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Abstract
Viral infection is a kind of cellular stress that leads to the changes in cellular metabolism. Many metabolic pathways in a 
host cell such as glycolysis, amino acid and nucleotide synthesis are altered following virus infection. Both oncogenic and 
non-oncogenic viruses depend on host cell glycolysis for their survival and pathogenesis. Recent studies have shown that the 
rate of glycolysis plays an important role in oncolysis as well by oncolytic therapeutic viruses. During infection, viral pro-
teins interact with various cellular glycolytic enzymes, and this interaction enhances the catalytic framework of the enzymes 
subsequently the glycolytic rate of the cell. Increased activity of glycolytic enzymes following their interaction with viral 
proteins is vital for replication and to counteract the inhibition of glycolysis caused by immune response. In this review, the 
importance of host cell glycolysis and the modulation of glycolysis by various viruses such as oncogenic, non-oncogenic 
and oncolytic viruses are presented.
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Introduction

Glycolysis is an energy generating glucose metabolic path-
way that occurs in cytosol of the cell. It is a ten-step reac-
tion pathway that converts one molecule of glucose to two 
molecules of pyruvate involving several intermediate steps. 
In the presence of oxygen formed, pyruvate enters the TCA 
cycle and gets completely oxidized to CO2. In anaerobic con-
dition, formed pyruvate undergoes homolactic fermentation 
and leads to the formation of lactic acid. Aerobic glycolysis 
increases as an energy source in case of cancerous cells, i.e., 
even in the presence of oxygen, pyruvate forms lactate using 
enzyme lactate dehydrogenase which is known as Warburg 
effect., Glucose uptake gets increased in case of Warburg 
effect; cells utilize glucose for the production of macromol-
ecules and give rise to energy to fight against infection. This 
condition is advantageous to viruses, as they utilize the mac-
romolecules formed during increased glycolysis. Glucose, a 
large sized hydrophilic molecule which cannot enter through 
hydrophobic plasma membrane of the cell by simple diffu-
sion, specific carrier proteins, glucose transporters (GLUTs) 

are required for its transport. It can also enter into the cell 
via facilitated diffusion or by a secondary active transport. 
Secondary active transport occurs via sodium-dependent 
glucose co-transporters. These symporters co-transport glu-
cose with sodium ions. Twelve members of Sodium-glucose 
co-transporter(SGLT) family are found in humans [1].

GLUTs are a group of facilitative transporters that are 
present on cellular plasma membrane to transport glu-
cose across it. A total of 14 GLUT (1–14) members are 
divided into 3 classes on the basis of sequence homology 
and structural similarity; Class I (GLUT1 to GLUT4), 
Class II (GLUT5, GLUT7, GLUT9, GLUT11) and Class 
III (GLUT6, GLUT8, GLUT10, GLUT12). Among them, 
class I members are the well characterized group of glucose 
transporters. GLUT1 is a ubiquitously expressed glucose 
transporter with different degrees of expression in differ-
ent cell types. It is expressed in erythrocytes [2], fibroblasts 
[3], and in almost all tissues including brain tissue [4] and 
is responsible for basal glucose uptake. GLUT2 is present 
mainly in liver, pancreatic beta cells, intestine and kidney 
[5]. GLUT3 is mainly expressed in neurons, and in other 
cell types including sperm, WBCs, and carcinoma cell lines 
[6]. GLUT4 is insulin mediated glucose transporter found in 
adipose tissue, skeletal, and cardiac muscles [7]. Increased 
glucose uptake is not only an intrinsic feature of most of 
the cancers, but also is an attribute of virus infected cells. 
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Cancer cells depend on aerobic glycolysis for its uncon-
trolled, boundless growth and proliferation; however, under 
unfavorable conditions, various metabolic pathways are 
modulated for cell survival. In case of viral infections, many 
glycolytic enzymes contribute to the virus replication. On 
the other hand, some viral encoded proteins are likely to be 
facilitating the glucose uptake by increasing the expression 
of GLUTs through activated signaling pathways.

