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Viral infection profoundly reprograms host glucose metabolism to support

replication. This review proposes a “Sprint vs. Marathon” framework to explain

how viral life cycles shape distinct metabolic hijacking styles. Acute RNA viruses

employ a rapid, high-intensity “Sprint” strategy, aggressively activating glycolysis

through pathways such as PI3K/Akt and HIF-1α. In contrast, chronic and latent

viruses adopt a sustained “Marathon” strategy, subtly modulating glycolytic

enzymes, glucose transporters, and survival pathways including NF-κB and

mTOR. Understanding these divergent metabolic programs provides new insight

into viral pathogenesis and highlights opportunities for developing host-directed

antiviral therapies.
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1 Introduction

Metabolism is fundamental to cell survival and function, and signaling is essential
for the regulation and coordination of cellular metabolism. Since viruses are obligate
intracellular parasites with no metabolic capacity of their own, they must actively hijack
host cellular machinery to replicate successfully. This process involves interfering with key
signaling pathways to manipulate cellular energy and nutrient metabolism for their own
benefit (Pant et al., 2021). During infection, viruses profoundly reprogram host metabolic
networks, including glycolysis, amino acid synthesis, and nucleotide biosynthesis, to
generate the energy (ATP) and biomolecular precursors required for viral replication
(Girdhar et al., 2021).

This viral-induced metabolic reprogramming is now recognized as a hallmark of
infection. However, a critical question remains largely unexplored: do all viruses hijack
host metabolism in the same way? Growing evidence suggests that the strategies employed
are not monolithic. Instead, they appear to be highly adapted, reflecting the unique
evolutionary pressures dictated by a virus’s fundamental biology, particularly its life cycle
(acute vs. chronic) and genome type (RNA vs. DNA). These adaptations result in distinct
“metabolic hijacking styles” that are intrinsically linked to viral pathogenesis.
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This review aims to synthesize recent findings through this 
novel analytical lens. We propose a framework that categorizes 
these strategies into two major styles: a “Sprint” (or “Blitzkrieg”) 
style, characteristic of many acute RNA viruses, and a “Marathon” 
style, often employed by chronic or latent DNA viruses. 

The “Sprint” style is defined by a rapid, aggressive, and 
often ineÿcient reprogramming of host metabolism, prioritizing 
maximum viral yield in the shortest possible time. Viruses like 
influenza A virus (IAV) exemplify this approach. They trigger a 
dramatic upregulation of aerobic glycolysis, often at the expense of 
inducing a strong pro-inflammatory response and significant host 
cell damage, a strategy well-suited for a “hit-and-run” life cycle 
(Thyrsted and Holm, 2021). 

In contrast, the “Marathon” style involves a more subtle, 
sophisticated, and sustainable manipulation of the host cell. 
Viruses that establish chronic or latent infections, such as human 
cytomegalovirus (HCMV) or hepatitis B virus (HBV), must ensure 
the long-term survival and stability of their host cell reservoir. Their 
metabolic hijacking is therefore geared not just toward replication, 
but also toward promoting cell survival, inhibiting apoptosis, and 
modulating the immune response to facilitate persistent infection 
(Munger et al., 2006; Wang and Zhang, 2023). 

By examining a range of representative viruses through this 
“Sprint vs. Marathon” framework, this review will explore how 
dierent viruses target key glycolytic enzymes, transporters, and 
signaling pathways. We will dissect how these divergent strategies 
contribute to distinct pathogenic outcomes and argue that 
understanding these unique metabolic hijacking styles is crucial for 
the development of tailored, host-directed antiviral therapies. This 
perspective moves beyond simply cataloging metabolic changes, 
oering a conceptual model to understand the evolutionary logic 
behind viral metabolic manipulation. 

2 Key metabolic nodes targeted by 
viruses: tactics reflecting strategy 

2.1 HK2 

Hexokinase 2 (HK2), which catalyzes the first irreversible step 
of glycolysis, is a near-universal target for viral manipulation. Yet, 
the mode and consequence of its activation dier in ways that align 
with either a “Sprint” or “Marathon” strategy. 

For a “Sprinter” like influenza A virus (IAV), infection triggers 
a rapid increase in HK2 expression (Ren et al., 2021). This is not 
merely a passive consequence of inflammation. Mechanistically, 
IAV leverages the PI3K/Akt signaling pathway, which is potently 
activated by the viral NS1 protein. Specifically, the p85β regulatory 
subunit of PI3K contains a Src Homology 3 (SH3) domain, which 
is directly bound by a proline-rich motif on the NS1 protein (Hale 
et al., 2008). This direct, physical interaction bypasses upstream 
receptor signaling and robustly activates Akt. Activated Akt, in 
turn, promotes the nuclear translocation of transcription factors 
like HIF-1α, which directly binds to the Hypoxia Response Element 
(HRE) in the HK2 gene promoter, driving its transcription (Ren 
et al., 2019). This illustrates a direct chain of command: from a 
specific viral protein domain to a host signaling kinase, and finally 

to the transcriptional machinery of a key glycolytic enzyme, all 
geared for rapid metabolic reprogramming. 

