tion and the attack of opportunistic pathogens [97, 99–101]. 
Moreover, higher phenylalanine levels signify an enhanced 
catabolic state where inflammatory cytokines induce muscle 
breakdown, releasing phenylalanine for gluconeogenesis to 
nourish the metabolic needs during COVID infection [98]. 
Nevertheless, one study suggested phenylalanine to be a 
distinct marker of COVID-19 disease severity with an inde-
pendent correlation to both the onset of symptoms and the 
magnitude of inflammatory status [98]. A correlation analy-
sis between different amino acids and inflammatory mark-
ers in COVID-19 patients was examined in several studies. 
Amino acids such as asparagine, isoleucine, leucine, and 
valine displayed a positive correlation with levels of tumor 
necrosis factor (TNF-α), proline with IL-17, and threonine 
with IL-26 levels [19]. Others highlighted an elevated level 
of acetyl-methionine and hydroxyproline in COVID-19 
sera, which translates to defective proteolysis and collagen 
catabolism in these patients [48]. Such dysregulation might 
be attributed to the activated pro-inflammatory state being 
observed among COVID-19 patients as these pro-inflam-
matory signaling pathways prefers amino acids catabolism 
and proteolysis [102]. Likewise, studies showed elevated 
serum levels of methionine sulfoxide and cystine, along 
with decreased sulfur-containing amino acids (cysteine and 
taurine) which latter acts as antioxidants [103].

Neurotransmitters

Studies have also addressed variations in neurotransmitters 
levels in COVID-19 infection. Serum levels of glutamate 
were found elevated by 33% [25] and 22% [97] in COVID-19 
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patients. Other reports supported such upregulation in mod-
erate and severe COVID-19 patients [19] and recovered 
patients as well [30]. On the contrary, a reduction in gluta-
mate and N-acetyl-l-glutamate levels were observed in one 
study [18]. Catabolism of glutamate was also defective in 
SARS-CoV-2-infected patients resulting in the reduction of 
derived amino acids such as serine, aspartate, alanine, pro-
line, and tyrosine [35, 80]. According to Shen and co-work-
ers, levels of gamma amino butyric acid (GABA) showed a 
decline in consistency with its precursor glutamate [18]. It 
has been postulated that SARS-CoV-2-induced downregu-
lation of angiotensin-converting enzyme 2 (ACE2) expres-
sion is linked to disturbed serotonin and dopamine pathways 
[104, 105]. Such a hypothesis was based on gene co-expres-
sion, co-regulation, and function similarities between ACE2 
and DOPA decarboxylase, an enzyme involved in the bio-
synthesis of serotonin, dopamine, and histamine [105, 106]. 
Serotonin levels were found to be reduced by 2- and 3-folds 
in non-severe, and severe COVID-19 patients, respectively, 
as compared to healthy controls [18]. Other groups sup-
ported the downregulation of serotonin [19, 48, 84] with 
an inverse correlation to IL-6 levels [84] and platelet count 
[107]. It has been shown that increasing serum levels of 
serotonin might exert a potential antiviral effect through 
modulating the respiratory symptoms, and potentiating 
immune response with significant elevation in antioxidant 
properties and immunoregulatory effects [108]. Fluctuations 
in the levels of epinephrine, a metabolite of tyrosine, might 
be related to the severity of COVID-19. On one hand, it was 
assumed that the difference in COVID-19 severity between 
children and adults, being less severe at a young age is par-
tially related to their greater fluctuations in epinephrine lev-
els [109, 110]. It was shown that the proliferation of CD8+ 
T cells was positively correlated to epinephrine changes with 
a tendency to increase following epinephrine infusion [110, 
111]. On the other hand, epinephrine was found to initiate 
and fuel the cytokine storms in lipopolysaccharide-treated 
mice and in a different model system of severe infection, 
resulting in exacerbation of the disease course [112, 113]. 
This suggests a possible contribution of epinephrine in wors-
ening cytokine storm in COVID-19 patients [114].