Although viruses have common metabolic requirements, 
still they use different strategies to alter different carbon met-
abolic pathways for establishing a successful infection in the 
host. Glucose requirement in the cell can be fulfilled during 
viral infection via increased glucose uptake from extracellu-
lar environment, and during glucose deprivation in the media 
there will be a shift towards other means/anabolic process 
like glycogenolysis to fulfill its requirement. The pathways 
that are regulated are virus and host specific; in some virus 
infections, it is seen that increased glucose uptake does not 
lead to enhanced glycolysis, rather it gets diverted to the 
formation of other nucleotide or amino acid metabolites. 
Glucose is an important carbon source for the production 
of amino acids, nucleotides and fatty acids. Metabolic path-
ways are interconnected and interdependent to maintain 
cellular homeostasis. Increased lipogenesis and nucleotide 
synthesis are also reported in association with some viruses 
[8]. Lipogenesis is mainly observed in cells infected with 
enveloped viruses to form the viral envelope [9]. Intermedi-
ates of glycolysis and the citric acid cycle can be removed at 
various stages and will be utilized to make other molecules. 
Metabolic pathways exist in highly regulated manner and 
they are not closed systems. Many substrates, intermediates, 
and products of one metabolic pathway are reactants in other 
metabolic pathways. In actively dividing cell, there is an 
increased demand for precursors for protein, nucleotide and 
lipid production in addition to ATP. Consequently, nutrient 
uptake is increased and metabolic intermediates are diverted 
from glycolysis and the TCA cycle to biosynthetic pathways. 
Apart from glycolysis, other pathways of glucose metabo-
lism will also be used by viruses to replicate adequately. The 
pentose phosphate pathway (PPP) is an important part of 
glycolysis which branches after first step of glycolysis also 
reported to be deregulated by viruses. Unlike, glycolysis it 
does not produce ATP, but produces Ribose 5-phsophate and 
NADPH for biosynthesis of nucleotides which are used by 
viruses for the replication of their genome [10, 11]. Like-
wise, TCA cycle, a metabolic energy pathway after glyco-
lysis has been reported to be modulated by viruses as it is 
needed for ATP production and biomolecule synthesis [12].

Mammalian cells use two carbon sources for energy pro-
duction; glucose and glutamine. Some viruses use both the 
carbon sources for efficient and optimal progeny production 
in host cells, but certain viruses depend on either of the car-
bon sources for their replication. Some like vaccinia virus 

depends on glutamine rather than glucose for its efficient 
replication thus not modulating glycolysis [13]. Modulation 
of glucose metabolism by viruses with an emphasis on vari-
ations between oncogenic and non-oncogenic viruses has 
been reviewed in this article.

Modulation of glucose uptake and glycolysis 
by viruses

Various metabolic pathways of the host can be modulated/
exploited by the virus for its efficient replication inside 
the host; however, which pathway gets regulated depends 
on the conditions that are optimal for its replication or for 
its beneficial outcome. Virus not only depends on these 
metabolic pathways, but also modifies them during infec-
tion process. Virus disrupts the metabolic regulation of the 
host cell, and mounts its own distinct metabolic program. 
Viral infection usually reprograms metabolic machinery of 
the host cell to hold or fulfill bioenergetic and biosynthetic 
requirement for its progeny production. In general, glyco-
lytic  metabolism is modulated by viruses by increasing glu-
cose uptake, and increased expression of various glucose 
transporters via recruiting signal transduction pathways. 
For example, expression of GLUT1 and GLUT4 proteins 
is increased in Adenovirus infected human primary skel-
etal muscle (HSKM) cells which increases glucose uptake 
via RAS activated PI3 kinase pathway [14]. Increased gly-
colysis through increased Akt signaling pathway was also 
reported in murine Norovirus which is independent of 
type 1 interferon response in infected macrophages [15]. 
Higher expression of EBV encoded Latent membrane pro-
tein (LMP-1) in Nasopharyngeal carcinoma (NPC) cells 
was reported to be involved in increased glycolysis. In this, 
activation of mTORC1 by LMP1 modulates NF-κB sign-
aling  which upregulates GLUT1 expression resulting in 
increased aerobic glycolysis in NPC cells [16]. Therefore, 
one of the therapeutic treatments of EBV-associated NPC 
is to target the signaling axis of mTORC1/NF-Kβ/Glut-1 
[17]. Similarly, another tumor virus, HPV encoded E6 and 
E7 proteins enhance the GLUT1 expression; however, via 
activation of HIF-1α in lung tumors. The correlated expres-
sion of HIF-1α, and GLUT1 was reported to be significantly 
high in malignant tumors as compared to benign tumor tis-
sues collected from patients [18]. On the contrary, some 
viruses quench glycolysis by activating certain signaling 
pathways under stress conditions. KSHV encoded microR-
NAs and vFLIP inhibits glycolysis to downregulate GLUT1 
and GLUT3 transporters by activating signaling pathway 
AKT and NF-kβ [19].