In contrast, the “Marathon” strategy of Hepatitis B virus 
(HBV) involves a more indirect, but equally eective, long-term 
manipulation. The viral HBx protein acts as a transcriptional 
co-activator. HBx physically interacts with transcription factors 
like c-Myc and NF-κB (specifically the p65 subunit), enhancing 
their binding to the HK2 promoter. A key study demonstrated 
that HBx promotes the phosphorylation of p65 at Serine 536, a 
critical step for its transcriptional activity, which in turn drives 
sustained HK2 expression (Chen et al., 2022). This sustained 
upregulation contributes to the Warburg eect seen in HBV-
infected hepatocytes, a metabolic phenotype that supports both 
viral persistence and long-term oncogenic transformation. 

2.2 PFK 

The key rate-limiting regulator of the glycolytic pathway 
is 6-phosphoglucose-1 kinase (PFK-1), a tetrameric enzyme 
consisting of three dierent subunits, C or P, L, and M, that 
can form tetramers in both homo- and heterotetrameric forms 
(Abrantes et al., 2012). Phosphofructokinase (PFK), the next 
major rate-limiting enzyme, is another critical control point. 
Its manipulation also showcases strategic divergence. Human 
cytomegalovirus (HCMV), a classic “Marathoner” that establishes 
lifelong latency, robustly increases PFK-1 activity (Munger et al., 
2006). This activation, mediated via pathways like CaMKK, is 
not just for producing virions but is also intricately linked 
to modulating the cellular environment for long-term latency 
and reactivation, ensuring the virus’s long-term survival within 
the host (McArdle et al., 2011; Yu et al., 2011). While acute 
viruses also target PFK, the sophisticated, multi-faceted regulation 
seen with HCMV underscores a strategy focused on endurance 
rather than just speed. Interferon-inducible protein 16 (IFI16) 
down-regulates GLUT4 transcriptional activation by interacting 
with carbohydrate-responsive element-binding protein (ChREBP), 
decreasing HCMV-induced lipogenic enzyme transcription, which 
in turn reduces glucose uptake and consumption, decreases lipid 
synthesis, and ultimately prevents the formation of new viral 
particles (Griante et al., 2022). HBV infection can be modulated 
by TNF-α After HBV infection, the glucose metabolism of 
Kuper cells can be regulated by TNF-α. TNF-α enhances cellular 
glycolysis by regulating the expression of glycolytic enzymes such as 
glucokinase (GCK) and phosphofructokinase (PFK) and weakens 
the antiviral eect of Kuper cells (Tarasenko et al., 2019). In 
contrast, Kuper cells promote the expression of IL-1β, a marker 
of M1-type macrophages, and decrease the expression of CD163 
and IL-10 in M2-type macrophages after HBV infection (Krenkel 
and Tacke, 2017). The cellular metabolism of HBV-infected Kuper 
cells is dierent from that of conventional M1-type macrophages, 
exhibiting high oxidative phosphorylation (OXPHOS), which 
inhibits IL-1β production, and also inhibits HBV replication by 
suppressing the expression of peroxisome proliferator-activated 
receptor α (PPARα) and transcription factor Forkhead boxO3 
(FOXO3) in macrophages (Li et al., 2022). In summary, PFK, as a 
key enzyme of glycolysis, plays an important role in the progression 
of viral infection. Therefore, studies targeting PFK may provide 
new ideas for the treatment of viral infections. 
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2.3 Glucose transporters (GLUTs): the 
gatekeepers of glycolysis 

While not enzymes themselves, glucose transporters (GLUTs) 
are the essential gatekeepers that control the influx of glucose into 
the cell, representing the first critical control point of glycolysis. 
The choice of which GLUT to upregulate and how can reveal 
a virus’s strategic priorities. GLUTs are a group of facilitated 
transporter proteins present in cell membranes for the transport 
of glucose to the cell membrane (Goyal and Rajala, 2023). Among 
them, GLUT1 is a widespread glucose transporter protein that is 
expressed to varying degrees in dierent cell types, and it is involved 
in basic glucose uptake in most tissues such as erythrocytes and 
fibroblasts as well as the brain (Pardridge et al., 1990). Studies have 
shown that some virally encoded proteins can promote glucose 
uptake by activating specific signaling pathways and increasing 
the expression of GLUTs (Muñoz-Pinedo et al., 2012). Eÿciently 
hijacking glycolysis begins with transporting glucose into the cell, 
making glucose transporters (GLUTs) a primary target. The choice 
of which GLUT to upregulate and how can reveal the virus’s 
strategic priorities. Reflecting its “Marathon” strategy, HBV focuses 
on upregulating GLUT1, the ubiquitous transporter responsible for 
basal glucose uptake, thereby ensuring a steady, reliable supply of 
glucose to support its chronic infection (Masson et al., 2017). This 
is a sustainable, long-term solution. In a more complex maneuver 
befitting a persistent virus, HCMV has been shown to inhibit 
GLUT1 but simultaneously induce the translocation of GLUT4 to 
the cell surface, achieving a net increase in glucose uptake (Yu 
et al., 2011). This nuanced regulation highlights a sophisticated 
adaptation for long-term host cell manipulation. The approach 
of HIV, another chronic virus, also aligns with the “Marathon” 
style. Elevated GLUT1 expression in HIV-infected CD4++ T cells is 
crucial not only for providing ATP for reverse transcription but also 
for maintaining the activated state of the host cell, which is essential 
for the virus’s life cycle and long-term persistence (Palmer et al., 
2014; Loisel-Meyer et al., 2012). The immediate-early protein IE72 
encoded by HCMV, on the other hand, inhibits GLUT1 expression 
in infected cells (Yu et al., 2011), and this inhibition leads to Akt-
mediated translocation of GLUT4 to the cell surface, which in turn 
increases glucose uptake and glycolysis rates (Landini, 1984). IFI16 
impedes glucose uptake following HCMV infection by inhibiting 
the expression of glucose transporter protein GLUT 4, which leads 
to reduced glucose consumption and a decrease in the number 
of viral particles (Griante et al., 2022). In HIV-infected cells, 
elevated levels of GLUT1 expression in CD4+ T cells contribute 
to increased glucose transport and increased glycolysis (Palmer 
et al., 2014). IL-7-induced increase in GLUT1 expression, which 
also leads to an increase in glucose uptake, has emerged as one of 
the key factors that make these T-lymphocytes more susceptible 
to HIV-1 infection (Loisel-Meyer et al., 2012). Upregulation of 
proinflammatory cytokines in HIV-infected cells, such as IL-1, IL-6, 
and TNF- α, among others (Palmer and Crowe, 2012), and GLUT1 
expression on CD4+ T cells is critical for their proliferation and 
survival and is regulated by growth and inflammatory cytokines 
such as IL-2 and IL-7 (Palmer et al., 2016). Increased GLUT1 
expression and cellular metabolism may increase the proliferation 
of HIV stockpile cells and contribute to cellular survival through 
the provision of ATP substrates for viral DNA replication and of 

