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Abstract

Respiratory infections caused by severe acute respiratory syndrome coronavirus 2, in-
fluenza virus, and respiratory syncytial virus pose significant global health challenges,
leading to high morbidity and mortality, particularly in vulnerable populations. Despite
their distinct virological characteristics, these viruses exploit host cellular metabolism
to support replication, modulate immune responses, and promote disease progression.
Emerging evidence shows that they induce metabolic reprogramming, shifting cellular
energy production toward glycolysis to meet the bioenergetic demands of viral replication.
Additionally, alterations in lipid metabolism, including enhanced fatty acid synthesis and
disrupted cholesterol homeostasis, facilitate viral entry, replication, and immune evasion.
The dysregulation of mitochondrial function and oxidative stress pathways also con-
tributes to disease severity and long-term complications, such as persistent inflammation
and immune exhaustion. Understanding these metabolic shifts is crucial for identify-
ing new therapeutic targets and novel biomarkers for early disease detection, prognosis,
and patient stratification. This review provides an overview of the metabolic alterations
induced by severe acute respiratory syndrome coronavirus 2, influenza virus, and respi-
ratory syncytial virus, highlighting shared and virus-specific mechanisms and potential
therapeutic interventions.

Keywords: infectious diseases; influenza; metabolism; respiratory infections; respiratory
syncytial virus; severe acute respiratory syndrome coronavirus 2; viral infections

1. Introduction
Respiratory viral infections remain a significant global health burden, contributing

to substantial morbidity and mortality, particularly among vulnerable populations [1,2].
Among these, infections caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), influenza virus, and respiratory syncytial virus (RSV) represent the most clinically
relevant threats, leading to pandemics, seasonal outbreaks, and severe respiratory compli-
cations [3]. Despite their distinct virological characteristics, these viruses share a common
strategy of hijacking host cellular metabolism to facilitate their replication, modulate im-
mune responses, and drive pathogenesis.
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Emerging evidence indicates that viral infections induce profound metabolic repro-
gramming, shifting cellular energy production, lipid metabolism, and amino acid utilization
to favor viral propagation. SARS-CoV-2, influenza virus, and RSV all promote a metabolic
switch toward glycolysis (resembling the Warburg effect observed in cancer cells) to meet
the bioenergetic and biosynthetic demands of viral replication. Additionally, alterations in
lipid metabolism, including increased fatty acid synthesis and disrupted cholesterol home-
ostasis, play a pivotal role in viral entry, replication, and immune evasion. Furthermore,
the dysregulation of mitochondrial function and oxidative stress pathways contributes to
disease severity and long-term complications, such as persistent inflammation and immune
exhaustion [4–6].

Understanding these metabolic alterations is crucial for identifying novel therapeutic
targets and optimizing treatment strategies. While current antiviral therapies primarily
focus on direct inhibition of viral replication, targeting host metabolic pathways offers
a promising complementary approach to limit viral spread and mitigate severe disease
outcomes [7,8]. Moreover, investigating virus-induced metabolic reprogramming has the
potential to reveal novel diagnostic and prognostic biomarkers, enabling earlier detection
of disease progression and stratification of patients based on metabolic signatures [9]. This
review aims to provide a comprehensive overview of the metabolic alterations induced by
SARS-CoV-2, influenza virus, and RSV, highlighting shared and virus-specific mechanisms,
their implications for disease pathogenesis, and potential metabolic interventions for future
therapeutic development.

2. Lipid Metabolism
Viruses utilize lipid rafts for cell entry, manipulate fatty acid synthesis and β-oxidation

to fuel replication, and disrupt cholesterol homeostasis, impairing the innate immune
response. Lipid droplets also act as platforms for viral assembly and immune modulation.
The interaction between viral infections and mitochondria is essential in lipid metabolism
during infectious diseases. In catabolism, mitochondria are the primary site for lipid β-
oxidation, where fatty acids are broken down into acetyl-CoA, which enters the Krebs cycle
to generate adenosine triphosphate (ATP). In anabolism, mitochondria produce citrate,
which is transported to the cytosol and converted into acetyl-CoA for fatty acid synthesis.
Thus, mitochondria regulate the balance between lipid degradation and synthesis, adjusting
metabolic processes in response to cellular energy demands during infection.

2.1. Role of Lipid Rafts in Viral Entry

In animal cells, phospholipids comprise most of the lipids in cell membranes. How-
ever, the plasma membrane also incorporates glycolipids and cholesterol, essential for
maintaining membrane fluidity [10]. While lipids typically move freely within the lipid
bilayer, components such as cholesterol, glycosphingolipids, glycosylphosphatidylinositol
(GPI)-anchored proteins, and some transmembrane proteins can cluster into specialized
domains called lipid rafts [11,12]. The 2006 Keystone Symposium of Lipid Rafts and Cell
Function defined these rafts as follows: “Small (10–200 nm), heterogenous, highly dynamic,
sterol- and sphingolipid-enriched domains that compartmentalize cellular processes. Small
rafts can sometimes be stabilized to form larger platforms through protein-protein and
protein-lipid interactions” [13] (Figure 1).

Numerous viruses utilize these lipid rafts as key elements in the fusion process with the
host cell. This complex process first requires the virus binding to the cell surface, often via
a cell receptor. These interactions induce conformational changes that promote viral entry.
Cholesterol, an essential component of rafts, is fundamental in stabilizing these complexes,
promoting membrane fluidity, and facilitating fusion with the viral particles [14]. Before
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entry, many viruses establish weak ionic interactions with cell surface glycosaminoglycans,
such as heparan and chondroitin sulfate, or with glycosphingolipids [15]. These interactions
aid the virion’s adhesion to the membrane, allowing it to move across the cell surface until
it finds the specific receptor needed for internalization [16]. Viral trafficking on the cell
surface or within the endosomal network facilitates its arrival at the unmasking site while
providing signals to activate its fusion machinery.

 

Figure 1. Conceptual illustration of lipid raft organization within cellular membranes. Choles-
terol (yellow) and phospholipids (blue and brown) are present in both leaflets of the bilayer, while
sphingolipids (violet) are predominantly localized in the outer leaflet. Lipids in raft regions typ-
ically feature long, saturated acyl chains (violet and brown), in contrast to the shorter and more
unsaturated acyl chains (blue) found in non-raft areas. Raft microdomains are enriched in proteins
with dual acylation (green) and glycosylphosphatidylinositol (GPI) anchors (brown), whereas trans-
membrane (blue) and prenylated (green) proteins are more commonly located in non-raft regions.
GPLs: Glycerophospholipids; GSLs: Glycerosphingolipids; SM: Sphingomyelin. Reproduced
from [11]. Copyright by the authors under a CC BY 4.0 license.

The location of viral receptors within lipid rafts affects the efficiency of the fusion
process between the viral particle and the cell membrane. Some receptors are constitutively
located in lipid rafts, while others are recruited to rafts after virus binding [17–21]. This
dynamic highlights the complexity of the fusion process and underscores the regulatory
role of lipid microdomains in infection. Different viruses may employ various routes to
enter host cells, with some relying entirely on lipid rafts while others exploit alternative
pathways. Raft-mediated entry mechanisms often involve the concentration of viral recep-
tors within these domains, optimizing viral adhesion and fusion. In other cases, the virus
attaches to regions outside the rafts before being directed to these structures to complete its
entry [14,22–24].

In addition to direct fusion with the cell membrane [25–27], viruses may exploit
endocytic pathways related to lipid rafts. Endocytosis is a cellular process that allows the
internalization of substances from the extracellular environment. It can be divided into
phagocytosis and pinocytosis. Phagocytosis is primarily employed by specialized cells, such
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as macrophages, to digest bacteria and large particles. Pinocytosis, conversely, is a more
generalized, non-specific process for the uptake of liquids and macromolecules through
endocytic vesicles [28]. Within this process, two primary mechanisms are distinguished:
clathrin-mediated endocytosis and clathrin-independent endocytosis. Clathrin-mediated
endocytosis [29] is the most widely studied pathway for internalizing small and medium-
sized viruses. Virions, after moving laterally across the cell surface, are incorporated
into clathrin-coated invaginations, which then detach from the plasma membrane to form
endocytic vesicles. These vesicles lose their clathrin coat before fusing with endosomes. This
mechanism depends on dynamin-II, a guanosine-5′-triphosphatase essential for separating
clathrin-coated vesicles from the plasma membrane.

On the other side, clathrin-independent endocytosis [30–32] encompasses various
cholesterol-sensitive pathways, including caveolae-mediated and other pathways that are
neither clathrin- nor caveolae-dependent. Caveolae are specialized microdomains of lipid
rafts that form invaginations in the plasma membrane. They are coated internally by cave-
olins, proteins that regulate cholesterol organization and caveola biogenesis. Additionally,
cavins, which stabilize the caveola structure, play a role in membrane curvature and the
formation of endocytic vesicles [33–35].

The central role of lipids in regulating these events has been recognized in the past
decade. Although phosphatidylinositol (PI) is the least abundant phospholipid in the cell
membrane, its signaling capacity is crucial for endosomal trafficking and maturation [10].
The differential phosphorylation of PI, regulated by specific kinases and phosphatases,
generates various phosphorylated species that control cellular compartmentalization and
associated signaling [36,37]. Many viruses have developed strategies to exploit PI-mediated
signaling at different stages of infection, especially to coordinate their entry and reprogram
the host cell.

The phosphoinositide 3-kinase (PI3K) pathway is one of the major signaling pathways
activated during viral entry. The activation of PI3K and the production of PI triphosphate
serve as anchoring platforms for proteins with lipid-binding domains, including Akt, a key
regulator of the PI3K pathway [38]. This signaling pathway is involved in multiple forms
of endocytosis, though its role has been best characterized in macropinocytosis, where it
regulates cytoskeletal rearrangement and membrane dynamics during macropinosome
formation [39]. Various viruses, such as influenza [40,41], activate PI3K signaling to fa-
cilitate their internalization. Additionally, some viruses use this pathway to regulate
post-internalization events, such as viral replication and assembly.

Different viruses rely on lipid rafts to varying degrees. SARS-CoV-2 primarily enters
cells through the binding of spike protein to the angiotensin-converting enzyme 2 (ACE2)
receptor, a process facilitated by lipid rafts [42]. These cholesterol-rich microdomains stabi-
lize the receptor and enhance viral fusion, and their disruption has been shown to reduce
SARS-CoV-2 entry into epithelial cells [43], highlighting their importance in infection [44].
However, although lipid rafts are a major platform for SARS-CoV-2 entry, it has recently
been reported that the virus can also bind to ACE2 outside of these microdomains and be
internalized via fusion [45], suggesting that lipid rafts are not strictly required for viral
entry. The influenza virus utilizes multiple entry mechanisms, including clathrin-mediated
endocytosis and macropinocytosis [44,46,47], which may or may not involve lipid rafts.
However, it has been suggested that rafts are attachment points, aiding multivalent binding
and increasing infection efficiency [48]. While lipid rafts play a role in influenza virus
attachment, their membrane fusion necessity is less pronounced than SARS-CoV-2. RSV
has a less well-defined relationship with lipid rafts. While certain studies suggest that its
fusion proteins are associated with raft-like domains [49], others indicate that infection can
occur independently of these structures [50].
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In summary, viruses may employ lipid rafts as platforms for viral attachment, fusion,
and entry. Many viruses, including SARS-CoV-2, influenza, and RSV, exploit these mi-
crodomains to enhance infection efficiency. However, the degree of dependence on lipid
rafts varies among viruses. While SARS-CoV-2 primarily utilizes these structures for entry,
influenza virus and RSV exhibit greater flexibility, often engaging alternative pathways to
facilitate infection. Beyond their role in viral entry, lipid metabolism influences downstream
processes critical to viral replication and assembly. In particular, many viruses fine-tune
their infection cycle by hijacking phosphoinositide-mediated pathways, ensuring efficient
propagation within the host.

2.2. Fatty Acid Synthesis, Lipid Droplets, and β-Oxidation Dysregulation

The relationship between lipid synthesis and glycolysis is schematized in Figure 2.
Fatty acid synthesis is a highly regulated anabolic pathway that converts acetyl-CoA into
long-chain fatty acids and usually occurs in the liver and adipose tissues. This process is
primarily controlled by acetyl-CoA carboxylase, which converts acetyl-CoA to malonyl-
CoA, and fatty acid synthase (FASN), which catalyzes the sequential elongation of fatty acid
chains. The sterol regulatory element-binding proteins (SREBPs), particularly SREBP-1c,
play a key role in regulating the expression of these enzymes in response to metabolic cues.
Additionally, the activity of ATP-citrate lyase, which provides cytosolic acetyl-CoA, and
elongases that extend fatty acid chains further modulate lipid biosynthesis [51].

Figure 2. Schematic representation of the pathways of lipolysis (blue) and lipogenesis (red) in relation
to glycolysis and the tricarboxylic acid (TCA) cycle.

Viruses exploit fatty acid synthesis to support their replication. SARS-CoV-2 [52,53],
influenza [54], and RSV [55] upregulate FASN expression to promote lipid biosynthesis. In-
creased fatty acid synthesis provides a lipid-rich environment for forming viral replication
complexes and membranous vesicles that serve as viral replication platforms. Pharmaco-
logical inhibition of FASN has been shown to reduce viral replication in multiple models,
highlighting its potential as an antiviral target [56].

Lipid droplets (LDs) are dynamic organelles of a neutral lipid core surrounded by a
phospholipid monolayer. They store triacylglycerols and cholesterol esters, which can be
mobilized through lipolysis under metabolic stress or increased cellular demand [57]. LD
formation is regulated by diacylglycerol O-acyltransferase 1 and 2 (DGAT1 and DGAT2),
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which mediate triacylglycerol synthesis and packaging within the endoplasmic reticulum
membrane [58]. The release of LD into the cytoplasm is influenced by SREBP-1 and perilipin,
a droplet membrane protein [59].