Another strategy of viruses to modulate glycolysis was 
reported to be through upregulation of glycolytic enzymes. 
Some viruses upregulate only one of the glycolytic enzymes, 
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while some two or more enzymes. Enzyme Activity is mod-
ulated by various components for e.g., Phosphofructokinase 
(PFK-1) is allosterically modulated by ATP [20], fructose 
2,6-bisphosphate [20, 21], citrate [22] or by its phosphoryla-
tion status [21, 22]. HSV induces glycolysis by increasing 
the glucose uptake, efflux of lactate level and ATP. It also 
increases the expression, and the activity of 6-phosphof-
ructo-1-kinase (PFK-1) [23]. Glucose transport is increased 
in virus infected cells by different mechanisms such as tran-
scriptional activation of transporter genes [24], stabiliza-
tion of transporters [25], and the increased translocation of 
transporters from intracellular vesicles to the plasma mem-
brane [26]. In Mayaro virus infected Vero cells, a two-fold 
increase in glucose consumption, lactate production, and 
increased PFK activity was reported which in turn leads 
to the increased glycolytic flux [27]. Likewise, in rhinovi-
rus infected cells increased glucose uptake is linked with  
increased expression of PI3K-regulated GLUT1 transporter 
[8].

Virus is very dynamic in nature, it modulates cellular 
metabolome and therefore enhances the glycolysis, but it 
may not be the case with all the viruses. Under stress con-
ditions, glycolysis is suppressed activating other metabolic 
pathways for optimal replication of some viruses [19]. Inter-
estingly, same virus may use different strategies during the 
establishment of infection in a host. One study reported 
induction of aerobic glycolysis in KSHV infected endothe-
lial cells, the phenomena which is called Warburg effect 
by increasing glucose uptake by GLUT3 transporter, and 
increased  lactate production. Expression of Hexokinase-2, 
the rate limiting enzyme of glucose metabolism was also 
reported to be increased in this study [28]. On the contrary, 
another study on KSHV reported induction of cellular 
transformation by suppressing aerobic glycolysis, and by 
downregulating glucose transporters, GLUT1 and GLUT3 
through the activation of AKT and NF-κB pro-survival 
pathways [19]. Some studies had shown that glucose trans-
porters function as cell surface receptors besides their role 
in glucose uptake. Glucose transporters interact with virus 
external surface proteins to facilitate virus entry into the host 
cell. Case in point, White Spot Syndrome Virus encoded 
envelope protein VP53A interacts with shrimp cell (i.e., host 
cell) surface receptor, GLUT1 for the entry of virus into the 
host cell [29, 30].

Why do viruses modulate glycolysis?

Glucose metabolism in a host cell is necessary for some 
viruses to replicate. Energy is required for its survival and for 
the synthesis of biomolecules required for virus replication. 
The energy for all these events comes through the alteration 
of host cell glycolysis and other metabolic pathways. Thus, 

inhibition of glycolysis blocks the replication of majority of 
viruses. The carbon metabolic alterations could either be a 
cellular response to virus infection or triggered by the virus 
itself to complete its life cycle. The shift in host cellular 
metabolism is required to cope up with the imbalance caused 
by virus infection. One of the reasons for increased glyco-
lysis during virus infection could be apoptosis, as cell death 
during virus replication induces disruption of mitochondrial 
membrane resulting in the inhibition of cellular respiration. 
To compensate this condition, glycolysis and other cellular 
metabolisms may be increased [31]. There are several types 
of inhibitors that are used to inhibit glycolysis which in turn 
inhibit viral life cycle. Glycolytic inhibitors generally result 
in mitochondrial pathway-induced apoptosis in cancerous 
cell [32, 33] which is similar to the condition observed in 
virus infected cells. Glycolytic enzyme inhibitors, glucose 
transporter inhibitors, ATP by allosteric inhibition, etc., are 
used to inhibit glycolysis. Reduction of viral RNA synthesis 
of Norovirus [15], and Dengue virus [34] following inhibi-
tion of glycolysis has been demonstrated using glycolysis 
inhibitors such as 2DG and Oxamate. Thus, glycolysis is 
an intrinsic host factor that is required for optimal replica-
tion of many viruses. Most of the above viruses had shown 
to be regulating a common strategy; that is increased gly-
colysis is always linked with increased glucose uptake and 
the increased expression of glucose transporters. However, 
some variations between oncogenic and non-oncogenic 
viruses were reported in the literature. Various viruses that 
are known to modulate host cell glycolysis and their possible 
regulatory mechanism are listed in Table 1.