enhance viral proliferation by providing ATP substrates for viral 
DNA replication and metabolites for cell survival and function 
(Loftus and Finlay, 2016). 

2.4 Other enzymes 

Glucose-6-phosphate dehydrogenase (G6PD) is the rate-
limiting enzyme in the pentose phosphate pathway (PPP) and 
is responsible for the production of nicotinamide adenine 
dinucleotide phosphate (NADPH) (Wu et al., 2008). G6PD is 
elevated in dierent viral infections, e.g., HBV can drive the 
upregulation of G6PD expression through its X protein-mediated 
activation of nuclear factor erythroid 2-related factor 2 (Nrf2) (Liu 
et al., 2015). HBx can regulate both G6PD and the expression 
of several genes involved in the gluconeogenesis process (Shin 
et al., 2011). In addition, upregulation of G6PD expression has 
been observed in the lung tissues of COVID-19 patients after 
death (Santos E Silva et al., 2021). The increase in G6PD during 
viral infection is essential for maintaining NADPH levels, which 
are subsequently used and depleted by enzymatic and non-
enzymatic antioxidant systems to restore the redox homeostatic 
imbalance caused by viral infection (Yang et al., 2021). In recent 
years, it has been found that lactate plays an important role in 
regulating various aspects of T cell proliferation, immune cell 
metabolism, macrophage polarization, and cytokine production 
(Manosalva et al., 2021). Lactate production is catalyzed by lactate 
dehydrogenase (LDH), which controls the interconversion between 
pyruvate and lactate, a key step in the anaerobic metabolism of 
glucose. HBV mediates immune escape by converting pyruvate to 
lactate in a lactate dehydrogenase-dependent manner, inhibiting 
interferon expression (Wang and Zhang, 2023). In addition, lactate 
is an activator of HIF-1 α, which can convert cellular glucose 
metabolism to glycolysis by pretreatment. By stabilizing HIF-1 α, 
lactate promotes glycolysis in a positive feedback manner, thereby 
facilitating SARS-CoV-2 infection (Kozlov et al., 2020). 

3 Signaling pathways: the master 
control panels of metabolic styles 

Viruses do not simply target individual enzymes; they seize 
control of the master signaling pathways that orchestrate cellular 
metabolism. The choice of which pathway to dominate and how 
to modulate it is central to establishing either a “Sprint” or 
“Marathon” metabolic program. To clarify contrasting strategies, 
Table 1 summarizes key features of the “Sprint” and “Marathon” 
metabolic hijacking styles, linking representative viruses to their 
distinct metabolic and signaling patterns. 