SARS-CoV-2, influenza A, and RSV manipulate LD within host cells through distinct
mechanisms to enhance their replication. SARS-CoV-2 promotes their synthesis, as evi-
denced by increased LD accumulation in monocytes from coronavirus disease (COVID-19)
patients compared to uninfected individuals. In vitro studies have shown that SARS-CoV-2
modulates SREBP-1 and DGAT-1 expression, triggering LD formation [60]. In contrast,
influenza A virus activates the mechanistic target of rapamycin (mTOR) complexes 1 and 2,
inducing autophagy and LD degradation to support viral replication [61–63]. Although
RSV’s interaction with LD is less understood, animal studies indicate that they disperse
and degrade LD, contributing to oxidative stress, inflammation, and airway hyperrespon-
siveness [64].

Fatty acid oxidation (β-oxidation) breaks down fatty acids into acetyl-CoA for ATP
production in mitochondria and peroxisomes and is regulated by carnitine palmitoyltrans-
ferases (CPT) [65,66]. Because β-oxidation is a significant energy source in times of high
demand, viruses have evolved mechanisms to manipulate this pathway to optimize their
replication, either by downregulating it to accumulate free fatty acids for membrane synthe-
sis or upregulating it to boost ATP production [67,68]. For instance, SARS-CoV-2 has been
shown to impair fatty acid oxidation in alveolar epithelial cells, leading to decreased expres-
sion of CPT1A and peroxisome proliferator-activated receptor-γ coactivator 1- α (PGC-1α),
both critical for mitochondrial function [69]. Influenza virus can suppress β-oxidation
by downregulating carnitine palmitoyltransferase II (CPT II) and altering mitochondrial
dynamics, contributing to metabolic reprogramming in infected cells [70]. RSV infection
has also been linked to metabolic dysfunction, including disruptions in mitochondrial fatty
acid oxidation [71], though evidence remains limited and requires further confirmation.

2.3. Disrupted Cholesterol Homeostasis and Innate Immune Evasion

Cholesterol is essential to eukaryotic cell membranes, ensuring structural integrity,
regulating membrane fluidity, and facilitating key cellular functions such as endocytosis,
vesicular transport, and immune response modulation. Cellular cholesterol homeostasis is
tightly controlled through endogenous synthesis, receptor-mediated uptake of low-density
lipoproteins (LDLs), and high-density lipoprotein (HDL)-dependent efflux, governed by
SREBP and liver X receptors [72].

HDL particles are considered to be a part of the innate immune system. Under normal
conditions, HDLs exhibit anti-inflammatory, antioxidant, and protective properties [73].
They facilitate reverse cholesterol transport, prevent lipid oxidation, and modulate immune
cell activity, thereby reducing oxidative stress and inflammation. Additionally, HDLs help
neutralize bacterial toxins and support defense mechanisms [74].

However, during infection and inflammation, the host initiates a cascade of responses
known as the acute-phase response, which profoundly disrupts lipid metabolism, particu-
larly HDL function. During the acute-phase response, the levels of key proteins involved
in HDL-mediated reverse cholesterol transport decline, including lecithin/cholesterol acyl-
transferase, cholesterol ester transfer protein, phospholipid transfer protein, apolipoprotein
A-I, and paraoxonase 1 [75]. These alterations impair HDL’s ability to remove excess
cholesterol and neutralize oxidative damage. Simultaneously, HDL composition shifts,
characterized by cholesterol ester depletion and enrichment in free cholesterol, triglycerides,
and free fatty acids. Furthermore, apolipoprotein J and serum amyloid A levels increase
substantially, replacing apolipoprotein A-I and transforming HDL into a pro-atherogenic
and pro-inflammatory particle [76,77]. As a result, HDL loses its protective functions,



Biomolecules 2025, 15, 1027 7 of 53

instead promoting endothelial dysfunction, oxidative stress, and chronic inflammation,
which may contribute to immune evasion by pathogens (Figure 3).

Figure 3. Changes in the structure of high-density lipoproteins (HDLs) produced by inflammation.
Chronic inflammatory processes cause a decrease in the content of paraoxnase-1 (PON1), apolipopro-
tein AI (Apo AI), lecithin/cholesterol acyltransferase (LCAT), and cholesterol ester transfer protein
(CETP), and an increase in the concentration of serum amyloid A (SAA). Reproduced from [77].
Copyright by the authors under a CC BY 4.0 license.

In addition to alterations in HDL composition, infectious diseases induce changes in
other lipoproteins. The enhanced secretion of very low-density lipoproteins (VLDLs) is
attributed to increased lipolysis in adipose tissue, augmented hepatic fatty acid synthesis,
and suppressed fatty acid oxidation. Impaired lipoprotein lipase and apolipoprotein E
activity further contribute to reduced VLDL clearance. LDLs are also affected, with their
levels varying depending on the type and severity of infection. In some viral infections, LDL
concentrations decrease due to increased catabolism or reduced hepatic synthesis, whereas
in others, LDL oxidation contributes to foam cell formation, exacerbating inflammation
and atherosclerosis. These disruptions in cholesterol homeostasis not only impair lipid
transport but may also facilitate immune evasion by pathogens, highlighting the intricate
interplay between lipid metabolism and host defense mechanisms [75,77,78].

Recent studies have indicated that COVID-19 patients have larger and more abun-
dant VLDL particles than healthy individuals, along with elevated VLDL-cholesterol and
VLDL–triglyceride concentrations. In contrast, LDL–cholesterol concentrations were lower,
with LDL particles being larger and fewer in number. HDL particles exhibited reduced
cholesterol content and increased triglycerides, accompanied by a notable decrease in small
HDL particles [79–84].

Similar lipoprotein alterations have been observed in influenza, though the pattern
varies. HDL cholesterol levels are often reduced in this disease, while LDL cholesterol
levels tend to increase during the acute phase [85]. However, these changes are generally
less pronounced than in SARS-CoV-2 infection and do not appear to be major drivers
of disease progression. The exception is low HDL levels at hospital admission, which
have been associated with higher inflammation and increased mortality, particularly in
males [86].

Information on lipoprotein alterations in RSV infection is scarce. In vitro studies [87]
suggested that RSV infection activates the SREBP2 and low-density lipoprotein receptor
(SREBP2-LDLR) pathway, which is a key regulatory mechanism in cholesterol uptake.
Activating this pathway increases the expression of LDL receptors and promotes cholesterol
uptake into cells, contributing to cholesterol accumulation in lysosomes, which supports
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viral replication. This mechanism suggests that lipoprotein changes during RSV infection
may involve increased LDL uptake, although specific alterations in lipoprotein profile (such
as changes in HDL or LDL levels) have not yet been characterized.

Respiratory virus infections not only alter circulating lipoprotein concentrations but
also modify intracellular cholesterol metabolism to enhance viral replication and release.
A recent preprint reported that SARS-CoV-2 disrupts host lipid metabolism by inducing
lysosomal cholesterol sequestration, a process facilitated by the interaction between the
viral protein ORF3a and the host protein VPS39, which impairs cholesterol trafficking and
contributes to viral pathogenesis [88]. In contrast, influenza A virus exploits cholesterol
through distinct mechanisms, primarily relying on cholesterol-rich lipid rafts to facilitate
receptor clustering and endocytosis via its hemagglutinin glycoprotein. Disrupting these
lipid rafts with cholesterol-depleting agents, such as methyl-β-cyclodextrin, impairs viral
entry and reduces infectivity [89]. This virus primarily manipulates intracellular cholesterol
to promote viral ribonucleoprotein export, virion assembly at the plasma membrane, and
efficient budding. Cholesterol-rich microdomains are essential for releasing infectious
virions, and cholesterol depletion has been shown to result in malformed particles with
diminished infectivity [90]. Unlike SARS-CoV-2 and influenza A virus, RSV does not
appear to induce widespread systemic cholesterol dysregulation. However, cholesterol de-
pletion in host cells has been shown to impair RSV fusion and reduce viral replication [87],
highlighting its dependence on lipid rafts. Additionally, RSV infection seems to modu-
late cholesterol metabolism to support viral assembly and budding, although the exact
molecular mechanisms remain less well characterized than other respiratory viruses [50].

Alterations of respiratory virus infections on the host lipid metabolism are summarized
in Table 1.

Table 1. Comparison of lipid metabolism in SARS-CoV-2, influenza virus, and RSV infections.

Feature SARS-CoV-2 Influenza Virus RSV

Lipid rafts in viral entry Spike protein binding to
ACE2 and entry.

Mainly clathrin-dependent
endocytosis involving

lipid rafts.

May bind to heparan
sulfate and use rafts for
attachment and fusion.

Fatty acid synthesis Increased FASN Increased FASN Increased FASN

LD involvement
Induces LD accumulation
for immune evasion and

viral assembly.

Depletes or degrades LD
via mTOR activation to

fuel viral replication;
inhibits LD biogenesis.

Disperses and reduces LD
content; mechanisms less

well characterized, but
likely interfere with

LD-associated
immune signaling.

β-oxidation alterations
Inhibits β-

oxidation, causing
lipid accumulation.

Suppresses β-oxidation;
shifts toward lipogenesis.

Mitochondrial dysfunction
affects β-oxidation;

less studied.

Cholesterol dependency Cholesterol
metabolism dysregulation.

Cholesterol
metabolism dysregulation. Not well characterized.

Lipoprotein metabolism Decreased HDL; increased
VLDL and LDL.

Transient decreased HDL
and increased LDL. Not well characterized.

FASN: Fatty acid synthase; HDL: High-density lipoproteins; LD: Lipid droplets; LDL: Low-density lipoproteins;
mTOR: Mechanistic target of rapamycin; RSV: Respiratory syncytial virus; VLDL: Very low-density lipoproteins.

3. Energy Metabolism and Mitochondrial Dynamics
The metabolic response to viral infections is characterized by alterations in energy

demand and mitochondrial function [71]. Cellular energy metabolism is primarily driven by
three interconnected pathways: glycolysis, the Krebs cycle, and oxidative phosphorylation
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(OXPHOS). Glycolysis occurs in the cytosol, breaking down glucose into pyruvate while
generating ATP and reduced nicotinamide adenine dinucleotide (NADH). Under aerobic
conditions, pyruvate is transported into mitochondria, where it enters the Krebs cycle,
producing NADH and flavin adenine dinucleotide, which fuel the electron transport chain
for ATP synthesis via OXPHOS. The balance between these metabolic pathways is crucial
for cellular homeostasis, immune responses, and host defense mechanisms against viral
infections [91].

Mitochondria play a central role in cellular bioenergetics, integrating energy produc-
tion with immune signaling. Viral infections frequently disrupt mitochondrial function,
leading to altered ATP generation, shifts in metabolic fluxes, and modulation of host
defense mechanisms [71,92].

3.1. Glycolysis and the Warburg-like Effect in Viral Infections

Viruses extensively reprogram host cell metabolism to facilitate their replication and
persistence. One of the most well-documented metabolic alterations induced by viral
infections is the shift towards increased glycolysis, a phenomenon reminiscent of the War-
burg effect observed in cancer cells (Figure 4). This metabolic adaptation, often called a
“Warburg-like effect”, is characterized by enhanced glycolytic flux despite oxygen availabil-
ity, leading to reduced mitochondrial respiration [93,94]. This strategy provides infected
cells with a rapid supply of ATP and metabolic intermediates essential for viral genome
replication, protein synthesis, and lipid membrane production. The Warburg-like effect
in viral infections is driven by multiple host and viral factors, including the activation
of hypoxia-inducible factor 1-α (HIF-1α), OXPHOS suppression, and modulation of key
metabolic enzymes [95,96]. Respiratory viruses exhibit profound metabolic reprogramming
that favors glycolysis over mitochondrial respiration.

Figure 4. Schematic representation of the “Warburg-like effect” in viral infections.

One of the key mechanisms by which SARS-CoV-2 enhances glycolysis is through the
upregulation of enzymes, including hexokinase 2, phosphofructokinase, and lactate dehy-
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drogenase [97]. This metabolic shift ensures a continuous supply of ATP and biosynthetic
precursors, sustaining viral replication and assembly. Moreover, SARS-CoV-2 has been
shown to suppress OXPHOS by disrupting mitochondrial function, leading to metabolic
dependence on glycolysis [98]. In addition to direct metabolic reprogramming, inflamma-
tory responses associated with COVID-19 further reinforce glycolytic metabolism. Infected
immune cells, particularly monocytes and macrophages, exhibit an increased glycolytic
phenotype, contributing to a hyperinflammatory state [96]. This excessive metabolic shift
may exacerbate disease severity, promoting lung tissue damage and cytokine storm.

Influenza virus reprograms host cell metabolism by promoting a shift toward glycol-
ysis, primarily through the activation of HIF-1α, a key regulator of cellular metabolism
under hypoxic conditions [99,100]. During infection, HIF-1α activation has been shown to
upregulate glucose transporters (GLUT1, GLUT3) and key glycolytic enzymes, enhancing
glucose uptake and metabolic flux [101,102]. This metabolic adaptation ensures a rapid
supply of energy and biosynthetic intermediates essential for viral protein synthesis and
replication while modulating the host immune response. However, excessive glycolytic
activity may impair antiviral defense mechanisms, increasing host cell susceptibility to se-
vere infection. In addition to enhancing glycolysis, influenza virus disrupts mitochondrial
function by interfering with mitochondrial dynamics. Specifically, it has been reported to
induce mitochondrial fission, resulting in fragmented mitochondria with diminished OX-
PHOS efficiency. This mitochondrial disruption further reinforces the reliance on glycolysis,
creating a metabolic environment that facilitates viral replication and propagation [103].

RSV is another important pathogen known to rewire host cell metabolism towards
glycolysis. Like SARS-CoV-2 and influenza, this virus enhances glycolytic flux to sustain
viral replication. RSV infection has been shown to activate the insulin receptor-PI3K-Akt
axis, upregulate the translation and activity of HIF-1α, increase the expression of GLUT1,
GLUT3, and GLUT4, hexokinase 1 and 2, and platelet-type phosphofructokinase, and
promote glucose uptake and glycolysis. In addition, mitochondrial damage induced by
RSV resulted in the generation of large amounts of reactive oxygen species (ROS) in infected
cells, which contributed to stabilizing HIF-1α [104].