Oncogenic viruses

Oncogenic viruses account for 11.9% of all human cancers, 
and are known to regulate various host metabolic pathways 
to maintain the oncogenic phenotype of transformed cells 
[35]. Cancer cells are mainly dependent on aerobic glyco-
lysis for their high energy demand which is considered as 
the hallmark of cancer [36, 37] Likewise, virus replication 
requires loads of energy, and resources from the host cell, 
therefore Warburg effect is essential in case of oncogenic 
virus infected cells for their survival [28]. Some cancer cells 
do utilize glutamine, amino acid or fatty acid metabolism for 
their proliferation and survival [38, 39]. As both the virus 
and the cancer cell have the ability to modify the rate of 
energy metabolism for the endless proliferation, it is likely 
that the mechanisms regulated by both have originated from 
a common mechanism [40]. Oncogenic viral proteins stimu-
late various oncogenic signaling pathways associated with 
energy metabolism and cell growth to promotes angiogen-
esis, and metastasis of viral infected/transformed cells [41]. 
GLUT1 had reported to be the main glucose transporter, 
transported to the membrane for the survival of cancerous 
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cells [42]. Translocation of GLUT1 to the plasma mem-
brane, and binding of PI3 kinase to middle T-pp60c−src leads 
to the increased uptake of glucose in polyoma virus trans-
formed cells [43]. In HCV infected cells, the direct correla-
tion between virus encoded NS5A protein, and the increased 
expression/activation of cellular hexokinase-2 result in 
intensification of glycolytic rate by increasing glucose 
uptake and lactate efflux [44]. Whereas in KSHV infected 
endothelial cells, mainly Akt and HIF signaling pathways 
appear to be playing a major role in Warburg effect [28]. 

However, induction of Warburg effect by KSHV is not uni-
versal but limited to endothelial cells [28]; while glycolytic 
inhibitors induce apoptosis in KSHV infected endothelial 
cells. Another study reported hyperactivation of PI3-K/Akt 
pathway, and GLUT1 translocation to the plasma membrane 
increases the oncogenic potential in KHSV infected THP-1 
cells [45]. These viral infected cells are more potent to death 
by glucose inhibitor, 2-DG in combination with bortezomib, 
an anti-cancer drug [45]. Under nutrient stress conditions, 
KSHV encoded miRNA and vFLIP genes promote cellular 

Table 1   Modulation of glucose metabolism by different viruses

HK2 Hexokinase-2, PDK1 Pyruvate dehydrogenase Kinase 1, G6-P Glucose -6- phosphate, GPI Glucose-6-phosphate isomerase, PFK Phospho-
fructokinase, PGK Phosphoglycerate Kinase, FBP Fructose-1,6-bisphosphate, ALD Aldolase, TPI Triose-phosphate isomerise, GAPDH Glycer-
aldehyde-3-phosphate dehydrogenase, ENO Enolase, PK Pyruvate kinase, PDH Pyruvate dehydrogenase, LDH Lactate dehydrogenase
*Indicates DNA virus
# Indicates RNA virus

S. No. Virus Signalling pathways 
recruited

Glycolytic enzymes 
regulated

Viral protein involved Increased 
expression of 
GLUTs

References

1 EBV* PI3-K, mTORC1/NF-kB
FGF2/FGFR1
pathway activity

HK2 LMP-1 GLUT1 [16, 17] 

2 HCV# Akt HK2 NS5A Unknown [44]
3 HPV* HIF-1α Not known E6/E7 GLUT1 [18]
4 KSHV* PI3K/Akt

NF-kB
HIF-1α
HIF-1

HK2
PKM2
PDK-1
HK2
PKM2

miRNA
vFLIP

GLUT1
GLUT3
GLUT1

[28, 45]
[19, 74]