3.1 NF-κB signaling pathway 

The nuclear factor kappa-light chain enhancer (NF-kB) is a 
crucial family of transcription factors that regulate the expression 
of several genes and have been implicated in a variety of biological 
processes, including innate and adaptive immunity, inflammation, 
stress, immune cell development and lymphoid organogenesis 
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(Zhang et al., 2017). Activation of its typical pathway is dependent 
on phosphorylation and ubiquitination of IkB kinase a/b (IKKa/b) 
(Qu and Xiao, 2015). Given its central role in linking inflammation 
to cellular function, it is a primary target for viral manipulation, 
but it is exploited dierently by “Sprinter” and “Marathoner” 
viruses. For a “Sprinter” like influenza A virus (IAV), aggressive 
and rapid activation of the NF-κB pathway is a key feature of 
its strategy. IAV infection activates the NF-κB signaling pathway 
to promote macrophage glucose metabolism, which plays an 
important role in the immune response against viral infections 
and in mediating inflammatory responses (Stifel et al., 2022). 
Following IAV infection, cytoplasmic I κB α levels are reduced, 
and phosphorylated I κB α levels are enhanced, implying that 
NF- κB is activated (Xu and Liu, 2017). HK2 acts as a phospho 
inhibitor protein kinase, inducing its degradation, which triggers 
the activation of NF- κB (Guo et al., 2022), and the released NF-
κB translocates to the nucleus, where it regulates the transcription 
of pro-inflammatory mediators, including TNF-α, IL-6, IL-8, and 
COX-2 (Dai et al., 2011). In addition, methionine enkephalin 
(MENK), an immune adjuvant, can increase the expression of 
inflammatory cytokines, activate macrophage antiviral capacity, 
and ultimately promote changes in glucose metabolism by 
activating the TLR4-NF-κB- p65 signaling pathway (Tian et al., 
2020). Notably, influenza virus surface receptor proteins, such 
as Mint3, can act as important metabolic regulators, and in 
macrophages, depletion of Mint3 inhibits the NF-κB signaling 
pathway by increasing IκBα phosphorylation and AMPK activation 
and leads to chemokine production (Uematsu et al., 2016). Taken 
together, the NF-κB signaling pathway has a direct impact on 
glucose metabolism by regulating influenza A virus receptor 
expression and macrophage inflammatory mediators. Furthermore, 
the host’s own inflammatory environment can be co-opted in 
a “Marathon” strategy. The relationship between Hepatitis B 
Virus (HBV) infection and the pro-inflammatory cytokine TNF-
α is complex and bidirectional. Following HBV infection, the 
host immune response often leads to the production of TNF-α. 
This cytokine, in turn, can modulate the metabolic state of liver 
macrophages (Kuper cells) by chronically activating the NF-κB 
pathway, which - promotes a Warburg like metabolism (Tarasenko 
et al., 2019). This sustained, low-level activation helps create a 
pro-viral and pro-oncogenic microenvironment that supports the 
virus’s long-term persistence. 

3.2 PI3K/Akt/mTOR signaling pathway 

The PI3K/Akt pathway exerts much of its control over cell 
growth and metabolism through its major downstream eector, 
the mammalian target of rapamycin (mTOR) signaling complex. 
mTOR, a serine/threonine kinase, is the central component of 
two distinct complexes, mTORC1 and mTORC2 (Kuss-Duerkop 
et al., 2017). It is famously the target of the immunosuppressive 
drug rapamycin, which primarily inhibits mTORC1 activity (Szwed 
et al., 2021). For a “Sprinter” like IAV, this pathway is a primary 
weapon. It is exploited for its ability to generate rapid and powerful 
metabolic shifts, quickly turning on glycolysis, glucose uptake, 
and protein synthesis to support a burst of virion production 
(Smallwood et al., 2017). This aggressive, all-in approach prioritizes 
immediate replication over host cell longevity. 

In contrast, viruses executing a “Marathon” strategy modulate 
this pathway with more finesse. For HCMV, the viral protein 
pUL38 activates mTORC1 by inhibiting its negative regulator 
TSC2 (Moorman et al., 2008). This is not just about turning 
on metabolism; it’s a carefully calibrated move to also block 
stress-induced apoptosis, thereby ensuring the survival of the 
infected cell—a prerequisite for a successful long-term infection 
(Rodríguez-Sánchez et al., 2019). Similarly, HBV infection leads 
to elevated levels of phosphorylated Akt, which is crucial 
for both HK2 activation and promoting hepatocyte survival, 
illustrating a dual-purpose strategy aimed at both replication 
and persistence (Zhou et al., 2021). In addition, HBV infection 
of macrophages specifically upregulates the expression of the 
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFKFB3) 
gene, which causes phagocytic vesicles to aggregate onto actin 
microfilaments during phagocytosis of macrophages, and enhances 
glycolysis by regulating the PI3K signaling pathway to provide 
ATP for actin polymerization (Jiang et al., 2016). In HCMV 
infection, inhibition of mTORC1 activity eectively prevents 
HCMV replication in polarized macrophages. UL38 is an early gene 
of HCMV and an important metabolic regulator. UL38 primarily 
binds and inhibits tuberous sclerosis protein complex 2 (TSC2) 
to activate the mTOR pathway (Moorman et al., 2008), which 
is an inhibitor of mTORC1 signaling (Rodríguez-Sánchez et al., 
2019). Thus UL38 protein promotes HCMV virus replication by 
regulating mTORC1, which in turn induces reprogramming of 
macrophage glucose metabolism (Bai et al., 2015). 

3.3 AMPK pathway 

The AMPK pathway plays a key role in cellular metabolism 
by controlling the activity of the mTOR complex, which in turn 
regulates cellular metabolism. Glycolysis can be up-regulated upon 
AMPK activation by a variety of mechanisms. AMPK increases 
glycolytic flux by acting on key enzymes of glycolysis, such as 
glucose transporter proteins (GLUT1 and GLUT4), HK, and PFK-2 
(Fryer et al., 2002). In addition, this pathway interacts extensively 
with the PI3K-Akt pathway, which is triggered by growth factors 
(Mihaylova and Shaw, 2011). Activation of AMPK can be achieved 
by LKB1- or CaMKK-mediated phosphorylation of Thr172 residue 
(McArdle et al., 2012). Calcium/calmodulin-dependent kinase 
(CaMKK) is triggered after HCMV infection. Being upstream of 
the calcium-calmodulin cascade kinase, it will further promote the 
activation of AMPK kinase and rise in glycolysis. Activated AMPK 
in turn stimulates glycolysis of GLUT4 (Zhang et al., 2023). 