The shift towards glycolysis in virally infected cells has profound implications for
the host immune response. Activated immune cells, including macrophages, dendritic
cells, and T cells, rely on glycolysis for rapid energy production and effector function.
However, excessive metabolic reprogramming can harm immune function and disease
progression. SARS-CoV-2-infected macrophages exhibit a hyperglycolytic state, leading
to increased production of pro-inflammatory cytokines such as interleukin (IL)-6, tumor
necrosis factor-α (TNF-α), and IL-1β [96]. This effect contributes to the hyperinflammatory
response observed in severe COVID-19 cases. T cell activation depends on glycolysis, but
persistent viral infections can lead to metabolic exhaustion, reducing T cell proliferation
and cytotoxic function [105]. Metabolic reprogramming in dendritic cells affects their ability
to present antigens and stimulate adaptive immune responses, potentially impairing viral
clearance [106].

The Warburg-like effect in viral infections highlights the intricate relationship between
host metabolism and viral pathogenesis. By shifting cellular energy production towards gly-
colysis while suppressing mitochondrial function, viruses create an environment conducive
to their replication. This metabolic reprogramming sustains viral growth and impacts im-
mune function, influencing disease severity and outcomes. Understanding these metabolic
alterations provides new insights into antiviral strategies that target host cell metabolism,
potentially leading to novel therapeutic interventions for respiratory viral infections.
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3.2. Mitochondrial Dysfunction and Bioenergetic Failure

Mitochondria are essential organelles that serve as the cell’s powerhouse and key
regulators of innate immunity. Their ability to generate ATP through OXPHOS is crucial for
cellular homeostasis, while their role in immune signaling makes them a primary target for
viral manipulation. Numerous viruses have evolved sophisticated mechanisms to disrupt
mitochondrial function [107], leading to bioenergetic failure and immune evasion. This
mitochondrial dysfunction contributes to viral persistence, increased pathogenicity, and
exacerbation of disease severity [108].

One of the major consequences of viral infections on mitochondrial function is the
suppression of OXPHOS, which leads to decreased ATP production [109]. Many viruses dis-
rupt electron transport chain activity, impairing efficient ATP synthesis [110]. For example,
research indicates that SARS-CoV-2 can suppress the expression of both nuclear-encoded
and mitochondrial-encoded mitochondrial genes, impairing mitochondrial function. This
downregulation affects electron transport chain components, including complexes I and III,
thereby disrupting oxidative phosphorylation and ATP production [111,112].

Mitochondria are highly dynamic organelles that continuously undergo fission (divi-
sion) and fusion (joining) to maintain their function and adapt to cellular demands [113].
Viral infections often hijack these processes to optimize viral replication and evade host
immune responses. Fission is primarily mediated by dynamin-related protein 1 (Drp1),
which translocates to the mitochondria upon activation, causing mitochondrial fragmenta-
tion [114]. SARS-CoV-2, influenza, and Dengue exploit Drp1-mediated fission to disrupt
mitochondrial homeostasis [115]. SARS-CoV-2 has been shown to upregulate Drp1 and
increase mitochondrial fission, decreasing ATP production in cultured cells [116]. This mito-
chondrial fragmentation also impairs immune cell function, dampening antiviral responses
and facilitating viral persistence. Moreover, lymphocytes from patients recovered from
severe COVID-19 were reported to have high Drp1 expression, a disruption in mitochon-
drial dynamics, as well as a lack of structural integrity in the electron transport chain, and
altered circulating levels of IL-1β, interferon (IFN)-α2, and IL-27 [117]. Conversely, fusion
is controlled by mitofusins 1 and 2 and optic atrophy 1, which help maintain mitochondrial
integrity and bioenergetic efficiency [118]. Some viruses actively suppress fusion to hinder
mitochondrial repair and prolong cellular dysfunction. However, the influenza virus has
been reported to exert a dual effect in cultured cells, inducing mitochondrial fragmenta-
tion under serum starvation while promoting fusion and mitochondrial elongation under
optimal culture conditions [119].

A crucial component of mitochondrial antiviral defense is the mitochondrial antiviral-
signaling protein (MAVS) [120]. MAVS is localized on the outer mitochondrial membrane
and acts as a signaling hub for type I IFN responses upon viral detection. Respiratory
viruses have evolved strategies to inhibit MAVS function [121]. SARS-CoV-2 protein ORF
degrades MAVS, thereby blocking downstream IFN signaling and allowing the virus
to evade immune detection [122]. In addition to MAVS, other mitochondrial proteins
play roles in antiviral defense. The NOD-, LRR-, and pyrin domain-containing protein 3
(NLRP3) inflammasome, a key component of innate immunity, is activated in response to
mitochondrial stress [123]. Studies in cultured cells showed that SARS-CoV-2 and influenza
virus exploit mitochondrial damage to overactivate NLRP3. Instead of effectively fighting
the infection, excessive NLRP3 activation triggers uncontrolled inflammation, which can
be harmful to the host and may even lead to organ failure and death [98,124,125].

Mitochondria possess quality control mechanisms, such as mitophagy (mitochondrial
autophagy), to eliminate damaged mitochondria and maintain cellular homeostasis. Some
viruses hijack these pathways to their advantage. For example, the Zika virus activates mi-
tophagy in cultured trophoblasts to degrade mitochondria, suppressing immune responses
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and prolonging infection [126]. Conversely, SARS-CoV-2 has been reported to impair
mitophagy, accumulating dysfunctional mitochondria and excessive inflammation. The
inhibition of mitophagy can result in prolonged mitochondrial dysfunction, contributing to
disease pathology and immune dysregulation [127].

Mitochondrial dysfunction is a common feature of many viral infections, contributing
to metabolic reprogramming, immune evasion, and disease progression. By suppressing
OXPHOS, promoting mitochondrial fragmentation, disrupting MAVS signaling, and ma-
nipulating mitochondrial quality control, many viruses, including SARS-CoV-2, IV, and
RSV, create an environment conducive to favoring their replication and impairing the host
defense mechanisms.

3.3. Cellular Metabolic Sensors and Viral Manipulation

As discussed in the previous sections, mitochondrial dysfunction and the reprogram-
ming of energy metabolism are hallmarks of viral infections, driving a shift from OXPHOS
to glycolysis to support viral replication. Beyond these mitochondrial alterations, viruses
also target key cellular metabolic sensors, including AMP-activated protein kinase (AMPK)
and mTOR, to further manipulate host cell metabolism in their favor. These pathways are
critical in determining whether a cell enters a catabolic or anabolic state, thereby influencing
viral replication and immune responses [128,129] (Figure 5).

AMPK serves as a central energy sensor that becomes activated under conditions of
energy stress, such as viral infection. When ATP levels drop, AMPK is phosphorylated
and activated to restore energy homeostasis by promoting catabolic pathways, including
fatty acid oxidation and autophagy, while simultaneously inhibiting anabolic processes
such as protein and lipid synthesis [130]. By reducing cellular biosynthetic activity, AMPK
activation creates a less favorable environment for viral replication, as many viruses rely on
an abundance of host-derived macromolecules. Consequently, some viruses have evolved
mechanisms to inhibit AMPK signaling to prevent host cells from entering an energy-
saving state. For example, hepatitis B and C viruses have been reported to suppress AMPK
activity to ensure sufficient lipid availability for viral envelope formation [129,131]. In
contrast, certain viruses may activate AMPK to promote selective autophagy (mitophagy),
removing damaged mitochondria that could trigger antiviral immune responses [132]. RSV,
for instance, has been shown to induce mitophagy in infected cells, which may contribute
to immune evasion by reducing mitochondrial ROS production and dampening innate
immune activation [133].

While AMPK functions as a metabolic checkpoint that limits viral replication, mTOR
plays an opposing role by promoting anabolic metabolism and cellular growth [129]. mTOR
is a key regulator of protein and lipid synthesis, which viruses often hijack to facilitate
their replication cycle. Many viruses, including the influenza virus, RSV, hepatitis C virus,
and human cytomegalovirus, activate mTOR signaling to enhance the production of viral
proteins and structural components [134,135]. The mTOR pathway is particularly important
for regulating translation through its downstream effectors, such as ribosomal protein
S6 kinase and eukaryotic initiation factor 4E-binding protein 1, which govern ribosome
biogenesis and mRNA translation [136]. Additionally, mTOR activation can suppress
autophagy and autophagy-induced catabolism by phosphorylating unc-51-like kinase 1,
autophagy-related gene 13, and other molecules [137]. Since autophagy can degrade viral
components, some viruses actively evade this process. Conversely, in certain scenarios,
viruses may also exploit autophagy to generate intracellular membranes necessary for viral
replication compartments, as observed in SARS-CoV-2 infection [138].
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Figure 5. The mechanistic target of rapamycin (MTOR) belongs to the phosphatidylinositol 3-kinase-
related kinase protein family. It is a serine/threonine protein kinase that regulates autophagy, cell
growth, cell proliferation, cell motility, cell survival, protein synthesis, and transcription. MTOR inte-
grates the input from upstream pathways that are involved in noncommunicable diseases, including
insulin, growth factors, and the status of cellular nutrient, oxygen, and energy. Of note, other path-
ways unrelated to energy metabolism may also be activated. For instance, recombinationactivating
gene (RAG) protein is a substrate of AMPK (A). MTOR is the catalytic subunit of two molecular
complexes: MTORC1 and MTORC2. The role of MTORC1 is to activate translation of proteins and
is composed of MTOR, regulatory-associated protein of MTOR (Raptor), mammalian lethal with
SEC13 protein 8 (MLST8), and other partners such as PRAS40 and DEPTOR (B). MTORC2 functions
as a regulator of the cytoskeleton and phosphorylates the serine/threonine protein kinase Akt/PKB
at the serine residue S473. Phosphorylation of the serine stimulates Akt phosphorylation at the
threonine Thr-308 residue via PDK1 and leads to full Akt activation. MTORC2 is composed of MTOR,
rapamycin-insensitive companion of MTOR (RICTOR), GbL, and mammalian stress-activated protein
kinase-interacting protein 1 (mSIN1) (C). Other abbreviations: ATG-13, autophagy-related protein 13;
ERK, extracellular signal-regulated kinase; HIF-1, hypoxia-inducible factor 1; IRS, insulin receptor
substrate; LEBP, lung epithelial binding peptide; PGC-1a, peroxisome proliferators-activated receptor
g coactivator-1a; PI3K, phosphatidylinositol 3-kinase; PPARg, peroxisome proliferators-activated
receptor g; PTEN, phosphatase and tensin homolog deleted on chromosome TEN; pTOS6k, p70
ribosomal S6 kinase; Rag, Ras-related GTPase; REDD, regulated in development and DNA damage
responses; Rheb, Ras homolog enriched in brain; TSC2, tuberous sclerosis protein 2. Reproduced
from [129] with permission. Copyright by Elsevier.
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Another key metabolic signaling pathway frequently manipulated by viruses is the
PI3K-Akt pathway. This pathway is a major upstream activator of mTOR, promoting cell
growth and survival by integrating signals from growth factors and nutrients. Activation
of PI3K leads to Akt phosphorylation, which activates mTOR complex 1, thereby regulating
processes such as protein synthesis and autophagy suppression [139]. PI3K-Akt signaling
plays a central role in cell survival, proliferation, and glucose metabolism, making it an
attractive target for viral interference. Activation of this pathway promotes glycolysis
by upregulating glucose transporters and key glycolytic enzymes, ensuring a continuous
supply of biosynthetic precursors required for viral assembly [137–140]. Influenza virus,
RSV, and SARS-CoV-2 have been reported to modulate the PI3K-Akt pathway to create a
metabolic environment conducive to replication [140]. This pro-survival signaling facilitates
sustained viral replication and contributes to immune evasion by preventing premature
cell death and subsequent antigen presentation.

The interplay between AMPK, mTOR, and PI3K-Akt highlights the intricate metabolic
rewiring during viral infections. While AMPK activation generally acts as a barrier to
viral replication by inducing catabolic pathways and inhibiting biosynthesis, mTOR and
PI3K-Akt activation facilitate viral propagation by driving anabolic metabolism and cell
survival. However, the context-dependent effects of these metabolic regulators must be
carefully considered, as their inhibition could also impact immune cell function and host
defense mechanisms.

Overall, viruses have evolved sophisticated strategies to hijack metabolic signaling
pathways to optimize their replication and evade immune responses. Understanding the
interplay between AMPK, mTOR, and PI3K-Akt in the context of viral infections provides
valuable insights into host–virus interactions and potential therapeutic targets to restore
metabolic balance and enhance antiviral immunity.

Table 2 provides a comparative overview of the main characteristics of how SARS-
CoV-2, influenza virus, and RSV affect glycolysis, mitochondrial function, and cellular
metabolic sensors in host cells.

Table 2. Effects of respiratory viruses on energy metabolism and mitochondrial dynamics.

Feature SARS-CoV-2 Influenza Virus RSV

Glycolysis and OXPHOS
Increased glycolysis
(Warburg-like shift);
decreased OXPHOS.

Increased glycolysis
(Warburg-like shift);
decreased OXPHOS.

Increased glycolysis
(Warburg-like shift);
decreased OXPHOS.

Mitochondrial dysfunction

Altered morphology,
decreased function;

increased ROS;
inhibited MAVS;

activated NLRP3.

Altered morphology,
decreased function;

increased ROS;
activated NLRP3.

Altered morphology,
decreased function;

increased ROS.

Bioenergetic
failure

Decreased ATP production;
impaired mitochondrial

respiration; shift to
anaerobic metabolism.

Decreased ATP production;
impaired mitochondrial

respiration; shift to
anaerobic metabolism.

Decreased ATP production;
impaired mitochondrial

respiration; shift to
anaerobic metabolism.

Cellular metabolic sensors
HIF-1α activation; AMPK
inhibition; altered mTOR
and PI3K–Akt signaling.

HIF-1α and
PI3K–Akt–mTOR

axis activation;
energy reprogramming.

mTOR and
PI3K–Akt upregulation.