5 Polyoma Virus* PI3K
Myc, NF-kB

HK2 Middle Tag
Small T Antigen

GLUT1
GLUT1
GLUT3

[43]

6 RSV# Unknown Unknown pp60src Unknown [75]
7 Dengue virus# Unknown HK2 Unknown GLUT1 [34]
8 HCMV* Unknown HK2, GPI, PFK, TPI, 

PGK, ENO, PKM, PDH
Unknown GLUT4 [52, 53]

9 HSV* Unknown PFK-1 Unknown GLUT3 [23]
10 HIV# PI3K G6-P Unknown GLUT1

GLUT3
[58, 76]
[77, 78]

11 Influenza Virus# HIF-1 HK2, PKM2, PDK3
HK2, GPI, PFK, FBP, 

ALD, TPI, GAPDH, PK, 
LDH

Unknown Unknown [31, 50]

12 Mayaro virus# Unknown PFK Unknown Unknown [27]
13 SARS

CoV-2#
HIF-1 Unknown Unknown Unknown [56]

14 SFV# PI3K/Akt Unknown Unknown Unknown [79]
15 Vaccina Virus* HIF-1α Unknown Unknown Unknown [80]
16 Murine Norovirus# Akt Unknown Unknown Unknown [15]
17 WSSV* Unknown Unknown VP53A

VP24, VP28, VP31, 
VP32, VP39B, VP51B, 
and VP53A

GLUT1
GLUT1

[29, 30]

18 Rhinovirus# PI3K Unknown Unknown GLUT1 [8]
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transformation, and suppresses aerobic glycolysis by activat-
ing NF-κβ signaling pathway to downregulate GLUT1 and 
GLUT3 transporter [19]. However, this paradox in KSHV 
infections is an important aspect to be investigated in detail.

Oncogenic viral proteins of Human Papilloma Virus, 
Murine Sarcoma Virus reported to be playing a regulatory 
role in inducing Warburg Effect, but the underlying mecha-
nism is yet to be understood [18, 46]. In NPC cells, stabiliza-
tion of transcriptional factor, c-Myc, and the transcriptional 
activation of Hexokinase-2 by EBV encoded LMP-1 medi-
ated signal pathway causes upregulation of glycolysis and 
the proliferation of cancerous cells [16]. LMP-1 also upregu-
lates the transcription of GLUT1 which enhances the aerobic 
glycolysis and the malignancy of the infected cells through 
mTORC1/NF-κB signaling pathway [17]. Studies on modu-
lated glucose metabolism mentioned above by oncogenic 
viruses approve that oncogenic virus infected cells develop 
different mechanisms such as activation of various signal-
ing pathways, increased cellular transporters, and increased 
nutrient uptake to sustain their high demand for energy. 
No studies have shown that cells are transformed due to 
increased glycolysis induced by oncogenic viruses. How-
ever, following transformation of cells by oncogenic viruses, 
viral proteins modulate glycolysis to meet the energy needs 
of proliferating cells.

Non‑oncogenic viruses

It is obvious that oncogenic virus infections lead to meta-
bolic alterations in the host cell because of their high energy 
demand. Interestingly, in non-transforming virus infected 
cells as well, glucose metabolism is altered. In case of 
Mayaro virus infected cells, increased glycolytic flux had 
been reported in association with increased glucose con-
sumption and lactate production by a significant increase 
in 6-phosphofructo-1- kinase enzyme activity in infected 
cell [27].

MDCK cells infected with H1N1 strain of influenza A 
virus show differential regulation of several enzyme activi-
ties of key metabolic pathways to compensate the metabolic 
imbalance caused by infection [47]. Influenza virus does 
modulate glycolysis but the exact mechanism is not clear. It 
our study, rate of glycolysis was observed to be increased in 
influenza A virus infected cells through increased expres-
sion of glucose transporters 1 and 4. Besides, there was an 
interplay between alpha enolase and pyruvate kinase activ-
ity with viral gene expression was also noted (unpublished 
data). Influenza virus replication is dependent on host cell 
glucose, and is in dose-dependent manner; treatment of 
infected cells with glycolytic inhibitors reduces virus rep-
lication [48]. While higher level of glucose increases the 
assembly, and the proton transport activity of Vacuolar type 
ATPase within the cells increase the viral replication [48]. 