3.4 HIF-α 

HIF-1 is a transcription factor consisting of HIF-1α and HIF-
1β with highly conserved properties of being easily activated in 
hypoxic environments (O’Carroll and O’Neill, 2021). HIF-1α has 
been most widely utilized in response to hypoxic environments 
(Semenza, 2012). It has been found that during viral infection, 
HIF-1α expression is increased in infected cells, showing that its 
beneficial eects on the virus far outweigh those on the host (Reyes 
et al., 2020). Under hypoxic conditions, HIF-1 phosphorylates 
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TABLE 1 A comparative summary of “Sprint” vs. “Marathon” metabolic hijacking styles. 

Feature Sprint style (acute replication) Marathon style (chronic persistence) 

Representative viruses Influenza A virus (IAV), SARS-CoV-2, respiratory syncytial 
virus (RSV) 

Hepatitis B virus (HBV), human cytomegalovirus (HCMV), 
HIV, Epstein-Barr virus (EBV) 

Primary goal Maximize viral yield in a short timeframe before immune 

clearance. 
Ensure long-term survival of the host cell to serve as a stable 

reservoir for persistent viral production. 

Metabolic signature Rapid, robust, and aggressive upregulation of aerobic 

glycolysis (Warburg eect). 
Sustained, nuanced metabolic shift, often coupled with 

anti-apoptotic signaling and mitochondrial modulation. 

Key viral modulators (examples) IAV NS1 (directly activates PI3K); SARS-CoV-2 

Spike/NSPs (broadly interfere with signaling). 
HBV HBx (transcriptional co-activator); HCMV pUL38 

(disables TSC2); EBV LMP1 (mimics host receptor). 

Manipulation of HK2 Rapid transcriptional induction via PI3K/Akt/HIF-1α axis 
to fuel replicative burst. 

Sustained transcriptional upregulation via NF-κB/c-Myc, linked 

to cell survival and oncogenesis. 

Manipulation of PPP (via G6PD) Primarily for rapid nucleotide synthesis to support fast 
genome replication (e.g., HIV Vpr). 

Primarily for NADPH production to combat chronic oxidative 

stress and promote cell survival (e.g., HBV HBx/Nrf2). 

Mitochondrial strategy Largely preserved early for biosynthesis, or aggressively 

targeted to shut down innate immunity (e.g., PB1-F2). 
Actively modulated and protected to prevent apoptosis and 

maintain cellular energy homeostasis. 

Key signaling hubs (preferred 

mechanism) 
Direct, potent activation of pathways like PI3K/Akt for 

immediate, powerful eect. 
Nuanced, indirect, or chronic activation of pathways like 

NF-κB, mTOR to balance replication with cell survival. 

Pathological consequence Acute inflammation, cytokine storm, acute respiratory 

distress syndrome (ARDS). 
Chronic inflammation, fibrosis, immune evasion, and 

virus-associated cancers. 

and inactivates PDH by regulating PDK1, thereby inhibiting the 
conversion of pyruvate to acetyl coenzyme A and preventing its 
entry into the tricarboxylic acid cycle (Kim et al., 2006). Hypoxia-
inducible factor 1-alpha (HIF-1α) is a master transcription factor 
for inducing glycolysis and is stabilized by many viruses, serving 
both “Sprint” and “Marathon” strategies, albeit for slightly dierent 
ends. For “Sprinters” like IAV or SARS-CoV-2, rapid stabilization 
of HIF-1α is a key tactic to quickly switch the cell to a glycolytic 
state, maximizing ATP production in potentially inflamed and 
hypoxic microenvironments (Ren et al., 2019; Codo et al., 2020). 
For “Marathoners” like HBV, the sustained activation of HIF-
1α by the HBx protein contributes to the long-term Warburg-
like metabolic phenotype of infected hepatocytes, which not only 
supports viral replication but also promotes angiogenesis and 
carcinogenesis, pathogenic processes that unfold over years or 
decades (Moon et al., 2004). HBV protein X (HBx) induces 
nuclear translocation and transcriptional activation of HIF-1α by 
activating the MEK1/p42/p44 MAPK pathway (Reyes et al., 2021). 
SARS-CoV-2 infection often triggers the activation of HIF-1α, 
which binds to Spike proteins, an important receptor in host 
cells, triggering the phosphorylation of STAT1, and significantly 
up-regulating the glycolysis-associated regulator HK2, the CMYC 
gene, and the HIF-1α transcript levels (Zhou et al., 2020). After 
SARS-CoV-2 infection of macrophages, a massive increase in the 
inflammatory factor IL-6 stimulates the interferon α/β response 
and activation of JAK/STAT signaling, which further enhances 
the transcription of downstream factors such as HIF-1α (Hadjadj 
et al., 2020). It has been demonstrated that the HIV-encoded viral 
protein Vpr controls glucose metabolism in macrophages through 
the Vpr-HIF-1α axis (Zhao et al., 2021). Vpr is a small molecule 
multifunctional protein that is essential for HIV replication 
in macrophages. HIV infection enhances HIF-1α signaling and 
accelerates pyruvate metabolism, the pentose phosphate pathway, 
mitochondrial dysfunction, and oxidative stress (Sharifi et al., 
2012). Vpr regulates HIF-1α activity and induces increased 

transcription of enzymes involved in glucose metabolism, such 
as HK, G6PDH, and PKM2, driving viral replication (Luo et al., 
2011). Most of the viruses studied so far can positively regulate 
this pathway by upregulating the stability of HIF-1α after infection; 
therefore, an in-depth exploration of how HIF-1 and its associated 
pathways aect viral infections and disease outcomes could help to 
identify new therapeutic targets. 