Carbohydrates/sugars metabolism in COVID‑19 
patients

Elevated glucose circulating levels consistent with altered 
carbon homeostasis, were found to correlate with inflam-
mation markers in COVID-19 patients [48]. A glucose shift 
has been linked to increased release of cytokines TNF-α, 
IL-6, and IL-1β during host cell viral entry, replication, and 
exit [97, 115]. This accounts for the observation that dia-
betic patients having uncontrolled glucose levels are more 
susceptible to severe SARS-CoV-2 infection [116, 117]. An 

increase in glucose levels by 68% [25] and 83% [97] in the 
serum of COVID-19 patients was observed. Furthermore, 
Shen and co-workers reported higher glucose and glucuro-
nate levels in COVID-19 patients [18], likely explained by 
the elevated glycolytic effect of monocytes and macrophages 
during SARS-CoV-2 infection, thus mediating viral repli-
cation [118]. Moreover, SARS-CoV-2 infection augments 
the production of mitochondrial reactive oxygen species 
(ROS) with subsequent stabilization of hypoxia-inducible 
factor-1α (HIF-1α) and consequently induced glycolysis 
[118]. HIF-1α also affects monocyte metabolism, causing 
direct suppression of T-cell response and reduced survival 
of lung epithelial cells [118]. Blocking glycolysis combated 
SARS-CoV-2 infection, where it attenuated its replication 
in Caco-2 cells [119].

Under anaerobic conditions, typical for COVID-19, glu-
cose proceeds through glycolysis and gets fermented to lac-
tate producing a restricted amount of adenosine triphosphate 
(ATP), thereby resulting in elevated blood lactate and lactate 
dehydrogenase levels [19, 91, 97, 121, 122]. Meanwhile, 
high replication of SARS-CoV-2 viruses is linked to accel-
erated consumption of ATP depleting it, which suppresses 
vital metabolic processes i.e., pentose phosphate pathway, 
blood glucose uptake, oxidative decarboxylation of pyruvate 
and TCA cycle [95, 97, 119, 120, 123].

It is noteworthy to mention that the variability in COVID-
19-mediated metabolic signatures perturbations are conse-
quent not only to the disease stages (mild, moderate, severe, 
critical or recovery) or to interpatient factors but also is 
undeniably a matter of the pandemic wave from which 
samples have been collected [124]. Based on the aforemen-
tioned observations, it can be concluded that targeting the 
dysregulated metabolic pathways and focusing on the altered 
metabolites might be an optimum therapeutic approach for 
COVID-19 management as illustrated in Fig. 2. A collective 
summary of the key metabolites affected by COVID-19 is 
illustrated in Fig. 3.

Nanoparticles as antiviral agents

Nanoparticles include particles of size range 1–1000 nm. 
According to the material of construction, they can be clas-
sified into inorganic and organic NPs [125]. Inorganic NPs 
comprise, for example, gold, silver, zinc oxide and titanium 
dioxide NPs [126]. While organic NPs can be divided into 
polymeric and lipidic NPs. Polymeric NPs refer to particles 
formulated from polymers such as poly(lactic-co-glycolic 
acid), poly(lactic acid) and others ([127]. Lipidic NPs desig-
nate particles made of lipids such as phospholipids, mono-, 
di-, triglycerides, fatty acids, and others [128]. These ver-
satile NPs were found to possess potential biological activi-
ties such as anticancer, antioxidant, immunoprotective and 
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antimicrobial attributes [129–133]. Additionally, they are 
well-documented to treat viral infections either on their own 
[133, 134] or as carriers loaded with drugs [135]. This can 
be attributed to their improved physicochemical properties 
(nano-size, charge and shape), feasibility, cost-effective-
ness, tenability, non-toxicity, biocompatibility and multi-
functionalities [136]. Their tailored high surface-to-volume 
ratio and optical and functional characteristics may be the 
basis of these critical properties accounting for NPs’ anti-
viral effects. Moreover, NPs have the potential to cross cell 

membranes and enter the cell, facilitating their interaction 
with sub-cellular structures [137]. Indeed, the progression 
of viruses ̛resistance to conventional antiviral agents leads to 
a continuous demand for discovering alternative treatments 
such as those based on nanotechnology [138].