AMPK: AMP-activated protein kinase; ATP: Adenosine triphosphate; HIF-1α: Hypoxia-inducible factor 1α;
MAVS: Mitochondrial antiviral-signaling protein; mTOR: Mechanistic target of rapamycin; NLRP3: NOD-, LRR-,
and pyrin domain-containing protein 3; PI3K–Akt: Phosphoinositide 3 kinase-Akt; ROS: Reactive oxygen species;
RSV: Respiratory syncytial virus.
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4. Metabolic Alterations in Amino Acid and Nucleotide Pathways
Respiratory viral infections induce profound disruptions in amino acid and nucleotide

metabolism, which are crucial in disease progression and influence viral replication, im-
mune function, and cellular stress responses. Understanding these metabolic shifts pro-
vides insight into the host–pathogen interaction and the consequences of viral infections
on cellular homeostasis.

4.1. Amino Acid Metabolism

Glutamine is a critical amino acid involved in energy production, nitrogen balance,
and the biosynthesis of nucleotides and other amino acids. During viral infections, glu-
tamine metabolism is frequently upregulated to support increased energy demands and
nucleotide synthesis required for viral replication. SARS-CoV-2, influenza virus, and RSV
infections have been shown to enhance glutaminolysis, contributing to elevated levels
of glutamate and downstream metabolites, which provide metabolic intermediates that
support viral protein synthesis [141–143]. Additionally, glutamine is crucial in maintaining
cellular redox balance by serving as a precursor for glutathione synthesis, a major antioxi-
dant [144]. Therefore, while direct evidence linking glutamine depletion to oxidative stress
in respiratory virus infections is limited, it is plausible that such depletion could contribute
to increased oxidative stress by impairing glutathione production.

In addition to supporting viral replication, glutamine metabolism influences immune
cell function. Activated lymphocytes, macrophages, and dendritic cells rely heavily on
glutamine for proliferation and cytokine production [145]. Decreased glutamine availability
during infection can impair adaptive immune responses, leading to suboptimal viral
clearance. Moreover, metabolic competition between the host and the virus for glutamine
may exacerbate disease severity by inducing metabolic stress in host cells.

Arginine plays a pivotal role in NO production, which is essential for immune de-
fense [146]. SARS-CoV-2, influenza virus, and RSV infections lead to decreased arginine
availability due to increased activity of arginase enzymes [147,148]. This reduction in
arginine levels suppresses NO-mediated antiviral responses and promotes an immunosup-
pressive environment. Studies on patients with severe COVID-19 have shown that arginine
depletion is associated with T-cell dysfunction and impaired antiviral immunity [149].
Similarly, influenza and RSV infections trigger a comparable metabolic shift, exacerbating
disease severity through immune evasion [150,151].

Arginine metabolism also influences polyamine synthesis, which plays a role in viral
RNA stabilization and replication [152]. Some viruses, including SARS-CoV-2, exploit
polyamine metabolism to enhance their replication efficiency [153]. Depletion of arginine
may, therefore, serve a dual purpose: impairing host immune responses while simulta-
neously facilitating viral proliferation [154]. Understanding the regulation of arginine
metabolism during infection could provide insights into host–virus interactions and poten-
tial metabolic vulnerabilities.

Tryptophan metabolism is significantly altered during respiratory viral infections,
primarily through activation of the kynurenine pathway by IFN-stimulated enzymes such
as indoleamine 2,3-dioxygenase. Elevated serum kynurenine levels have been reported in
SARS-CoV-2 infections, correlating with immune suppression and increased inflammatory
markers [155–157]. Similar findings have been observed in influenza and RSV infections,
where tryptophan catabolism reduces serotonin synthesis, impacting mood and immune
function. The modulation of this pathway may contribute to the prolonged symptoms
observed in post-viral syndromes, including psychological disturbances [158].

Tryptophan metabolism also plays a key role in regulatory T-cell function and im-
mune tolerance. Kynurenine and its downstream metabolites can suppress effector T-cell
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responses while promoting an anti-inflammatory environment. While beneficial in prevent-
ing excessive immune activation, viruses may exploit this mechanism to evade immune
detection [159]. Therefore, the balance between tryptophan catabolism and immune activa-
tion is critical to disease outcomes in respiratory viral infections.

Cysteine availability is crucial for synthesizing glutathione (GSH), a major antioxidant
that protects cells from oxidative stress. GSH synthesis is limited by the availability of
cysteine, which serves as a rate-limiting substrate in this process [160]. Respiratory viral
infections often lead to GSH depletion, exacerbating oxidative damage and inflammation.
For instance, studies have shown that SARS-CoV-2 infection downregulates the nuclear
factor erythroid 2-related factor 2 (NRF2) levels and NRF2-dependent gene expression in
human airway epithelial cells and in the lungs of mice, leading to reduced antioxidant
responses [161]. Similarly, increased ROS production can activate the nuclear factor κB
pathway during influenza infections, leading to lung damage. RSV infections have also
been associated with oxidative stress and ROS-mediated cellular events [162,163]. Thus,
the depletion of cysteine and glutathione plays a critical role in the pathophysiology of
these infections. Moreover, GSH influences immune signaling and cytokine production
beyond its role in mitigating oxidative stress. Specifically, GSH regulates the activity of
transcription factors modulating inflammatory responses [164]. A decline in GSH levels can
lead to exaggerated cytokine release, contributing to the hyperinflammatory state observed
in severe COVID-19 and other viral pneumonias.

In summary, maintaining adequate cysteine levels is essential for GSH synthesis, which
in turn plays a pivotal role in protecting against oxidative stress, regulating inflammation,
and ensuring proper immune function during respiratory viral infections.

4.2. Nucleotide Metabolism

Respiratory viruses induce significant alterations in the host’s nucleotide metabolism
to ensure sufficient nucleotide availability for viral replication and transcription. They
upregulate purine and pyrimidine biosynthesis pathways, facilitating rapid viral genome
replication. The increased nucleotide demand imposes metabolic stress on host cells, often
leading to nucleotide depletion and cellular dysfunction. In response, host cells enhance
nucleotide salvage pathways to compensate. However, the competition between host and
viral replication can result in nucleotide shortages, impairing DNA repair mechanisms and
immune cell proliferation. This metabolic bottleneck and impaired immune function may
contribute to the prolonged recovery observed in severe viral infections [165–168].

SARS-CoV-2, influenza virus, and RSV exploit pyrimidine metabolism, increasing
uridine triphosphate and cytidine triphosphate synthesis to support viral genome replica-
tion while depleting precursors essential for the host’s adaptive immunity. This metabolic
competition can impair T-cell proliferation and antibody production [143,166,169,170]. Sim-
ilarly, purine metabolism is disrupted, affecting energy balance and immune signaling.
ATP and guanosine triphosphate are energy carriers, while purine metabolites such as
adenosine modulate immune responses. Altered adenosine metabolism in COVID-19
has been associated with excessive inflammation, while influenza and RSV dysregulate
purine pathways, contributing to cytokine storms and prolonged inflammation [171,172].
By modulating de novo biosynthesis and salvage pathways, these viruses create nucleotide
imbalances that compromise cellular repair and immune responses, ultimately exacerbating
disease severity [173].

Table 3 summarizes the main characteristics of how SARS-CoV-2, influenza virus, and
RSV alter amino acid and nucleotide metabolism, contributing to viral replication, immune
modulation, and systemic inflammation.
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Table 3. Main alterations in amino acid and nucleotide metabolism in SARS-CoV-2, influenza virus,
and RSV infections.

Pathway SARS-CoV-2 Influenza Virus RSV

Glutamine/glutamate Increased glutaminolysis Increased glutaminolysis Increased glutaminolysis

Arginine metabolism
Arginine depletion;

arginase upregulation;
decreased NO production.

Arginine depletion;
arginase upregulation;

decreased NO production.

Arginine depletion;
arginase upregulation;

decreased NO production.

Tryptophan–kynurenine
Strongly activated;

increased IDO1 activity;
correlates with severity

Moderate activation; role
in immune modulation

Upregulated IDO1 in
severe cases;

less characterized

Cysteine metabolism Decreased
cysteine availability.

Decreased
cysteine availability.

Decreased
cysteine availability.

Nucleotide metabolism Increased biosynthesis and
salvage pathways

Increased biosynthesis and
salvage pathways

Increased biosynthesis and
salvage pathways

IDO1: Indoleamine 2,3-dioxygenase 1; GSH: Glutathione; RSV: Respiratory syncytial virus.

5. Oxidative Stress and the Inflammatory Reaction
5.1. Intracellular Factors Linking Oxidative Stress and Inflammation

Respiratory viruses trigger increased ROS production through mitochondrial dys-
function, activation of NADPH oxidase (NOX), and inhibition of endogenous antioxidant
systems [174–176]. Excessive ROS levels produce lipid peroxidation, protein oxidation, and
DNA damage, leading to cellular dysfunction. ROS also activate nuclear factor kappa B
(NF-κB) and activator protein-1 [177,178], promoting the transcription of pro-inflammatory
cytokines, while inflammatory mediators like TNF-α and IL-1β further stimulate ROS
production, creating a self-perpetuating cycle of oxidative stress and inflammation [179].

One proposed way virus-induced oxidative stress can enhance the inflammatory re-
sponse is by activating inflammasomes, which are multiprotein complexes that initiate
an immune response [180]. Inflammasomes, such as NLRP3, play a key role in the in-
flammatory response. ROS activate NLRP3 in macrophages, triggering their assembly
and the synthesis of compounds like the chemokine (C-C motif) ligand 2 (CCL2, formerly
termed monocyte chemoattractant protein-1, MCP-1), which recruits immune cells to the
infection site [181,182]. This chemokine is upregulated after tissue injury and can induce
endoplasmic reticulum stress and autophagy and regulate NF-kB expression [183].

Pattern recognition receptors are proteins primarily expressed by cells of the innate
immune system that detect molecules characteristic of pathogens. They recognize two main
classes of molecular patterns: pathogen-associated molecular patterns, which are derived
from microbial pathogens, and damage-associated molecular patterns, which originate from
host cell components released during cellular damage or death. Recognition of these pat-
terns leads to the activation of NF-κB and the subsequent production of adhesion molecules
and chemokines [184–187]. Additional pathways, such as PI3K, mitogen-activated protein
kinase MAPK, and Janus kinase/signal transducers and activators of transcription, further
regulate inflammatory responses and cellular stress [188,189].

The unfolded protein response, activated through inositol-requiring enzyme 1, protein
kinase R-like endoplasmic reticulum kinase, and activating transcription factor 6, links
oxidative stress with endoplasmic reticulum stress and inflammation [190–192]. Endo-
plasmic reticulum stress, driven by CCL2, can modulate inflammation by upregulating
C–C chemokine receptor type 2 expression and is linked to cell death and autophagy [193].
Autophagy plays a crucial role in maintaining mitochondrial integrity, and its dysregula-
tion contributes to inflammasome activation and age-related disease susceptibility [194].



Biomolecules 2025, 15, 1027 18 of 53

Therefore, mitochondrial dysfunction, autophagy impairment, and metabolic alterations
are interconnected in the pathology of respiratory viral infections.

5.2. Alterations in Endogenous Antioxidant Systems

While inflammation is essential for viral clearance, excessive immune activation can
cause severe complications, such as cytokine storms, leading to vascular leakage and multi-
organ dysfunction, as seen in severe COVID-19 and influenza cases. Chronic inflammation
also depletes antioxidant defenses, increasing cellular vulnerability to oxidative damage.

The organism relies on multiple antioxidant systems to defend against oxidative stress.
Respiratory virus infections can profoundly disrupt these protective mechanisms. Among
the key components involved in maintaining redox homeostasis and regulating inflamma-
tory responses are GSH, superoxide dismutase (SOD), catalase (CAT), and paraoxonase
1 (PON1). Emerging evidence suggests that although respiratory viruses share common
pathogenic pathways, they exert distinct and virus-specific effects on the antioxidant
systems they impair.

GSH, the most abundant intracellular non-enzymatic antioxidant, protects cells from
oxidative damage by directly scavenging ROS and as a cofactor for glutathione peroxidase.
In COVID-19, a marked depletion of GSH has been observed in patients with moderate to
severe disease [195,196]. This depletion correlates with elevated oxidative stress markers
and pro-inflammatory cytokines, suggesting that inadequate GSH levels may contribute to
cytokine storm and tissue injury. Similarly, in influenza virus infection, GSH levels drop
significantly in the respiratory tract epithelium [197]. However, in contrast to COVID-19,
the depletion appears transient and less systemically profound. In infants, RSV infection
also leads to GSH oxidation and disruption of the GSH/GSSG balance [198], exacerbating
inflammation and mucus hypersecretion.

SOD, which catalyzes the dismutation of superoxide radicals into hydrogen peroxide
and oxygen, is another critical enzymatic defense. There are three isoforms of SOD: cytoso-
lic (SOD1), mitochondrial (SOD2), and extracellular (SOD3) [199]. In SARS-CoV-2 infection,
decreased activity of SOD, especially SOD2, has been reported in severe cases [200,201],
likely due to mitochondrial dysfunction due to persistent ROS production. In influenza,
initial upregulation of SOD occurs as a compensatory response, but this is not sustained in
advanced stages of infection [202,203]. RSV also induces oxidative stress with high super-
oxide levels, and although SOD expression increases early in infection, this upregulation is
often insufficient to neutralize the oxidative burden [198].

CAT, responsible for converting hydrogen peroxide into water and oxygen, prevents
the accumulation of this toxic intermediate and the subsequent formation of highly reactive
hydroxyl radicals. Reduced CAT activity has been reported in SARS-CoV-2, influenza virus,
and RSV infections, contributing to redox imbalance and alveolar damage [198,202,204].