Enhanced intracellular metabolite concentration of the upper 
part of glycolysis was reported in influenza virus infected 
cells following increased glucose uptake and lactate export 
[31]. One recent study reported upregulation of Hexoki-
nase-2, PKM2 and PDK3 enzymes of glycolytic pathway in 
A549 cells, and the mouse lung tissue following infection 
with H1N1 strain of influenza A virus. Earlier we reported, 
interaction of influenza A virus structural proteins M1 and 
NP with glycolytic enzymes; alpha enolase and pyruvate 
kinase [49]; however, the effect of this interaction on glyco-
lysis in infected cells needs to be investigated. HIF-1 path-
way, another pathway had shown to be critical for the tran-
scriptional activation of enzymes involved in glycolysis to 
support virus infection through increased glycolysis. Virus 
replication gets inhibited upon targeting HIF-1 pathway. 
This study also showed that the change of H1N1 replication 
upon glycolysis inhibition or enhancement is independent of 
interferon signaling [50].

Dengue virus, another non-oncogenic virus alters glyco-
lysis through increased glucose uptake by upregulation of 
GLUT1 transporter and the first enzyme of glycolysis i.e., 
hexokinase-2. While the inhibition of glycolytic pathway 
using glycolytic inhibitors halts the virus progeny production 
[34]. Adenovirus, although does not induce tumors in its nat-
ural host, encodes proteins with an ability to transform nor-
mal cells into cancerous in vitro. Adenovirus also reported 
to be modulating glucose uptake by increased expression 
of GLUT1, GLUT4 transporters, and the translocation of 
GLUT4 to the plasma membrane via Ras activated PI3Ki-
nase pathway in an insulin-independent manner [14]. Ade-
novirus infected primary cultures of cardiac myocytes, and 
H9c2 cells show upregulation of HIF-1α when subjected to 
hypoxia in the absence of glucose. On the contrary, addition 
of extracellular glucose to the medium resulted in decreased 
HIF-1α levels by almost 50% [51]. In consensus with the 
above results, adenovirus-induced overexpression of GLUT1 
in cardiac myocytes followed by hypoxia reduced the level 
of HIF-1α [51]. Another study reported the activation of 
transcriptional factor Myc, followed by Myc-dependent 
expression of glycolytic enzymes, Hexokinase-2 and PFKM 
by adenovirus encoded E4Orf1 protein promoting glucose 
uptake and increased glycolysis in infected cells [40].

Herpes Simplex Virus, also non-oncogenic in nature 
causes an increased glucose uptake, lactate secretion, and 
ATP content by elevating the expression and the activity 
of PFK-1enzyme. Its phosphorylation at serine residue was 
reported to be viral MOI dependent [23]. A prototype of 
beta-herpesvirus, HCMV also upregulates the level of meta-
bolic components involved in glycolysis, TCA cycle, and 
pyrimidine biosynthesis in fibroblasts [52]. HCMV encoded 
immediate early protein IE72 mediates the inhibition of 
GLUT1 level in infected cells [53], and the inhibition of 
GLUT1 results in Akt mediated translocation of GLUT4 



2414	 Molecular and Cellular Biochemistry (2023) 478:2409–2418

1 3

onto the cell surface which leads to increased glucose 
uptake, subsequently increased glycolysis [54].

The ongoing pandemic virus, SARS CoV-2 infected 
patients had elevated blood glucose levels during the life 
cycle of the virus which might be providing optimal condi-
tions for the virus to replicate, and evade the host immune 
system [55]. One recent report showed that the increased 
glucose level, and the glycolysis promotes Monocytes infect-
ing SARS-CoV-2 replication through HIF-1α-dependent 
pathway, while the treatment of cells with 2-Deoxy-d-glu-
cose (2-DG), a glycolytic inhibitor blocked viral replica-
tion [56]. Thus, the drug 2-DG was used as an anti-viral 
and anti-inflammatory drug to combat the cytokine storm in 
COVID-19 patients [57]. All the above reports collectively 
suggest that most of the viruses irrespective of their genome 
nature, and oncogenic potential, modulate glucose uptake 
and glycolysis for successful replication in a host.