The role of NPs in viral therapeutics is not limited to only 
one specific type but rather to several types that showed 
promising therapeutic outcomes against different viruses 
such as gold NPs [139, 140], silver NPs [141–144], zinc 
oxide (ZnO) NPs [145, 146], titanium dioxide (TiO2) NPs 

Fig. 2   Metabolic dysfunctions 
observed in COVID-19

Fig. 3   Key metabolites affected by COVID-19. ↑: indicate increases, 
↓: indicate decreases, ↑↓: indicate contradictory findings. DHEAS 
dehydroepiandrosteronesulphate, TG triglycerides, TC total choles-
terol, HDL high-density lipoprotein, LDL low-density lipoproteins, 

VLDL very-low-density lipoprotein, S1P sphingosine-1-phosphate, 
PC phosphatidyl choline, LPC lysophosphatidylcholine, TCA​ tricar-
boxylic acid, GABA gamma amino butyric acid
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[147, 148], and selenium NPs [149, 150]. Although the anti-
viral effects of NPs were investigated against a variety of 
viruses, their exact mode(s) of antiviral action are still not 
determined. Several reports analyzed the antiviral effects of 
NPs, focusing on their possible influence on virus binding 
to host cells, penetration, replication of viral genomes and 
budding [133, 151–153], hence suggesting possible mecha-
nisms as presented in Fig. 4. NPs can interfere with the virus 
attachment to host cells such as the antiviral mechanism of 
gold [154] and silver NPs [140] against herpes simplex 
virus. Moreover, silver NPs can bind to viral surface pro-
teins, owing to their small size and large surface area, pre-
venting interactions with cells [144]. Another mechanism is 
the induction of ROS, which damages viral particles [134]. 
Cationic polymers and oligomers have demonstrated such 
antiviral activity [155]. Moreover, silicon NPs interfered 
with virus replication by reducing the number of produced 
viruses from cells infected with influenza A virus [156].

Notably, NPs present a paramount promise against cor-
onaviruses e.g., severe acute respiratory syndrome (SARS) 
and Middle East respiratory syndrome (MERS) viruses 
[1, 151, 157–159]. For example, Du and colleagues inves-
tigated the mechanistic role of silver-coated gold nano-
particles on the long-term inhibition of the replication 
cycle of the Porcine epidemic diarrhea virus (PEDV); a 
virus model of the Coronavirus family [160]. Plaque assay 
and visualization of infected cells conducted in this study 
revealed a decrease in plaque-forming units and viral titer 
as well as the cytopathic effect via pre-treatment with NPs. 
The developed NPs shared the capacity to block PEDV cel-
lular entry and suppress mitochondrial membrane potential 
and caspase-3-mediated apoptosis. Against SARS-CoV-2, 
NPs proved their efficacy in vaccination and showed 

potential in treatment. Using lipid NPs to deliver mRNA-
encoding virus proteins represented a breakthrough in the 
world’s fight against COVID-19 and saved thousands if 
not millions of lives. Regarding treatment, silver NPs are 
of particular interest as they displayed a potential against 
respiratory viruses including SARS-CoV-2 [161]. Sil-
ver NPs with size 10 nm successfully disrupted in vitro 
SARS-CoV-2 viral integrity and hindered its entry step 
into cells [162]. Furthermore, silver NPs with different 
sizes and surface modifications inhibited the activity of 
SARS-CoV-2 in Vero E6 cells, where NPs coated with 
polyvinylpyrrolidone or branched polyethyleneimine were 
found more potent than those coated with citrate [163]. 
Additionally, a nano-immunotherapy based on a nano-
structured inorganic phosphate complex attached to a gly-
coside protein termed OncoThread® was found to exert a 
beneficial effect in SARS-CoV-2 management. Through its 
immunomodulatory action, it stimulated the immune sys-
tem and reduced pulmonary inflammation and shortened 
the hospitalization period for COVID-19 patients [164].