PON1, an esterase associated with HDL, plays a multifaceted antioxidant and anti-
inflammatory role. It degrades oxidized lipids, modulates macrophage activation, and
helps preserve endothelial function (Figure 6) [76–78]. Serum PON1 activity is markedly
decreased in COVID-19, especially in patients with comorbidities such as diabetes or
cardiovascular disease [205–207], and the measurement of the serum levels of this enzyme
has been proposed as a diagnostic marker [206]. For influenza virus and RSV, the available
literature is limited. However, given their known ability to increase oxidative stress and
alter HDL structure and composition [75], it is plausible that these infections also lead
to changes in PON1 activity similar to those observed in COVID-19, albeit possibly to a
lesser extent.
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Figure 6. Oxidation, inflammation, and disturbances in energy metabolism are closely related. To
date, the evidence reported suggests that excessive production of reactive oxygen species (ROS)
would inhibit paraoxonase-1 (PON1) activity in high-density lipoprotein (HDL) particles and in
the mitochondrial membranes of somatic cells. At the same time, it would stimulate the synthesis
of chemokine (C-C motif) ligand 2 (CCL2) through several pathways, notably that of pathogen-
associated molecular patterns/damage-associated molecular patterns/pattern-recognition receptors
(PAMP/DAMP/PRR). The decrease in PON1 activity and the increase in CCl2 would cause alterations
in mitochondrial metabolism and an inhibition of autophagy. At the same time, CCL2 would interact
with its receptor (CRR2) and present on monocytes, promoting their migration to sites of injury, their
differentiation to macrophages, and their synthesis of new ROS, producing a vicious circle that would
trigger and aggravate the disease. Reproduced from [77]. Copyright by the authors under a CC BY
4.0 license.

In comparison, and considering the overall evidence on respiratory viral infections
and antioxidant systems, SARS-CoV-2 infection appears to induce a more systemic and
persistent oxidative imbalance, likely driven by prolonged viral shedding, endothelial
involvement, and dysregulated immune responses. The impact on GSH and PON1 is
particularly pronounced, suggesting that these components may be crucial in modulating
the severity of COVID-19. Influenza infections, while capable of triggering oxidative stress,
often provoke a more localized and transient antioxidant response, with early compensatory
increases that may protect against severe tissue damage in immunocompetent hosts. RSV,
predominantly affecting infants and older people, leads to intense localized oxidative stress
in the lower airways. Depleting GSH and suppressing CAT activity are especially relevant
to its pathogenesis. In conclusion, respiratory viruses such as SARS-CoV-2, influenza,
and RSV disrupt the host’s antioxidant defense systems through distinct but overlapping
mechanisms. The depletion of GSH, reduced activity of SOD and CAT, and suppression of
PON1 are key features that contribute to disease severity and tissue damage.

Table 4 summarizes the main changes in endogenous antioxidant systems in infections
caused by SARS-CoV-2, influenza virus, and RSV.
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Table 4. Main alterations in endogenous antioxidant systems during SARS-CoV-2, influenza virus,
and RSV infections.

Pathway SARS-CoV-2 Influenza Virus RSV

Glutathione Increased glutahione oxidation. Transient increased
glutahione oxidation. Increased glutahione oxidation.

Superoxide
dismutase

Decreased activity in plasma
and tissues; associated with

disease severity.

Variable: Decreased
activity in severe disease;

oxidative burden
overwhelms the enzyme.

Variable: Decreased activity in
severe disease; oxidative burden

overwhelms the enzyme.

Catalase Decreased activity. Decreased activity. Decreased activity.

Paraoxonase 1 Markedly decreased activity. Less characterized. Less characterized.
RSV: Respiratory syncytial virus.

6. Liquid–Liquid Phase Separation (LLPS) as a Mechanism of Viral
Modulation and Metabolic Reprogramming

While we have delineated the key metabolic pathways disrupted by respiratory viral
infections, the mechanisms through which viruses orchestrate such broad cellular repro-
gramming remain incompletely understood. Recent studies have highlighted LLPS as a
critical organizing principle in the spatial and temporal regulation of cellular processes. In
the context of viral infections, LLPS may facilitate the compartmentalization of viral and
host factors, enabling efficient hijacking of metabolic machinery and modulation of host
responses. The following section examines the emerging role of LLPS in respiratory virus
pathogenesis and metabolic reprogramming, offering a mechanistic framework that may
partially unify the diverse observations described above.

LLPS is a biophysical process by which proteins and nucleic acids dynamically con-
dense into membraneless organelles, also known as biomolecular condensates, enabling
the compartmentalization of biochemical reactions within the crowded cellular environ-
ment [208,209]. These dynamic structures include stress granules, processing bodies,
nucleoli, and replication factories. LLPS has emerged as a relevant mechanism in cellular
regulation, particularly under stress or infection conditions. Importantly, viruses such as
SARS-CoV-2, influenza virus, and RSV have evolved strategies to both utilize and disrupt
LLPS to optimize their replication and modulate host responses, with direct and indirect
consequences for host cell metabolism.

6.1. LLPS in SARS-CoV-2, Influenza, and RSV Infections

Several studies showed that some SARS-CoV-2 proteins possess an intrinsic propensity
to undergo LLPS [210]. The nucleocapsid (N) protein, in particular, forms phase-separated
condensates with viral RNA, which are believed to facilitate genome packaging and the
formation of replication complexes. The N protein also coalesces with stress granule com-
ponents and modulates their dynamics, impairing host antiviral responses and altering
RNA metabolism [211–213]. Moreover, the nonstructural protein NSP5, along with other
replication-associated proteins, may be recruited to LLPS-driven viral replication compart-
ments, which help shield viral components from immune detection and coordinate essential
enzymatic processes [211,214]. The sequestration of host factors within viral condensates,
or the disruption of normal condensate formation (e.g., inhibition of stress granules), can
interfere with cellular mRNA translation, redox balance, and the distribution of metabolic
enzymes. Indirect evidence suggests that SARS-CoV-2 may interfere with glycolysis, at
least in part, by displacing glycolytic enzymes such as glyceraldehyde 3-phosphate dehy-
drogenase (GADPH) and pyruvate kinase M2 (PKM2) from cytoplasmic condensates. In
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uninfected cells, several glycolytic enzymes, including PKM2 and phosphofructokinase,
are known to localize within LLPS compartments, where their spatial organization con-
tributes to metabolic regulation [215]. During SARS-CoV-2 infection, PKM2 expression is
preferentially maintained in its dimeric, catalytically less active form, which can impair
pyruvate production and divert glycolytic intermediates toward biosynthetic pathways.
Furthermore, the viral nucleocapsid (N) protein interacts with host RNA-binding proteins
such as YBX1, a key regulator of mRNA stabilization and condensate formation, leading
to decreased PKM transcript levels [216]. Together, these findings support the notion
that SARS-CoV-2 may exploit LLPS mechanisms to disrupt glycolytic flux and promote
metabolic reprogramming in infected cells. In parallel, the suppression of stress gran-
ules and other LLPS-mediated stress responses may contribute to prolonged activation
of glycolysis and lipid biosynthesis, which are key features of metabolic reprogramming
during infection.

The influenza A virus also exploits LLPS to enhance replication efficiency. The viral
nucleoprotein and polymerase components form LLPS-like replication compartments in the
nucleus, sometimes referred to as “viral inclusions” [217]. These compartments concentrate
viral RNA and replication factors, creating microenvironments favorable for genome
replication and mRNA synthesis. Additionally, influenza A virus proteins can interact with
cellular phase-separated bodies such as stress granules and nuclear speckles, disrupting
their function. For example, the NS1 protein of influenza A virus has been shown to
antagonize stress granule formation and modulate host mRNA export and translation [218].
Influenza-induced alterations of LLPS structures may perturb nucleocytoplasmic transport
and protein quality control pathways, both of which are tightly linked to cellular energy
expenditure and metabolic stress [219]. Viral inhibition of stress granules and interference
with host LLPS-dependent quality control may promote a shift in metabolic priorities
toward biosynthetic processes required for virion production, similar to what is observed
in cancer cell metabolism.

In contrast, RSV has been reported to rely on cytoplasmic LLPS mechanisms. RSV nu-
cleoprotein (N) and phosphoprotein (P) drive the formation of cytoplasmic inclusion bodies
that serve as viral replication centers [220]. These cytoplasmic inclusion bodies exhibit
many hallmarks of LLPS-derived condensates, including dynamic fusion, sensitivity to
1,6-hexanediol, and enrichment of proteins and RNA. Furthermore, they have been shown
to sequester innate immune signaling molecules such as the melanoma differentiation-
associated protein 5 and MAVS, subverting antiviral responses [221].

The formation of viral inclusion bodies may influence cellular metabolism by creating
physical barriers to the diffusion of signaling and metabolic proteins, or by altering the
localization of enzymes involved in key pathways such as the tricarboxylic acid cycle, lipid
metabolism, or nucleotide biosynthesis. Infected cells may also undergo compensatory
reprogramming of mitochondrial function or redox balance in response to viral condensates
disrupting normal cellular organization.

6.2. LLPS as a Nexus of Viral Control and Metabolic Perturbation

Viral interference with LLPS may have several metabolic consequences. Enhanced
glycolysis and suppressed OXPHOS may result from the mislocalization, conformational
change, or inhibition of key metabolic enzymes such as PKM2 and GAPDH, which are
known to participate in condensates that regulate glycolytic flux [222–226]. In addition,
viruses suppress stress granule formation, a process highly dependent on LLPS, to favor
translation of viral mRNAs and disrupt host protein synthesis, leading to altered amino
acid and nucleotide metabolism [227]. Antioxidant responses are also impaired during
infection, partly due to the sequestration or altered phase behavior of redox-sensitive
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enzymes or NRF2 regulators, which themselves can undergo LLPS [228,229]. Moreover,
LLPS-related modulation of mTORC1 signaling and endoplasmic reticulum condensates
has been implicated in enhanced lipid biosynthesis during viral infection, particularly
in the context of SARS-CoV-2 and influenza, where increased lipid availability supports
membrane-bound viral replication complexes [230].

Beyond promoting viral replication, the dysregulation of LLPS has been linked to
pathological consequences, including endothelial dysfunction, hyperinflammation, and
metabolic syndrome-like manifestations observed in severe cases of COVID-19 and in-
fluenza [231–233]. These effects underscore the importance of condensate dynamics as a
critical interface between viral strategies and host metabolic regulation. Targeting LLPS
and the molecular interactions that govern condensate formation may therefore represent a
novel therapeutic approach to disrupt viral replication and mitigate metabolic dysregula-
tion during infection.

7. Analysis of Peripheral Circulating Metabolites and Search for
Metabolic Biomarkers
7.1. Omics Disciplines and the Rationale for Metabolic Biomarkers in Viral Infections

In the previous sections, we have reviewed how respiratory viruses induce profound
alterations in host cell metabolism, reflecting both viral replication strategies and the host
immune response. These metabolic disruptions converge on key pathways, including
glycolysis, lipid metabolism, mitochondrial function, amino acid turnover, and redox
homeostasis. As a result, metabolites and enzymes involved in these pathways repre-
sent promising candidates for biomarkers of disease severity, prognosis, and therapeutic
response [96,234]. Early stratification of patients based on metabolic profiles could in-
form treatment decisions, identify individuals requiring hospitalization, and anticipate
complications such as acute respiratory distress or post-viral syndromes [235].

Modern science provides powerful analytical tools for exploring the potential of
metabolic parameters as disease biomarkers. In addition to traditional techniques such as
spectrophotometry and immunoassays, recent decades have witnessed the emergence of
advanced approaches, notably multi-omics. Multi-omics refers to the integrative analysis
of multiple layers of biological data to comprehensively understand biological systems.
This approach reveals complex interactions among genes, proteins, metabolites, and other
biomolecules, offering more profound insights into the mechanisms of health, disease
progression, and treatment response [236].

Omics disciplines can be broadly classified into molecular and phenotypic/clinical cate-
gories. Molecular omics encompasses genomics, transcriptomics, proteomics, metabolomics,
and epigenomics, each focusing on specific molecular components—DNA, RNA, proteins,
metabolites, and epigenetic modifications. Phenotypic or clinical omics includes data de-
rived from clinical observations and diagnostic technologies, such as radiomics, pathomics,
and hematological omics. Radiomics extracts quantitative features from medical imaging;
pathomics integrates molecular profiles with digital pathology and histological data; and
hematological omics involves the detailed molecular and cellular analysis of blood to
elucidate the complex biology of hematologic conditions [237].

Among these, metabolomics plays a particularly important role [238]. One of its main
advantages in clinical research is the relative ease and minimal invasiveness of sample
collection, often requiring only a simple blood draw. This practicality facilitates large-scale
studies and longitudinal monitoring, making metabolomics a powerful tool in the search
for clinically relevant biomarkers in viral infections.

Metabolomics relies on various analytical platforms, each with distinct advantages
in terms of sensitivity, specificity, and metabolome coverage. The two most widely em-



Biomolecules 2025, 15, 1027 23 of 53

ployed approaches are mass spectrometry (MS), typically coupled with chromatographic
separation techniques such as gas chromatography (GC) or liquid chromatography (LC),
and proton nuclear magnetic resonance (1H-NMR) spectroscopy [79,239–241]. 1H-NMR-
based metabolomics offers high reproducibility, non-destructive analysis, and minimal
sample preparation, making it particularly well-suited for longitudinal or large-scale
comparative studies. However, its relatively low sensitivity can limit the detection of
low-abundance metabolites. In contrast, MS-based methods—especially when combined
with chromatographic separation—enable high sensitivity and broad metabolite coverage,
allowing for the detection of compounds at very low concentrations [242,243]. Targeted
metabolomics focuses on predefined sets of metabolites, often associated with specific
pathways or conditions, offering high accuracy and quantitative precision. Untargeted
metabolomics, on the other hand, aims to profile as many metabolites as possible with-
out prior bias, facilitating the discovery of novel biomarkers or previously unrecognized
metabolic alterations [244–246]. Together, these complementary approaches provide a
robust framework for elucidating metabolic signatures associated with viral infections and
identifying potential diagnostic or prognostic biomarkers.

The term biomarker is frequently and, at times, indiscriminately used in the biomedical
literature. However, the mere presence of a statistically significant difference in the levels of
a given parameter between two clinical conditions is not sufficient to classify that parameter
as a biomarker. An accurate biomarker is a measurable indicator that distinguishes between
two well-defined biological states, such as health versus disease, favorable versus poor
prognosis, or responsiveness versus resistance to a specific treatment [247,248]. For a
parameter to fulfill this role, it must enable unambiguous discrimination between these
conditions, ideally with minimal or no overlap in their respective distributions. This
characteristic implies exceptionally high diagnostic performance, typically characterized
by sensitivity and specificity values approaching 100% and an area under the receiver
operating characteristic (ROC) curve (AUC) nearing 1.0 [249]. These stringent criteria are
rarely met, particularly in the context of metabolic biomarkers.