3.5 Other pathways 

Wnt/β-catenin signaling is an important pathway involved 
in cell cycle control, and dierentiation (Angelova et al., 2012). 
Wnt/β-catenin signaling induces glycolysis to proceed eÿciently, 
which promotes lactate production. When HCMV infection 
occurs, it aects macrophage metabolic activity by activating 
the Wnt/β-catenin pathway, which in turn aects macrophage 
metabolic activity. It has been shown that when HCMV infects 
the organism resulting in lung infection mainly infects alveolar 
macrophages, during which HCMV mainly relies on the up-
regulation of Wnt signaling, the transcription factor ZEB1, and the 
zinc finger protein SNAI2; and promotes macrophage glycolysis 
through the interaction of p300- and CBP/β-catenin and Rho/Rho 
(ROCK kinase) signaling reprogramming (Kapoor et al., 2013). 
Kuper (Kuper) cells, macrophages derived from bone marrow 
but residing in the liver, promote the expression of IL-1β, a marker 
of M1-type macrophages, causing liver injury and decrease the 
expression of CD163 and IL-10 in M2-type macrophages after 
HBV infection. The cellular metabolism of HBV-infected Kuper 
cells diers from that of conventional M1-type macrophages, 
exhibiting high oxidative phosphorylation. dierently, exhibiting 
high oxidative phosphorylation (OXPHOS), which inhibits IL-
1β production. It also inhibits HBV replication by suppressing 
the expression of peroxisome proliferator-activated receptor α 
(PPARα) and the transcription factor Forkhead boxO3 (FOXO3) 
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in macrophages (Krenkel and Tacke, 2017). These mechanisms 
mentioned above are illustrated in Figure 1, which schematically 
depicts how influenza virus, HBV, HCMV, SARS-CoV-2, and HIV 
reprogram macrophage metabolism during infection. 

4. Antiviral drugs 

Research on drugs that target reprogramming of glucose 
metabolism in viral infections is still ongoing. There are 
relatively few drugs that directly target reprogramming of glucose 
metabolism due to viral infections, and some antiviral drugs may 
indirectly aect glucose metabolism while treating viral infections. 
For example, influenza virus replication is dependent on host cell 
glucose in a dose-dependent manner, and treatment of infected 
cells with glycolysis inhibitors may reduce viral replication (Kohio 
and Adamson, 2013). Studies have shown that elevated glucose 
levels and glycolysis promote replication in monocytes infected 
with SARS-CoV-2 through a HIF-1 α-dependent pathway, and 
treatment of cells with the glycolysis inhibitor 2-deoxy-d -glucose 
(2-DG) blocks viral replication (Codo et al., 2020). 2-DG is a 
synthetic analog of glucose that interferes with glycolysis. In 
addition, 2-DG inhibits the PPP pathway and glycosylation of S 
proteins (Chen et al., 2023). Therefore, the drug 2-DG has been 
used as an antiviral and anti-inflammatory agent to counteract the 
cytokine storm in COVID-19 patients (Verma et al., 2020). For 
decades, 2-DG has been used in a variety of applications, including 
antiviral, anticancer, and antiepileptic. Broad-spectrum antiviral 
compounds targeting the PI3K/Akt signaling pathway provide 
host-mediated antiviral responses in a variety of ways and may be 
considered the best future candidates for the treatment of COVID-
19 and related post-COVID syndromes. Although most PI3K 
inhibitors are used for the treatment of some forms of cancer, their 
utility in viral infections has not been fully reported (Lekshmi et al., 
2023). It has been shown that BEZ235, an inhibitor of PI3K/mTOR, 
acts as a modulator of viral production following viral infection and 
inhibits viral replication by decreasing PI3K and mTOR levels, as 
well as phosphorylation products, blocking transient induction of 
c-Myc, and decreasing the homeostasis of the pathway for 4E-BP-1 
and P85 phosphorylation (Yu et al., 2022). Preclinical studies have 
reported that atorvastatin downregulates the HBx protein-induced 
Akt pathway via purinergic receptor (P2X) and further reduces 
hepatocyte proliferation and invasiveness (Min et al., 2023). mTOR 
inhibitors, such as sirolimus, everolimus, and tamsulosin, which 
block downstream signaling of PI3K/Akt, may also play a role 
in the treatment of herpesvirus infection (Liu and Cohen, 2015). 
Overall, the research and development of antiviral drugs targeting 
glycolytic enzymes and pathways in viral infections have provided 
new options and ideas for the treatment of viral infections (Table 2). 

5 Discussion 

The evidence reviewed here demonstrates that viral 
reprogramming of host glucose metabolism is not a uniform 
process but rather a sophisticated, highly adapted phenomenon. By 
analyzing the strategies of diverse viruses through the lens of their 
life cycles, we can discern distinct patterns of metabolic hijacking. 