Nanoparticles‑associated changes 
in the cellular metabolome

Besides investigating the clinical effectiveness of NPs as 
antiviral agents or carriers, it is equally important that 
studies should take into consideration issues related to 
their nanotoxicological profile on animals and humans. 
Indeed, NPs could interact with various immune cells 
of biological systems [165] and impact metabolite lev-
els inside the body and cells [14, 166]. Such changes in 
metabolism could lead to their adversity for the nominated 
COVID-19 fighters.

Metabolomics analysis, typically defined as the untar-
geted analysis of metabolome in biological systems, is 
increasingly applied as a crucial assessment of NPs’ bio-
logical toxicity via performing metabolic profiling using 
mass spectroscopy and/or nuclear magnetic resonance 
[166, 167]. Metabolomics analysis post-exposure to drug 
treatment has been increasingly applied to assess drug 
safety based on the analysis of a large set of metabolites 
in examined cells or animal models [168]. For example, 
BioNTech/Pfizer (BNT162b2) vaccine based on mRNA 
technology downregulated TC, TC-LDL, phospholipids, 
Apo B100, VLDL-phospholipids and TG in vaccinated 
subjects without prior infection with COVID-19. While 
previously infected then vaccinated individuals showed 
minor changes [169]. Moreover, mRNA COVID-19 vac-
cination increased levels of certain amino acids namely 
3-methylhistidine l-histidine, l-glutamine, and l-pheny-
lalanine [170].

Fig. 4   Role of antiviral nanoparticles in abolishing viruses’ infectiv-
ity and virulence
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Gold nanoparticles

Gold NPs affected lipid and glucose metabolism in obese 
mice, as manifested by normalized glycemic control and 
significantly decreased plasma non-esterified fatty acids. 
Additionally, they upregulated macrophage (F4/80) and 
pro-inflammatory markers (TNFα, toll-like receptor-4 
(TLR-4)) expression in the fat tissue, irrespective of NPs’ 
dose regimen. The opposite occurred in the liver tissue, 
where gold NPs downregulated macrophage (F4/80) and 
expression of inflammatory markers (TNFα and TLR-
4) [171]. Moreover, PEGylated gold NPs injected in 
rats increased serum triglycerides and cholesterol levels 
[172]. Protein metabolism was also disrupted by gold 
NPs, where proteins associated with cellular oxidative 
stress and related to gluconeogenesis (phosphoenolpyru-
vate carboxykinase 2) and cytoskeleton (actins and tubu-
lins) increased in fish. This effect was more pronounced 
in the case of citrate-coated gold NPs than polyvinylpyr-
rolidone-coated ones [173]. Furthermore, human dermal 
fibroblasts exposed to gold NPs increased glutathione 
level concurrent with enhanced cellular protection from 
oxidative stress and consequently cytotoxicity [166]. 
Gold NPs coated with polyvinylpyrrolidone significantly 
increased inosinic acid, NAD, and guanosine monophos-
phate (GMP) in phagocytes isolated from sea urchins. 
While sialic acid and sulfated metabolites were signifi-
cantly decreased in comparison to control cells. These 
changes suggested an increase in the phagocytic activity 
with a metabolic shift towards resolving an inflammatory 
response [174].

Silver nanoparticles

Silver NPs perturbed carbohydrates metabolism as mani-
fested by a reduction in lactate release and glucose con-
sumption in hepatoma cells. Additionally, they reduced 
the expression of pentose phosphate pathway regulatory 
molecule; nuclear factor erythroid 2-like 2 (Nrf2) [175]. 
Moreover, silver NPs affected the TCA cycle in human 
dermal fibroblasts. They elevated citric acid levels which 
in turn reduced the biosynthesis of malic acid leading to 
cytotoxicity [166]. Coated silver NPs with polyvinylpyr-
rolidone affected protein metabolism by raising levels of 
glutamine, glutamate, glycine, and methionine in mice 
lungs, suggestive of de novo glutathione biosynthesis 
[176]. Furthermore, silver NPs increased triiodothyronine 
(T3) levels in hens depending on the size and concentra-
tion of NPs taken orally. However, serum steroid hor-
mones and thyroxine (T4) levels were not affected [177].