This section reviews the most relevant studies identifying candidate metabolites as
biomarkers of respiratory viral infections. We also critically evaluate their diagnostic
accuracy and practical limitations.

7.2. Lipid Signatures and the Lipidome

A comparative lipidomic analysis revealed significant alterations in serum lipid medi-
ators between COVID-19-positive patients and healthy individuals, with elevated levels
of O-octanoyl-L-carnitine (CAR 8:0) and lysophosphatidylethanolamine (LPE), and de-
creased levels of arachidonic acid and oxylipins like 9/13-HODE and 15-HETE [250].
Elevated CAR 8:0 suggests mitochondrial dysfunction, a known feature of viral infec-
tions, including COVID-19, reflecting impaired fatty acid β-oxidation and potential lung
injury through surfactant inhibition [251–253]. However, similar lipid disturbances were
observed in COVID-19-negative patients with bacterial infections, indicating a general
inflammatory response rather than a SARS-CoV-2 effect. To refine specificity, comparisons
with COVID-19-negative patients with bacterial infections highlighted an increased phos-
phatidylcholine/lysophosphatidylcholine (PC/LPC) ratio in COVID-19 patients, showing
strong diagnostic potential (AUC = 0.950) [250]. Nonetheless, the generalizability of this
marker is limited by inconsistent findings across studies, likely due to differences in disease
severity, patient comorbidities, and the choice of control groups. Indeed, prior studies have
reported varying patterns, including decreased PC with increased LPC, the reverse, or
simultaneous reductions in both lipid classes [254–260].
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Lipidomic profiles of lung cells further underscore disease-specific patterns. COVID-
19-positive patients exhibited elevated long-chain triglycerides, particularly in immune
cells, which could modulate inflammatory signaling. Similar serum triglycerides, VLDL,
and polyunsaturated fatty acid elevations have been noted in Ebola and COVID-19 infec-
tions [261–264]. Importantly, some lipid species—like long-chain triglycerides, PC 36:5,
LPC 22:6-sn2, PC 36:1, and secondary bile acids—were distinctly altered between COVID-
19-positive and -negative groups. These may contribute to long-term cardiovascular risk
and point to potential post-discharge interventions, such as dietary or lipid-lowering
strategies [250].

One of the most promising findings was the significant reduction in arachidonic acid in
COVID-19 patients, a pattern also observed in cases of influenza A and RSV infections [265].
This result holds practical relevance, as arachidonic acid benefits from the availability of
specific calibrators and antibodies, enabling the development of simple, cost-effective assays
suitable for routine use in general clinical laboratories—unlike more complex lipids such
as LPC or PC. Arachidonic acid plays a central role in both the synthesis of inflammatory
mediators and the formation of viral membranes. Notably, in vitro studies have shown
that its supplementation can inhibit viral replication [266]. Its depletion in patients likely
reflects increased utilization for host immune responses or viral replication requirements
and has been associated with disease severity [250,267].

Recently, a novel biosensing platform has been developed using a competitive im-
munoassay integrated with magnetic microbeads and screen-printed carbon electrodes
to quantify arachidonic acid in serum. This system demonstrated high sensitivity, repro-
ducibility, and practicality for clinical settings, with strong concordance with conventional
assays [268]. Although still at the prototype stage and not commercially available, the
platform holds significant promise for point-of-care diagnostics and the personalized
assessment of vaccine responses.

Lipoprotein alterations detected by 1H-NMR spectroscopy have provided valuable
insights into host metabolic responses to respiratory viral infections. In COVID-19, several
studies have shown a marked reduction in HDL particle numbers—especially small HDL—
together with increased levels of triglyceride-rich lipoproteins. These changes correlate
with systemic inflammation, elevated branched-chain amino acids, and β-hydroxybutyrate,
indicating altered energy and hepatic metabolism [80,84]. Inflammatory cytokines, such as
IL-6 and IFN-γ, show positive correlations with LDL subfractions and inverse associations
with HDL, confirming a link between immune and lipid responses [81].

Recent work by the International COVID-19 Research Network—a global collabo-
ration focused on metabolomics—has contributed significantly to our understanding of
how COVID-19 affects human metabolism. Utilizing the B.I. platform, a standardized and
automated 1H-NMR-based system specifically tailored for biofluid analysis, this consor-
tium has shown that SARS-CoV-2 infection induces consistent and marked shifts in the
metabolic profiles of patients. These alterations include notable changes in concentrations
of various metabolites (e.g., mannose, pyruvate, and 3-hydroxybutyrate) as well as in the
composition of specific lipoprotein subfractions. Importantly, many of these metabolic sig-
natures appear to correlate with disease severity [269]. In parallel, another widely adopted
approach developed by Nightingale Health has used pre-pandemic serum samples to
identify metabolic traits linked to vulnerability to severe COVID-19. This research revealed
that lower levels of cholesterol, omega-3 and omega-6 fatty acids, and albumin, alongside
elevated glycoprotein A, may serve as predictive markers of disease progression [270].

In a multicenter Spanish cohort, 1H-NMR-based machine learning models using
lipoprotein profiles accurately predicted COVID-19 severity [271]. Persistent abnormalities
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in HDL and triglyceride-rich lipoproteins have also been reported months after recovery,
suggesting a potential role in the development of long-term complications [264,272,273].

Although less studied, influenza and RSV infections also induce lipoprotein alter-
ations. Influenza A has been associated with reduced HDL and elevated triglycerides,
and lower HDL levels predict worse outcomes [86]. In RSV, a lipidomic study of infants
hospitalized for bronchiolitis revealed specific lipid changes—e.g., in phosphatidylcholine
and dihydroceramides—associated with severity [274].

These findings highlight the relevance of lipoprotein profiling in respiratory infec-
tions. However, pre-analytical variables, such as sample inactivation, may introduce
artifacts [275], and distinguishing infection-specific signatures from general inflammatory
responses remains a challenge [84]. Moreover, comorbidities and treatment effects must be
considered when interpreting metabolic data [276–278].

7.3. Altered Carbohydrate Flux, Energy Imbalance, and Perturbations in Amino Acid and
Nucleotide Metabolism

Comparative studies analyzing the serum metabolomic profiles of healthy individuals,
COVID-19-positive patients, and COVID-19-negative patients with infections have revealed
pronounced differences in pentose glucuronate interconversion, ascorbate and fructose
metabolism, the nucleotide sugar biosynthetic route, as well as nucleotide and amino acid
metabolic processes, all of which are related to carbohydrate and energy metabolism [279].
Among these routes, pentose and glucuronate interconversion emerged as the most charac-
teristic alteration observed in COVID-19-positive patients, with notably elevated activity
compared to COVID-19-negative individuals and healthy controls. This pathway is crucial
for detoxification, wherein d-glucuronic acid conjugates with hydroxyl or amino groups
of toxic compounds under the catalysis of UDP-glucuronosyltransferase, enhancing their
water solubility and facilitating excretion through bile or urine [280]. Although investi-
gations into this metabolic alteration in COVID-19 are still limited, recent reports have
associated enhanced pentose and glucuronate interconversion with microbiome disruptions
in patients suffering from oral infections [281,282]. Additionally, pharmacological studies
have indicated that the modulation of this pathway could be a mechanism through which
certain anti-inflammatory drugs exert their effects in both human subjects and animal
models [283,284].

During viral transcription, the energy requirements and precursor molecules for build-
ing viral structural components are primarily supplied by an upregulation of aerobic
glycolysis and activation of the pentose phosphate pathway [285,286]. Enhanced aerobic
glycolysis increases the function of hexokinase, the enzyme that controls the pace of gly-
colytic flux, consequently supporting the activation of the pentose phosphate pathway.
Hexokinase initiates this process by phosphorylating glucose to form glucose-6-phosphate,
which is then oxidized by glucose-6-phosphate dehydrogenase within the pentose phos-
phate pathway to produce ribose-5-phosphate. Ribose-5-phosphate is essential for nu-
cleotide biosynthesis, while sugar-phosphate intermediates derived from this pathway are
also critical for producing amino acids and NADPH [287,288]. Several viruses, such as the
influenza virus, SARS-CoV-2, hepatitis C virus, and HIV-1, have been shown to enhance
the activity of the pentose phosphate pathway [289–291]. Overall, these findings highlight
significant disruptions in pathways linked to energy production, nucleotide synthesis, and
amino acid metabolism, which are highly interconnected and exert mutual influences.

Researchers have also explored whether metabolic profiles differed among COVID-
19 patients according to comorbidities and disease severity. Particularly notable were
the observations related to the severity of illness. Volcano plot analyses revealed that
individuals who required intensive care unit (ICU) admission or who succumbed to the
disease exhibited elevated serum levels of lauric acid [279]. When ingested from oils,
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lauric acid is metabolized into laurate-monoglyceride, a compound capable of inactivating
enveloped viruses by disrupting the viral membrane and preventing viral entry into
host cells [292,293]. Additional studies have described that laurate-monoglyceride can
disintegrate viral envelopes, leading to viral inactivation [294]. At first glance, these
findings may seem paradoxical, as higher lauric acid levels were associated with worse
clinical outcomes. A potential explanation proposed is that free lauric acid may not display
the same virucidal activity as its monoglyceride form; thus, elevated levels of free lauric acid
might correspond with reduced amounts of the active monoglyceride form. Alternatively,
an upsurge in lauric acid might reflect an attempt by the body to boost monoglyceride
synthesis in response to viral infection. These hypotheses point to a promising area of future
investigation into the relationship between lauric acid dynamics and COVID-19 severity.

Furthermore, lower xylitol concentrations were documented in patients requiring
intensive care compared to less severe cases. Xylitol, a metabolite derived from the pentose
and glucuronate interconversion pathway, has been recognized for its anti-inflammatory,
antiglycemic, antiviral, and antibacterial actions in the context of pulmonary infections [295].
It has been shown that xylitol can reduce salt concentrations in the airway surface liquid of
the lungs, thereby enhancing antibody function [296]. In vitro research has further demon-
strated that xylitol-treated macrophages show a tenfold reduction in adhesion capacity
relative to untreated controls, alongside diminished expression of adhesion molecules, a
key process in modulating pulmonary inflammatory responses [297]. Additional preclini-
cal studies have reported that dietary xylitol supplementation reduces viral loads in mice
infected with human RSV or influenza A virus [296,298].

Moreover, machine learning-based analyses [279] identified maltose, glyceric acid,
mannonic acid, xylitol, and erythronic acid as the most discriminative metabolites for
distinguishing COVID-19-positive patients from healthy controls (AUC = 0.98). In con-
trast, the combination of succinic, phosphoric, and malic acids, hypoxanthine, and S-
adenosylhomocysteine most effectively differentiated COVID-19-positive from COVID-19-
negative individuals (AUC = 0.85).

The biological significance of these observations is not straightforward. Since maltose,
mannonic acid, and erythronic acid are predominantly plant-derived compounds and are
not endogenously synthesized in large amounts by humans, it has been hypothesized that
changes in their serum concentrations may be influenced by alterations in gut microbiota
secondary to infection. Indeed, the concept of a gut–lung axis has been proposed, suggest-
ing that respiratory infections can impact the gut microbiota and vice versa, ultimately
manifesting in altered circulating metabolite profiles [299]. Dysbiosis of the gut microbiome
has been implicated in respiratory diseases and infections [300], and antibiotic-induced mi-
crobiome disruptions have been shown to influence lung disease outcomes [301]. Moreover,
modifications to the lung microbiota are known to affect gut microbial communities recip-
rocally [302]. Several studies have connected alterations in maltose, mannose, succinate,
and erythronic acid serum levels with changes in the gastrointestinal microbiome [303–307].
Recently, a multiomics investigation further detailed complex networks linking gut mi-
crobes, metabolites, and cytokines in the context of COVID-19 [308]. Of particular interest,
shifts in the gut microbiota have been associated with changes in metabolites belonging to
the pentose and glucuronate interconversion pathway [309–311].

Although reprogramming of carbohydrate and energy metabolism is a shared feature
among respiratory viral infections, the specific signatures of SARS-CoV-2 differ in essential
ways and suggest the presence of unique metabolic biomarkers. Influenza virus, for
instance, also enhances glycolysis and pentose phosphate pathway (PPP) activity to support
viral replication [70,142,312], but does not appear to induce the same degree of alteration in
detoxification-related pathways, such as the pentose and glucuronate interconversion route,



Biomolecules 2025, 15, 1027 27 of 53

which is markedly affected in COVID-19. Studies exploring the utility of such detoxification
pathway metabolites as biomarkers in influenza are limited or nonexistent.

RSV infection, on the other hand, promotes mitochondrial fragmentation and signif-
icantly alters amino acid metabolism, especially glutamine and arginine pathways [313].
While these findings are mechanistically relevant, systematic analyses to identify consistent
metabolic biomarkers of RSV infection remain scarce.

7.4. Redox Imbalance and the Antioxidant Response

GSH is the most abundant intracellular antioxidant and a critical regulator of redox
homeostasis. GSH depletion and a decreased GSH/GSSG ratio have been consistently
reported in viral infections. However, the severity and persistence of these changes appear
greater in COVID-19 compared to influenza and RSV. A mechanistic hypothesis [195]
posits that endogenous GSH deficiency may be a central factor in developing severe
COVID-19 manifestations, due to unchecked oxidative stress and a weakened immune
response. Clinical studies have since confirmed that patients hospitalized with COVID-19
present significantly lower plasma GSH levels, which correlate with elevated markers
of systemic inflammation [314,315]. Although no robust ROC-based metrics have been
reported for GSH alone, its measurement contributes valuable prognostic information
when incorporated into broader biomarker panels.