Here, we formally propose a conceptual framework that categorizes 
these patterns into two major styles: a “Sprint” style, optimized for 
acute, high-yield replication, and a “Marathon” style, engineered 
for chronic persistence and host co-existence. 

5.1 The “Sprint” style: a strategy of 
metabolic “Blitzkrieg” 

The “Sprint” or “Blitzkrieg” strategy is characteristic of acute 
viruses, particularly RNA viruses like influenza A virus (IAV) and 
SARS-CoV-2. Their primary evolutionary driver is to replicate and 
transmit to a new host before the adaptive immune response can 
fully clear the infection. This necessitates a metabolic program 
that is rapid, robust, and prioritizes speed over eÿciency and host 
cell preservation. 

As detailed in the preceding sections, this style involves the 
aggressive and often direct activation of major signaling hubs 
like the PI3K/Akt pathway by viral proteins (e.g., IAV’s NS1) 
(Hale et al., 2008). This triggers a rapid, cascading upregulation 
of glycolytic flux through key nodes like HK2 and PFK. The 
stabilization of HIF-1α further amplifies this glycolytic switch (Ren 
et al., 2019). The metabolic output is channeled toward the massive 
production of ATP and biosynthetic precursors (nucleotides, amino 
acids, lipids) needed for an explosive burst of virion assembly. 
The consequence of this metabolic violence is often a powerful 
pro-inflammatory response, or “cytokine storm,” which is itself 
metabolically demanding and fueled by the very glycolytic shift the 
virus initiated (Tannahill et al., 2013). For a “Sprinter,” the collateral 
damage to the host is a secondary concern to the primary goal of 
rapid propagation. 

5.2 The “Marathon” style: a strategy of 
metabolic “Symbiosis” and endurance 

In stark contrast, the “Marathon” style is the hallmark of viruses 
that establish chronic, latent, or persistent infections, such as the 
DNA viruses HBV and HCMV, and the retrovirus HIV. Their 
long-term success depends on a fundamentally dierent principle: 
the preservation of the host cell as a stable, long-term factory for 
viral production. This requires a metabolic hijacking that is subtle, 
sustainable, and multi-faceted. 

“Marathoners” also upregulate glycolysis, but their methods 
and goals are more nuanced. The activation of GLUTs, HK2, and 
PFK is often more sustained and integrated with cellular survival 
signals (Munger et al., 2006; Palmer et al., 2014). The modulation 
of the PI3K/Akt/mTOR pathway by these viruses, for instance, is 
not just about turning on biosynthesis; it is critically coupled with 
inhibiting apoptosis. The HCMV pUL38 protein’s function is a 
prime example of this dual strategy, ensuring the cell stays alive 
under stress (Moorman et al., 2008). Furthermore, “Marathoners” 
often engage in more complex mitochondrial manipulation. 
Instead of simply draining the TCA cycle for precursors, they 
may actively modulate mitochondrial dynamics and bioenergetics 
to prevent the induction of cell death, thereby securing their 
replicative niche for months, years, or even a lifetime (Wang and 
Zhang, 2023). This co-opting of host survival pathways is the 
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FIGURE 1 

The mechanism of glucose metabolism changes in macrophages caused by common viral infections:  Influenza A virus (IAV) infects macrophage 
nuclear factor kappa-light chain enhancer (NF-κB) pathway, inhibits the phosphorylation of regulatory protein IkappaB-alpha (I-κBα), and promotes 
the increase of glucose metabolites;  IAV infects macrophage PI3K/mTOR/Akt pathway;  HBV infects macrophage PI3K/mTOR/Akt pathway; 
Macrophages infected with HBV release inflammatory cytokines: IL-1β, TNF-α, IL-10;  HCMV infects macrophage PI3K/mTOR/Akt pathway; 
HCMV infects macrophage Wnt pathway;  SARS-CoV-2 infects macrophage HIF1-αpathway;  HIV infects macrophage HIF1-αpathway; ⊕, 
promote; , inhibition; HK, hexokinase; RU5P, ribose 5-phosphate; PKM2, pyruvate kinase; PFK1, phosphofructokinase-1; PDH, pyruvate 
dehydrogenase; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2; ALL, all viruses promote glucose production. 

TABLE 2 Antiviral agents targeting glycolytic enzymes and signaling pathways. 

Drug Signaling pathways Glycolytic enzymes 
regulated 

Mechanism References 

2-DG NF-κB signaling 

PI3K-AKT-mTOR signaling 

Hypoxia-inducible factors 

Phosphoglucose-isomerase 

HK2 

Targets HK2 and competes with 

glucose for HK to inhibit glycolysis 
Courtney et al., 1973 

3-Bromopyruvate Hypoxia-inducible factors 
PI3K-AKT-mTOR signaling 

AMPK 

HK2 Directly inhibit HK2 activity Vital et al., 2022 

Metformin AMPK 

PI3K-AKT-mTOR signaling 

– Activation of AMP-activated protein 

kinase 

Benedetti et al., 2020 

Rapamycin PI3K-AKT-mTOR signaling HK2 PI3K/mTOR inhbition Maiese, 2020 

Alkannin/Shikonin PI3K-AKT-mTOR signaling PKM2 As the inhibitor of pyruvate kinase M2 

(PKM2), inhibited glucose uptake and 

the production of lactate 

Dai et al., 2022 

Galloflavin – LDH Lactate dehydrogenase inhibitor Farabegoli et al., 
2012 
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essence of the “Marathon” strategy, representing a sophisticated 
form of metabolic co-existence, albeit a pathogenic one. 