Zinc oxide nanoparticles

ZnO NPs are known for their hypoglycemic effect, where 
they lowered blood glucose in hens [178]. Additionally, 
they lowered blood glucose in diabetic mice by 40% at a 
dose of 14 mg/kg [179]. Similarly in diabetic rats, they 
reduced glucose levels by 56% and elevated insulin levels 
by 93% at a dose of 5 mg/kg for 15 days [180]. This hypo-
glycemic effect was even potentiated when ZnO NPs were 
combined with chromium oxide and selenium nanoparti-
cles [181]. However, at higher doses an opposite response 
was reported, where hyperglycemia occurred. A dose of 25 
mg/kg increased plasma glucose levels in mice due to the 
development of insulin resistance through the induction of 
endoplasmic reticulum stress [182]. ZnO NPs also affected 
lipid metabolism by lowering serum triacylglycerol in quails 
[183] and diabetic rats [181]. Additionally, in lactating mice 
they induced fatty acids biosynthesis, glycolysis, and glu-
tathione metabolism by 3.5, 3.6 and 4.4 folds, respectively. 
On the other hand, they reduced the production of milk fat 
by 51.8% indicating lower lactogenesis and suggesting oxi-
dative stress in the mammary glands [68]. Contrarily, they 
demonstrated an antioxidant effect by upregulating mRNA 
levels of antioxidant enzymes such as superoxide dismutase, 
catalase, and glutathione peroxidase in quails [183] sugges-
tive of more studies in different models for a conclusive 
effect on lactation. Protein metabolism was also affected by 
ZnO NPs as manifested by increased levels of valine and 
isoleucine as essential branched amino acids in hens after 
adding ZnO NPs to their diet suggesting an increase in pro-
tein assimilation [178].

Titanium dioxide nanoparticles

TiO2 NPs perturbed lipid metabolism by lowering serum 
TG, increasing lipid peroxidation marker malondialdehyde 
with no effect on serum TC, TC-HDL, and TC-LDL levels 
in rats [184]. Moreover, they significantly changed levels 
of sphingolipids, prenol lipids, fatty acyls and glycerophos-
pholipids in human bronchial epithelial cells (BEAS-2B). 
In addition to promoting steroid biosynthesis and upregu-
lating cholesterol synthesis pathways. TiO2 NPs were sug-
gested to cause oxidative stress in cells which resulted in 
the observed metabolic disturbances [185]. Furthermore, 
TiO2 NPs disrupted carbohydrate metabolism by inducing 
hyperglycemia in mice at doses of 50 mg/kg or higher [186]. 
This effect was even more pronounced in younger animals 
compared to adults and was attributed to induced insulin 
resistance through hepatotoxicity [187]. Moreover, they 
showed signs of oxidative stress by reducing lactogenesis 
and milk fat production by 35.7% in the mammary glands 
of lactating mice [188]. Similarly in rats, TiO2 NPs raised 
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levels of acetylornithine, methionine sulfoxide and non-
essential amino acids suggesting minor systemic oxidative 
stress [189].

Other nanoparticles

Vanadium pentoxide nanoparticles (V2O5) affected both 
lipid and protein metabolism in human bronchial epithelial 
cells (BEAS-2B). They upregulated fatty acid oxidation and 
de novo biosynthesis indicating early signs of pulmonary 
fibrosis, in addition to upregulating amino sugars and down-
regulating glycosphingolipid metabolism [190]. Similarly, 
cerium dioxide (CeO2) NPs showed signs of inducing lung 
fibrosis in human bronchial epithelial cells (BEAS-2B), 
which was also validated in mice [191]. They altered lipid 
metabolism, particularly the S1P pathway and fatty acid 
oxidation. They increased expression of sphingosine kinase 
1 increasing levels of S1P and its metabolites. Also, they 
increased metabolites resulting from the oxidation of fatty 
acids such as acylcarnitines.