SOD and CAT are key enzymatic antioxidants that neutralize superoxide radicals and
hydrogen peroxide, respectively. Respiratory virus infections usually elicit a short-lived
increase in their activities, followed by suppression or depletion in advanced stages of the
disease [316]. This dynamic shift is indicative of sustained oxidative pressure and impaired
mitochondrial function. While SOD and CAT have been included in some prognostic
models, their individual diagnostic accuracy, measured by sensitivity, specificity, or AUC,
remains insufficiently documented.

PON1 activity is reduced during viral infections, but the decrease is especially pro-
nounced in COVID-19 compared to influenza and RSV. Hospitalized COVID-19 patients
showed significantly reduced PON1 arylesterase activity [205]. In a model designed to
differentiate COVID-19 from other acute respiratory syndromes, PON1 activity demon-
strated a sensitivity of 84%, specificity of 79%, and an AUC of 0.87, making it a promising
biomarker for differential diagnosis [206].

Although not classical antioxidants, the tryptophan–kynurenine pathway metabolites
are modulated by oxidative stress and systemic inflammation. In COVID-19, there is a
sustained increase in the kynurenine/tryptophan (Kyn/Trp) ratio, associated with immune
activation and disease severity. A metabolomic study reported a high discriminatory
performance (AUC = 0.95) for distinguishing COVID-19-positive from COVID-19-negative
patients; however, the authors cautioned that these findings should be interpreted carefully
due to the limited sample size [156].

Summarizing the information presented in this section, redox imbalance emerges as a
shared hallmark of respiratory viral infections, yet accumulating evidence points to distinct
antioxidant and metabolic signatures for each virus. In COVID-19, key alterations include
a marked reduction in GSH and PON1, a consistently elevated kynurenine-to-tryptophan
ratio, sustained SOD downregulation, and increased levels of oxidative lipid byproducts
such as 4-hydroxynonenal and malondialdehyde. In contrast, influenza virus infection
is generally associated with transient oxidative stress, with moderate GSH depletion,
variable upregulation of enzymatic antioxidants such as SOD and CAT, and subsequent
normalization of redox markers during convalescence. RSV infection shows a different
pattern, featuring early mitochondrial oxidative injury, GSH depletion during the acute
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phase, and increased lipid peroxidation. However, data on enzymatic antioxidant responses
in RSV remain limited.

These findings suggest that the combined presence of low GSH and PON1 activity,
along with elevated kynurenine levels and oxidative lipid metabolites, may constitute a
distinctive redox-based biosignature for COVID-19. Importantly, this biosignature not only
differentiates COVID-19 from healthy controls, but the results indicate that it may also help
to distinguish it from other respiratory viral infections.

8. Identification of Potential Therapeutic Targets
The metabolic reprogramming induced by respiratory viral infections creates vulner-

abilities that can be exploited for therapeutic purposes. Beyond the canonical antiviral
approaches, targeting host metabolic pathways altered during infection provides an op-
portunity to modulate viral replication, control inflammation, and mitigate long-term
sequelae. This section identifies promising therapeutic targets emerging from preclinical
and clinical studies on SARS-CoV-2, influenza, and RSV, focusing on host metabolic and
redox pathways.

8.1. Inhibiting Viral Entry

Several host factors crucial for viral entry are modulated by cellular metabolic path-
ways, offering indirect avenues for antiviral intervention. For instance, the expression of
the transmembrane protease, serine 2 (TMPRSS2) and ACE2, key entry factors for SARS-
CoV-2, can be influenced by metabolic status and hormonal regulation linked to insulin
signaling and energy-sensing pathways such as AMPK. Similarly, the fusion machinery of
RSV depends on host membrane lipid composition and cholesterol content, both shaped
by metabolic activity.

These insights have prompted the exploration of drugs that modulate host metabolism
to interfere with viral entry. Camostat mesylate, a TMPRSS2 inhibitor, has shown promise
in preclinical models by blocking SARS-CoV-2 spike protein priming, thus preventing
cell entry [19]. By altering cholesterol synthesis and lipid raft composition, statins may
reduce viral attachment and assembly, with some observational studies reporting improved
outcomes in viral pneumonia [89]. Chloroquine and hydroxychloroquine, despite their
controversial clinical use, were found to interfere with endosomal pH and glycosylation of
ACE2, thereby affecting SARS-CoV-2 entry in vitro [317].

Amantadine and rimantadine act on the M2 ion channel protein of influenza A virus,
inhibiting viral entry [318,319]. Unfortunately, the high mutation rate of the M2 protein has
led to widespread resistance among influenza A virus strains, so these compounds are no
longer recommended [320]. More promising results have been obtained with DAS-181, a
drug that cleaves sialic acid receptors on respiratory epithelial cells. Preliminary clinical
trials have indicated that it may effectively block infection by the influenza virus [321].

Palivizumab is a monoclonal antibody that specifically targets the protein inducing
fusion of RSV to the host epithelial cell membranes (protein F). This compound is used pro-
phylactically to prevent serious lower respiratory tract infections in high-risk children [322].
Some other compounds targeting the F protein have been identified in recent studies, and
several of these inhibitors, including rilematovir (JNJ-53718678), ziresovir (AK-0529), pre-
satovir (GS-5806), and sisunatovir (RV-521), have shown therapeutic efficacy in individuals
challenged with RSV [323].

8.2. Targeting Lipid Metabolism

Various studies have highlighted the reliance of respiratory viruses on host lipid
metabolism, including de novo lipogenesis and cholesterol trafficking. FASN inhibitors,
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such as orlistat, disrupt viral envelope formation and replication in enveloped viruses by
interfering with host lipid biosynthesis, and have shown antiviral activity in vitro against
SARS-CoV-2, influenza, and RSV [52,324].

Statins, which inhibit HMG-CoA reductase and reduce cholesterol biosynthesis, have
demonstrated anti-inflammatory and potential antiviral effects in observational studies of
COVID-19, with meta-analyses suggesting a protective effect on mortality [325–328].

Omega-3 fatty acids and their specialized pro-resolving mediators, including resolvins
and protectins, have also emerged as modulators of inflammation in viral infections and
may counteract the persistent inflammatory response observed in long COVID-19 [329].

Data on the effect of statins and omega-3 fatty acids on influenza and RSV infections
are limited and inconclusive. While some studies suggest statins may reduce influenza
prevalence and mortality, others indicate they might increase the risk of common infections.
Similarly, omega-3 fatty acids show potential benefits in some cardiovascular studies, but
their impact on viral infections is not well-established. Further research is needed to clarify
the role of these treatments in preventing or treating viral respiratory illnesses [330–332].

8.3. Inhibiting Glycolysis

The enhanced glycolytic flux activation observed in infected cells reflects a shift toward
anabolism. Inhibiting key glycolytic enzymes such as hexokinase 2 or 6-phosphofructo-
2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) can reduce viral replication and inflam-
mation. For instance, 2-deoxy-D-glucose has shown efficacy in reducing SARS-CoV-2
replication in vitro and in clinical trials in India, where it shortened oxygen dependency
and hospital stay in moderately ill patients [333–336]. Similarly, inhibition of PFKFB3
has shown potential in reducing viral replication and inflammatory responses in pre-
clinical models of influenza. Recent studies, such as those using the selective inhibitor
KAN0438757 [337], demonstrated significant suppression of H1N1 influenza virus repli-
cation and cytokine production in human epithelial cells [338]. In addition, although the
compound 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO) has also been reported to
attenuate influenza-related inflammation, its specificity as a PFKFB3 inhibitor is debated,
suggesting that its observed effects may involve off-target mechanisms [339–341]. There-
fore, while targeting PFKFB3 is a promising therapeutic strategy, further studies using
more selective inhibitors are needed to validate its efficacy and mechanism of action.

8.4. Modulating Mitochondrial Dynamics and Bioenergetics

One promising therapeutic avenue is the modulation of mitochondrial dynamics,
especially the inhibition of excessive mitochondrial fission, which is associated with inflam-
mation and cell death. Mitochondrial division inhibitor 1 (Mdivi-1), a selective inhibitor of
Drp1, prevents mitochondrial fragmentation by blocking Drp1-mediated fission. Studies in
experimental animals showed that Mdivi-1 reduces viral-induced mitochondrial fragmen-
tation, restores mitochondrial membrane potential, and attenuates inflammatory cytokine
release [342,343].

Moreover, mitochondrial protectants such as melatonin, a potent antioxidant and
regulator of mitochondrial homeostasis, have demonstrated anti-inflammatory and an-
tiviral properties in COVID-19 models. Melatonin reduces oxidative stress, supports
mitochondrial biogenesis via PGC-1α activation, and modulates immune responses [344].
Coenzyme Q10, another mitochondrial antioxidant, may similarly improve mitochondrial
respiration and reduce oxidative injury [345,346], although clinical data in viral infections
remain limited.

Other pharmacological candidates targeting mitochondrial metabolism include met-
formin, which supports mitochondrial function via AMPK activation and reduces pro-



Biomolecules 2025, 15, 1027 30 of 53

inflammatory signaling in viral pneumonia [347,348], and Szeto–Schiller (SS) peptides, such
as SS-31, which selectively target the inner mitochondrial membrane, reduce mitochondrial
ROS, and improve mitochondrial efficiency in models of oxidative stress [349]. Despite their
promise in models of ischemia, neurodegeneration, and metabolic dysfunction [350–353],
no published evidence supports the use of SS peptides in viral infections. Nevertheless,
their mechanisms of action align well with the known mitochondrial disturbances induced
by respiratory viruses, making them candidates for future investigation.

Preserving mitochondrial function and preventing mitochondrial fragmentation rep-
resent rational strategies to limit inflammation, promote cellular survival, and improve
outcomes in respiratory viral infections. Drugs such as Mdivi-1, melatonin, and SS-31
illustrate the potential of this approach, which warrants further investigation in clinical
settings. Agents enhancing OXPHOS, such as dichloroacetate, may also counteract the
Warburg-like phenotype in infected cells and restore energy balance [354]. Moreover, sup-
plementation with mitochondrial cofactors like coenzyme Q10 and nicotinamide riboside
has been proposed to alleviate COVID-19-related mitochondrial dysfunction [355,356].

Experimental evidence from COVID-19, influenza, and RSV models supports the
broader applicability of this therapeutic approach. In influenza-infected cells and mice,
mitochondrial fission is induced via Drp1 activation, contributing to inflammation and
lung injury [357]. RSV also disrupts mitochondrial morphology and function via sim-
ilar mechanisms, with Drp1 inhibition restoring mitochondrial integrity and reducing
cytokine release [358]. Moreover, melatonin and metformin have shown protective effects
in experimental models of respiratory virus infections by reducing oxidative stress and
preserving mitochondrial function, confirming mitochondrial targeting as a shared antiviral
strategy [359,360].

8.5. Antioxidant System Modulation

N-acetylcysteine (NAC), a well-known precursor of cysteine and GSH, has been widely
studied among antioxidant therapies. In patients with COVID-19, NAC administration
has been associated with improved oxygenation, reduction in inflammatory markers, and
lower risk of mechanical ventilation in observational studies [361,362]. Studies in cultured
A549 lung cancer cells showed that NAC inhibited oxidant-sensitive pathways, including
NF-κB and mitogen-activated protein kinase p38. Moreover, it reduced viral replication
and production of pro-inflammatory molecules [363], and prophylactic benefits by NAC
were observed in elderly individuals during influenza seasons [364].

Melatonin, an endogenous molecule with antioxidant and anti-inflammatory proper-
ties, upregulates enzymatic defenses such as SOD and CAT, and downregulates NF-κB-
mediated cytokine production. In preclinical models of viral infections, including RSV
and influenza, melatonin treatment has reduced pulmonary inflammation and oxidative
stress [365–367]. Recent preclinical and clinical studies are evaluating its efficacy as an
adjuvant therapy in COVID-19 [344,368–370].

Tempol, a membrane-permeable nitroxide that mimics SOD activity, has shown efficacy
in preclinical models by neutralizing superoxide radicals, reducing lipid peroxidation, and
attenuating inflammation [371]. Tempol treatment significantly reduced viral replication
and lung pathology in Syrian hamsters infected with SARS-CoV-2. The treated animals
showed decreased viral RNA levels in the lungs, reduced infectious virus titers, and less
severe histopathological changes compared to control groups [372], though human studies
are lacking.

Ebselen, a glutathione peroxidase mimetic, has shown dual action in COVID-19 in an
in silico study. This compound possesses direct antiviral activity through the inhibition of
the SARS-CoV-2 main protease (Mpro) and has antioxidant effects [373].
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Despite the growing interest in these antioxidant strategies, the therapeutic modu-
lation of PON1 in viral infections remains largely unexplored. Although reduced PON1
activity has been consistently reported in COVID-19 and associated with disease severity,
no pharmacological interventions have been developed to restore PON1 function. Experi-
mental approaches to increase PON1 activity, such as dietary polyphenols, HDL-targeted
therapies, or gene modulation, have been proposed in cardiovascular and metabolic dis-
eases [374,375]. However, no clinical or preclinical studies have evaluated their efficacy in
respiratory viral infections. This gap highlights a potential opportunity for future research,
particularly given PON1′s role in neutralizing lipid peroxides and modulating inflamma-
tory responses. Whether increasing PON1 activity could mitigate oxidative stress or reduce
complications in viral infections such as COVID-19 or influenza remains an open question.

8.6. Modulation of the Kynurenine Pathway

The kynurenine pathway is the principal route of tryptophan catabolism, and its
activation plays a central role in immune regulation, oxidative stress, and metabolic control
during viral infections. One of its key regulatory enzymes, indoleamine 2,3-dioxygenase 1
(IDO1), is upregulated in response to inflammatory cytokines, particularly IFN-γ, leading
to increased conversion of tryptophan into kynurenine and other downstream metabo-
lites. In COVID-19, a persistently elevated Kyn/Trp ratio has been consistently associated
with disease severity, lymphopenia, and systemic immune dysregulation [156,257]. This
metabolic shift serves both antiviral and immunoregulatory purposes. On the one hand,
tryptophan depletion can limit viral replication, but on the other hand, kynurenine and
its metabolites exert immunosuppressive effects by inducing regulatory T cells (Tregs), in-
hibiting effector T cell responses, and modulating dendritic cell function [376]. Kynurenine
also acts as an endogenous ligand of the aryl hydrocarbon receptor (AhR), a transcription
factor that regulates mucosal immunity, barrier function, and inflammatory cytokine pro-
duction [377]. Chronic activation of AhR by elevated kynurenine levels may contribute to
persistent inflammation and immune exhaustion in severe COVID-19 and possibly other
viral infections.