5.3 Evolutionary rationale and 
pathological implications 

The divergence into “Sprint” and “Marathon” styles is not 
accidental but is deeply rooted in viral evolution. An acute RNA 
virus with a high mutation rate, like IAV, benefits from a rapid 
life cycle that maximizes transmission opportunities before host 
immunity adapts. A large, slow-replicating DNA virus, like HCMV, 
has a greater investment in each infected cell and benefits from a 
strategy that ensures the host cell’s longevity. 

This framework also provides a powerful lens for 
understanding viral pathogenesis. The “Sprint” style’s aggressive 
metabolic reprogramming is intrinsically linked to acute, 
inflammation-driven pathology like ARDS. The “Marathon” 
style, with its focus on sustained cell survival and proliferation, 
is directly linked to long-term pathologies such as chronic 
inflammation, fibrosis, and virus-associated cancers, like 
HBV-induced hepatocellular carcinoma (Chen et al., 2022). 

5.4 Therapeutic implications: from a 
one-size-fits-all to a style-specific 
approach 

Recognizing these distinct metabolic styles has profound 
implications for developing host-directed antiviral therapies. 
A broad-spectrum glycolysis inhibitor like 2-DG might be eective 
against “Sprinters” by cutting o their immediate fuel supply (Codo 
et al., 2020). For example, early in the COVID-19 pandemic, 
pioneering work by Bojkova et al. (2020) demonstrated that 
the glucose analog 2-deoxy-D-glucose (2-DG) could eectively 
inhibit SARS-CoV-2 replication in cell culture. Subsequent studies, 
including those by Codo et al. (2020) further confirmed that 
SARS-CoV-2 replication is highly dependent on a HIF-1α-driven 
glycolytic state, reinforcing the therapeutic potential of targeting 
this metabolic vulnerability. However, for “Marathoners,” a more 
eective strategy might involve targeting the pathways that link 
metabolism to cell survival. For example, drugs that modulate 
mTOR signaling or restore apoptotic sensitivity in infected cells 
could be uniquely eective against chronic infections like HCMV or 
HBV, by dismantling the stable replicative niche these viruses have 
so carefully constructed. This “style-specific” therapeutic approach 
represents a more sophisticated future for metabolism-targeting 
antiviral strategies. 

6 Conclusion and future 
perspectives 

6.1 Conclusion 

In conclusion viral infections profoundly reprogram host 
cellular glucose metabolism, a process essential for their replication 

and survival. However, this review has moved beyond this general 
observation to propose that these metabolic manipulations are not 
random but follow distinct, evolutionarily conserved strategies. By 
introducing a “Sprint vs. Marathon” conceptual framework, we 
have argued that the style of metabolic hijacking is intrinsically 
linked to a virus’s life cycle and pathogenic potential. Acute 
‘Sprinters” like IAV employ a rapid and aggressive metabolic 
takeover to fuel an explosive replicative burst, while chronic 
“Marathoners” like HBV and HCMV orchestrate a more subtle and 
sustainable reprogramming to ensure long-term host cell survival 
and persistence. 

This comparative model provides a new lens through which 
to interpret the vast and complex data on virus-host interactions. 
It recasts metabolic pathways not merely as a set of resources 
to be plundered, but as a strategic battleground where the “rules 
of engagement” are dictated by the virus’s fundamental biology. 
The evidence reviewed here, from the dierential activation of key 
enzymes like HK2 to the nuanced modulation of master signaling 
pathways like PI3K/Akt/mTOR, strongly supports this strategic 
dichotomy. Understanding whether a virus is built for a short, 
violent sprint or a long, grueling marathon is key to understanding 
the disease it causes. 

6.2 Future perspectives 

Looking forward, this framework opens up several exciting and 
critical avenues for future research: 

Direct “Head-to-Head” experimental validation: There is a 
pressing need for direct, side-by-side experimental comparisons of 
“Sprinter” and “Marathoner” viruses in the same cellular system, 
using multi-omics approaches to provide definitive evidence for the 
proposed metabolic signatures. 

Unraveling the metabolism of viral variants: A key unanswered 
question is whether dierent viral variants (e.g., ancestral SARS-
CoV-2 vs. Omicron) exhibit dierent metabolic hijacking styles and 
whether this correlates with altered pathogenicity. 

In vivo and tissue-specific metabolic mapping: Advanced 
techniques like imaging mass cytometry and spatial transcriptomics 
are needed to map the metabolic landscape of infected tissues, 
revealing how viruses reprogram dierent immune cell populations 
in their native microenvironments. 

Developing “Style-Specific” therapeutics: The ultimate goal is 
to translate this knowledge into better treatments. Future research 
should focus on designing and testing host-directed therapies that 
are tailored to a virus’s specific metabolic style, moving beyond a 
one-size-fits-all approach. 

By pursuing these directions, the field can move towards 
a deeper, more predictive understanding of viral pathogenesis, 
paving the way for a new generation of smarter, more targeted 
antiviral strategies. 
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