Silica NPs reduced glutathione levels, whereas they 
elevated ROS and malondialdehyde levels in mice’s livers 
indicating oxidative stress. Furthermore, they disrupted pro-
tein metabolism downregulating three main pathways: (1) 
alanine, aspartate, and glutamate, (2) arginine and proline 
and (3) glycine, serine, and threonine [192]. Polymeric NPs 
formed from poly(lactic-co-glycolic acid) (PLGA) either 
uncoated or poloxamer-coated caused oxidative stress in 
macrophages in vitro. They interfered with protein metab-
olism by increasing the levels of arginine, proline, and 
N4-acetylaminobutanal. Furthermore, they affected cell 
membrane integrity by reducing levels of PC and phosphati-
dylethanolamines, which are essential membrane compo-
nents. On the contrary, PEGylated PLGA NPs showed less 
disturbance in amino acid metabolism and cell membrane’s 
glycerophospholipids composition [193]. A summary of the 
effect of versatile NPs on various metabolites and metabolic 
pathways is provided in Table 1.

Despite NPs’ advantages and potential as antiviral agents, 
their cytotoxicity, oxidative stress, and metabolic disruption 
remain issues that need to be well addressed. Lactobacillus 
rhamnosus GG protected against hepatoxicity induced by 
TiO2NPs in four-week-old rats [194]. Selenium is a regu-
lator of metabolic functions asides from its well-known 
antioxidant and immunostimulant actions [195, 196]. Its 
deficiency was linked to mortality in COVID-19 patients 
[197]. On the other hand, it successfully ameliorated hepa-
toxicity and oxidative stress induced by the exposure of rats 
to ZnO NPs [198]. Furthermore, beneficial supplementation 
of selenium was observed in hyperlipidemia management 
[199], hyperglycemia [200], and hyperphenylalaninemia 
[201]. Furthermore, Zhang et al. reported the promising 
management of abnormal lipid metabolism using selenium 

and magnesium co-supplementation. They attributed these 
findings to their potential to decrease serum and liver TC, 
TC-LDL and cholesterol endogenous synthesis via increas-
ing lecithin cholesterol acyltransferase expression levels and 
decreasing 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase activity [202]. Accordingly, such encourag-
ing findings could open the perspectives to future utilization 
of selenium, magnesium, and Lactobacillus rhamnosus GG 
as supportive agents against metabolic perturbations caused 
by COVID-19.

Future directions and conclusions

The necessity for implementing personalized (precision) 
medicine worldwide has been increasingly recognized. 
Hence, the integration of multidisciplinary studies is cur-
rently warranted to maximize the benefits of metabolomics-
directed nanotechnology in COVID-19 management. Fur-
thermore, better strategies should be considered to ensure its 
efficacy and likewise safety in different populations. Current 
challenges and upcoming future directions facing the fields 
of metabolomics and nanotechnology towards the develop-
ment of precision medicine aiming for better management 
of COVID-19 are depicted in Fig. 5.

Briefly, metabolomics-directed nanotechnology is an 
emerging scientific field that needs to be evaluated from 
multiple perspectives including: epidemiology, physiol-
ogy, molecular biology, bioethics, pharmacology and drug 
design. Indeed, several aspects need to be considered for 
better implementation of this newly developing technology. 
These include investigating the influence of heterogeneity in 
genetic/protein/metabolite profiling and their interrelation-
ships with diseases. For instance, Oliveira et al. [203] deter-
mined several potential metabolic signatures distinguishing 
severe from non-severe COVID-19 cases to further identify 
the relationship between the metabolite profiling and the 
clinical and laboratory findings. This metabolomics analysis 
indicated that metabolites from porphyrin and purine path-
ways as well as glycerophospholipid and linoleic acid may 
exert prognostic and diagnostic merit in COVID-19.