Given its role in immune escape and homeostasis, the kynurenine pathway has
emerged as a potential therapeutic target, particularly in diseases marked by chronic
inflammation and immune dysfunction. Inhibitors of IDO1, such as epacadostat and
navoximod, have been tested extensively in oncology for their ability to reverse immune
suppression and restore antitumor immunity [378–380]. Although these agents have not
yet been tested in large trials for viral infections, their mechanism of action may be relevant
for conditions such as severe COVID-19, where elevated kynurenine activity correlates
with worse outcomes [257].

In addition to IDO1 blockade, targeting downstream components of the pathway may
offer therapeutic opportunities. For instance, kynurenic acid and quinolinic acid exert
neuroactive and pro-oxidant effects, and the possibility exists that they are implicated
in the pathophysiology of viral encephalopathy [381]. Another promising approach is
modulating the AhR, which is activated by kynurenine and related metabolites. Selective
AhR antagonists or modulators, such as CH223191, have been shown to reduce the traffic-
derived particulate matter-induced cytokine release in human macrophages and bronchial
epithelial cells [382].

Nutritional modulation of the kynurenine pathway is also under investigation. Niacin
(vitamin B3), a downstream product of the pathway, may act as a feedback regulator of
tryptophan metabolism and has been proposed as an adjunctive therapy to buffer oxida-
tive stress and inflammation [383]. Furthermore, gut microbiota composition influences
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tryptophan availability and kynurenine pathway activity, suggesting that probiotic or
microbiome-directed interventions might indirectly affect this immunometabolic axis [384].

Despite these promising avenues, no therapeutic interventions targeting the kynure-
nine axis have yet been approved or validated in acute viral respiratory infections. Given
the strong correlation between the kynurenine pathway and disease severity in COVID-19,
this biochemical route represents a compelling target for future translational research.

Table 5 provides an overview of the principal drugs investigated, their associated
metabolic pathways, and the viral infections in which they have been proposed as
therapeutic agents.

Table 5. Candidate drugs targeting virus-induced metabolic alterations in respiratory infections.

Metabolic Pathway Proposed Drug Targeted Virus

Viral entry

Camostat mesylate
Statins

Chloroquine
Amantadine, rimantadine

DAS-181
Palivizumab

Other protein F inhibitors

SARS-CoV-2
Influenza

SARS-CoV-2
Influenza
Influenza

RSV
RSV

Lipid metabolism
Orlistat
Statins

Omega-3 fatty acids

SARS-CoV-2, Influenza, RSV
SARS-CoV-2
SARS-CoV-2

Glycolysis
2-deoxy-D-glucose

KAN0438757
3PO

SARS-CoV-2
Influenza
Influenza

Mitochondrial dynamics
Bioenergetics

Mdivi 1
Melatonin

Coenzyme Q10
Metformin

Szeto-Schiller peptides

Other viruses
SARS-CoV-2, Influenza, RSV

Not tested on viruses
SARS-CoV-2, Influenza
Not tested on viruses

Endogenous antioxidants

N-acetylcysteine
Melatonin

Tempol
Ebselen

SARS-CoV-2, Influenza
SARS-CoV-2, Influenza, RSV

SARS-CoV-2
SARS-CoV-2

Kynurenine pathway Epacadostat, navoximod Not tested on viruses
3PO: 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one; Mdivi 1: Mitochondrial division inhibitor 1; RSV: Respiratory
syncytial virus.

8.7. Multi-Omics Guided Therapies and Personalized Interventions

Multi-omics approaches provide a comprehensive, systems-level view of disease
pathophysiology, enabling the identification of biosignatures that serve as robust diag-
nostic or prognostic biomarkers and reveal actionable therapeutic targets. Rather than
isolated molecular readouts, multi-omics facilitates the construction of dynamic interaction
networks that map the cascade of host responses, from gene expression to metabolite
accumulation, offering unprecedented precision for therapeutic intervention.

In the context of respiratory viral infections, this holistic approach allows for the strati-
fication of patients based on their individual metabolic and immune profiles. For instance,
redox status, lipidomic alterations, and amino acid imbalances can guide the personalized
use of antioxidant regimens, lipid-modulating agents, amino acid supplementation, or
targeted metabolic inhibitors. Notably, integrating metabolic and immune data can help
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identify patient subgroups more likely to benefit from specific interventions, minimizing
ineffective or potentially harmful treatments [236,385].

One prominent example is the recognition of arginine deficiency in severe COVID-19,
derived from metabolomic analyses showing significant depletion of circulating argi-
nine levels. This finding has led to the hypothesis that therapeutic arginine depletion or
modulation might influence immune responses and viral replication. Pegylated arginase
(PEG-Arg1), which depletes extracellular arginine, has been proposed as a potential ther-
apy to modulate hyperinflammation in COVID-19 [386]. Similarly, glutamine metabolism,
which is altered in both influenza and SARS-CoV-2 infections, has been proposed as a
therapeutic target, with inhibitors of glutaminolysis showing antiviral effects in preclinical
models [387].

Furthermore, machine learning-enhanced metabolomics has demonstrated that com-
binations of metabolites (e.g., maltose, xylitol, glyceric acid) can differentiate COVID-19
patients from healthy controls and patients without COVID-19 with high accuracy. These
panels offer diagnostic utility and may assist in therapeutic stratification, identifying pa-
tients with specific metabolic phenotypes that respond better to tailored interventions [279].

Another key application of multi-omics is in the monitoring of therapeutic response.
Changes in metabolic or lipidomic profile during treatment can serve as dynamic biomark-
ers, providing real-time feedback on drug efficacy or therapeutic adjustment [250,279].
While integrating multi-omics data holds promise for personalizing pharmacological or
nutritional interventions in respiratory viral infections, current clinical trials have not
yet adopted this approach. Existing studies on omega-3 supplementation provide valu-
able insights but do not utilize patient-specific omics data to tailor interventions. Further
research is needed to develop and assess personalized nutritional strategies guided by
comprehensive omics profiling [388,389].

Ultimately, the multi-omics framework paves the way for a multi-therapeutic ap-
proach, combining pharmacological and nutritional strategies adapted to the individual
molecular profile. For example, a patient showing GSH depletion, dysregulated kynure-
nine metabolism, and altered mitochondrial lipid composition could be managed with a
tailored regimen combining NAC, AhR modulators, and mitochondrial stabilizers. This
personalized, multi-targeted intervention model represents a shift from disease-based to
mechanism-based precision medicine, especially relevant for complex viral syndromes like
COVID-19 or severe influenza.

However, translating multi-omics findings into clinical practice poses significant chal-
lenges, including data standardization, analytical complexity, cost, and interdisciplinary
coordination. Nonetheless, ongoing systems biology and computational medicine efforts
are progressively overcoming these barriers, bringing personalized multi-therapeutic strate-
gies closer to clinical application [390,391].

9. Conclusions and Future Perspectives
Respiratory viral infections such as those caused by SARS-CoV-2, influenza virus, and

RSV continue to exert a significant global health burden. Although distinct in structure and
host tropism, these viruses share a common feature: the ability to hijack and reprogram host
metabolic pathways to facilitate their replication, evade immune responses, and modulate
disease progression. This review has detailed how respiratory viruses manipulate lipid
metabolism, energy production, amino acid and nucleotide pathways, and oxidative stress
responses, often driving the host cell into a pro-viral metabolic state.

A key advance in recent years has been integrating multi-omics technologies, allow-
ing for a more comprehensive understanding of the host response to infection. These
tools facilitate the discovery of biosignatures with diagnostic and prognostic value and



Biomolecules 2025, 15, 1027 34 of 53

highlight actionable metabolic targets. In particular, personalized therapeutic approaches,
such as antioxidant regimens tailored to redox imbalance, or amino acid and lipid-based
interventions guided by metabolomic signatures, have emerged as promising strategies.
Furthermore, targeting virus-induced mitochondrial dysfunction, glycolysis, or pathways
like kynurenine metabolism holds translational potential.

While these conceptual and technical advances have been largely propelled by the
intense global research efforts on COVID-19, there is a growing recognition that similar
efforts are urgently needed for influenza and RSV. Despite the unprecedented depth of
metabolic and immunological profiling conducted for SARS-CoV-2, comparable multi-
omics datasets and therapeutic trials remain limited for other respiratory viruses. This
disparity is especially concerning given recent epidemiological trends. For example, during
the 2023–2024 season in the United States, influenza was responsible for approximately
40 million illnesses, 470,000 hospitalizations, and 28,000 deaths, which now rival or exceed
those associated with COVID-19 in the same period [392]. Similarly, RSV is increasingly
recognized as a serious pathogen in older adults, causing 60,000–160,000 hospitalizations
and 6,000–10,000 deaths annually in individuals over 65 [393].

Given this context, future research should build upon the methodologies and insights
developed during the COVID-19 pandemic to study influenza and RSV with equivalent
rigor. Priority areas include expanding the application of multi-omics to uncover metabolic
vulnerabilities, conducting randomized clinical trials to validate metabolically guided
therapies, and integrating machine learning models for patient stratification and prediction
of disease trajectories. Additionally, systems biology approaches that combine omics data
with clinical phenotyping will be essential to unravel the complex interplay between viral
infection, host metabolism, and immune response.

In conclusion, metabolic reprogramming is a central and dynamic aspect of respiratory
viral pathogenesis. Leveraging this knowledge deepens our mechanistic understanding
and opens new avenues for diagnosis, risk stratification, and therapeutic intervention.
Bridging the current research gap between SARS-CoV-2 and other respiratory viruses like
influenza and RSV is essential to ensure that all patients benefit from the advances in
precision medicine that are now within reach.

10. Caveats and Limitations of the Present Review
This review focuses on the metabolic reprogramming of host cells induced by respira-

tory viral infections, highlighting SARS-CoV-2, influenza virus, and respiratory syncytial
virus. While we discuss some interactions between metabolism and immune responses,
a comprehensive treatment of immunometabolism—the field studying how metabolic
pathways regulate immune cell function and influence infection outcomes—was beyond
the scope of this work. Immunometabolic processes have a critical influence on antiviral
immunity, inflammation, and disease progression, representing a rapidly evolving area
of research. For readers interested in a deeper exploration of immunometabolism in viral
infections, we recommend the following recent reviews [394–396], which provide extensive
analyses of these mechanisms and their potential therapeutic implications.

Additionally, it is essential to recognize that many metabolic alterations described
herein are not exclusive to these respiratory viral infections. Several studies have reported
similar metabolic dysregulations, including enhanced glycolysis, mitochondrial dysfunc-
tion, and oxidative stress, in bacterial infections such as pneumonia, as well as systemic
viral diseases like hepatitis [397–400]. These findings suggest that some metabolic sig-
natures may reflect generalized host responses to inflammation, hypoxia, and immune
activation rather than pathogen-specific effects. Consequently, distinguishing whether
observed metabolic changes in plasma or serum samples are directly attributable to specific



Biomolecules 2025, 15, 1027 35 of 53

viral infections or secondary to overlapping clinical manifestations and inflammatory states
remains challenging. This limitation should be considered when interpreting metabolic
biomarkers, highlighting the need for comparative studies across a broader range of
infectious diseases.
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Abbreviations
ACE2 Angiotensin-converting enzyme 2
AMPK AMP-activated protein kinase
ATP Adenosine triphosphate
AUC Area under the curve
AhR Aryl hydrocarbon receptor
CAR 8:0 O-octanoyl-L-carnitine
CAT Catalase
COVID-19 Coronavirus disease 2019
CPT Carnitine palmitoyltransferases
CCL2 Chemokine (C-C motif) ligand 2
DGAT Diacylglycerol O-acyltransferase
Drp1 Dynamin-related protein 1
FASN Fatty acid synthase
GADPH Glyceraldehyde 3-phosphate dehydrogenase
GC Gas chromatography
GLUT Glucose transporter
GSH Glutathione
HDL High-density lipoproteins
HETE Hydroxyeicosatetraenoic acid
HIF-1α Hypoxia-inducible factor 1-α
HODE Hydroxyoctadecadienoic acid
IDO1 Indoleamine 2,3-dioxygenase 1
IFN Interferon
IL Interleukin
Kyn/Trp Kynurenine/tryptophan
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LC Liquid chromatography
LD Lipid droplets
LDL Low-density lipoproteins
LLPS Liquid–liquid phase separation
LPC Lysophosphatidylcholine
LPE Lysophosphatidylethanolamine
MAVS Mitochondrial antiviral-signaling protein
MCP-1 Monocyte chemoattractant protein-1
Mdivi-1 Mitochondrial division inhibitor 1
MS Mass spectrometry
mTOR Mechanistic target of rapamycin
NAC N-acetylcysteine
NADH Reduced nicotinamide adenine dinucleotide
NADPH Reduced nicotinamide adenine dinucleotide phosphate
NF-κB Nuclear factor kappa B
NLRP3 NOD-, LRR-, and pyrin domain-containing protein 3
NMR Nuclear magnetic resonance
NOX NADPH oxidase
NRF2 Nuclear factor erythroid 2-related factor 2
OXPHOS Oxidative phosphorylation
PGC-1α Peroxisome proliferator-activated receptor-γ coactivator 1-α
PC Phosphatidylcholine
PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3
PI Phosphatidylinositol
PI3K Phosphoinositide 3-kinase
3PO 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one
PON1 Paraoxonase-1
ROC Receiver operating characteristic
ROS Reactive oxygen species
RSV Respiratory syncytial virus
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
SOD Superoxide dismutase
SREBP Sterol regulatory element-binding proteins
SREBP2-
LDLR

Sterol regulatory element-binding protein 2 and low-density lipoprotein
receptor

TMPRSS2 Transmembrane protease, serine 2
TNF-α Tumor necrosis factor-α
VLDL Very low-density lipoproteins
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