Furthermore, metabolic signatures reprogramming in 
COVID-19 survivors and its association with long-term 
health consequences were previously examined [204]. Met-
abolic perturbations in organic acids, fatty acids, purines 
and amino acids were associated with dysregulated energy 
production, liver injury and inflammatory responses. These 
metabolic changes aided to identify potential biomarkers 
and putative therapeutic targets for COVID-19 manage-
ment. In addition, the common key metabolomic and lipid-
omic changes were confirmed regardless of clinical symp-
toms’ heterogeneity in COVID-19 patients [205]. Likewise, 
several biomarkers such as fatty acids, lipids proteins and 
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amino acids were strongly associated with susceptibility to 
COVID-19 severe cases [206].

Allover, these findings aided in developing an emerging 
field termed COVID-omics to address the role of proteomics 
and metabolomics in COVID diagnosis, prognosis, and man-
agement [207]. Survivors of COVID-19 manifest persistent 
dysregulation of metabolomic and proteomic systems even 
after six months following hospital discharge [27]. Severe 
COVID-19 is also associated with dysfunctional neutro-
phil metabolome as recently reported [208]. Furthermore, 
Bardanzellu and Fanos [209] suggested that machine learn-
ing, metabolomics and microbiomics, commonly known as 
the 3 M's will provide risk assessment and decision-making 
for COVID-19 diagnosis and therapy.

Using machine learning tools, Bennet et al. [210] con-
ducted nasopharyngeal metabolomic to discriminate 
COVID-19 patients from Influenza A and respiratory syn-
cytial virus; where levels of lysophosphatidylcholines were 
increased, whereas levels of β-hydroxybutyric acid, methio-
nine sulfoxide, succinic acid, and carnosine were decreased 
in COVID-19 patients. Metabolomic investigation of plasma 
immune signatures revealed reduced levels of the acute 
phase and macrophage-induced proteins, concurrent with 
increased omega-3 fatty acid levels following three months 
of COVID-19 infection [211]. Similarly, several metabolic 
alterations were observed in COVID-19 patients’ serum 
samples compared to healthy subjects including dysregu-
lated fatty acids, glycerophospholipids, and amino acids 
[212]. Lipidomic analysis of COVID-19 patients’ exosomes 
observed an enriched content of monosialodihexosyl gangli-
oside (GM3), which is postulated to play a role in COVID-19 
pathogenesis [55]. Likewise, using salivary fingerprint was 
suggested for metabolomic profiling of COVID-19 patients 
[213]. Hence, the diversity in the suggested sample types 

and their metabolomic analysis with different time courses 
present a potential metabolomic matrix for experimental and 
clinical investigations.

Genetic/protein/metabolite interactions with nano-based 
drugs should also be addressed in the putative arsenals for 
combating COVID-19. For instance, nanoformulations of 
arachidonic acid and its metabolites might represent a safe 
and efficacious alternative for COVID-19 management 
[214]. Finally, identification of environmental, ethnic, gen-
der and social factors affecting metabolomics of COVID-
19 infection and management with nano-therapeutics is 
warranted for novel drug discoveries. Importantly, gender-
based metabolic dysregulation was previously reported 
[215] including disrupted fatty acids metabolism in males 
and dysregulated glycerophosphocholines and carbohydrates 
metabolism in females. Interestingly, females exhibited a 
shorter duration of hospitalization compared to males, thus 
proposing a gender basis in COVID-19 prognosis and clini-
cal outcome.

In conclusion, several in vitro, in vivo, and clinical stud-
ies revealed different key metabolites affected by COVID-
19, thus confirming their biomarker role in the disease pro-
gression. Thus, exposure to nanoparticles is suggested as 
preventive or treatment regimen to modulate the profound 
metabolic disturbances associated with COVID-19. In this 
context, this review aims to present a holistic overview of the 
major metabolomic changes and the putative role of nano-
technology targeting SARS-COV-2 metabolomics dysregu-
lation. Further predictive algorithms for biomarkers analy-
sis and data interpretation are warranted to pave the way 
to COVID-19 personalized antiviral medicine and likewise 
pursue other viruses of the Coronaviridae family.
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