Considering different cells types, viruses have been 
reported to be regulating glucose metabolic pathways in dif-
ferent cell types such as immune cells, glioma cells, fibro-
blasts as well. The modulation of glycolysis by viruses in 
these cells are more or less similar to cancer cells; either 
by increasing proliferative pathways or increased expression 
and activity of glycolytic enzymes. Elevated level of Glut1 

expression in CD4 + T cells contributes to increased glucose 
transport and increased glycolysis in HIV infected cells [58]. 
HHV-6 infection was found to promote glucose metabolism 
in T cells leading to increased glucose uptake, glucose con-
sumption and lactate secretion through increased expres-
sion of major glucose transporters and glycolytic enzymes. 
Activated AKT-mTORC1 signaling was also reported in 
HHV-6A infected cells, while inhibition of mTORC1 sig-
nal pathway blocked HHV-6A mediated glycolytic pathway 
subsequently viral DNA replication, protein synthesis and 
progeny production which suggests an interplay between 
above mentioned signal pathways with glycolysis in HHV-
6A infected immune cells [59]. Stimulation of glycolysis in 
glioma cell lines was reported through upregulation of key 
glycolytic enzymes hexokinase, GAPDH and alpha enolase 
by HIV glycoprotein gp120. It led to increased activity of 
pyruvate kinase and pyruvate synthesis [60]. Overview of 
glucose uptake and glycolysis regulation in oncogenic and 
non-oncogenic viruses is shown in Fig. 1.

Oncolytic viruses

Cancer cells are rapidly dividing cells, and depend more 
on glucose than the normal cells do for ATP generation via 

Fig. 1   Overview of glucose uptake and glycolysis in virus infected 
cells. Figure shows various viruses and their proteins involved 
in induction of increased glycolysis in infected cells by modulat-

ing mechanisms such as deregulation of signal pathways to induce 
increased expression of glucose transporters and specific glycolytic 
enzymes. Created with Biorender.com
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glycolysis. An aerobic glycolysis is the principal metabolic 
pathway in cancerous cells, targeting it is the main approach 
to inhibit cancer cell progression. Viral demand of macro-
molecule synthesis is similar to cancerous cells. In most 
viral infected, normal and cancerous cells, glycolysis and 
uptake of glucose get intensified the use of glycolytic inhibi-
tors results in oncolysis by many viruses [28, 61–63].

As cancer is a complex disease, it demands an effective 
way of treatment. In the recent past, trials on developing 
a targeted therapy to lyse cancer cells using virus gaining 
much interest in the field of cancer therapeutics. Oncolytic 
virus has an ability to selectively kill cancer cells leaving the 
normal cells unharmed. Oncolytic viruses work as cancer 
therapeutics by two major mechanisms; direct lysis or by 
triggering anti-cancerous immune response. Energy meta-
bolic pathway plays a main role in both the cases to report 
the outcome of oncolytic virus mediated cell lysis. Oncolytic 
viruses hijack the host cellular metabolic pathways that are 
necessary for viral replication which results in oncolysis 
[64]; it is also reported that by targeting the glycolytic path-
way of cancer cell through glycolytic inhibitors may enhance 
the oncolytic virotherapy activity in cancer cells [65].

New Castle Disease virus (NDV), a natural tumor tropic 
virus with oncolytic ability downregulates glycolytic 
enzyme PGK [66]. Glucose analog, 2-DG, an anti-metabo-
lite of cancer cell inhibits the glucose metabolism of cancer 
cells more effectively in combination with oncolytic NDV 
to inhibit the tumor growth/ increased cytotoxicity in breast 
cancer cells through GAPDH downregulation as compared 
to monotherapy [63]. Another study showed that downregu-
lation of hexokinase via d-Mannoheptulose, a non- metabo-
lize analog of glucose [67, 68], and the use of hexokinase 
inhibitor combined with NDV infection inhibits glycolysis 
which in turn induces apoptosis in breast cancer cell line 
efficiently in comparison to either of the agents administered 
alone [69]. Dichloroacetate which is a mitochondrial pyru-
vate dehydrogenase kinase inhibitor reported to increase the 
NDV-mediated viro-immunotherapy in Hepatocellular carci-
noma by enhancing anti-tumor immune response, and viral 
replication [70]. Lytic potential of M1 virus, a novel onco-
lytic virus shows its dependence on glycolysis. It had been 
shown that increased viral replication, and oncolysis is inde-
pendent of Hexokinase-2 using lonidamine, a hexokinase 
inhibitor. However, enhanced viral replication, and oncolysis 
is mediated by downregulation of Myc, an antiviral immune 
response factor, and by upregulation of ER stress mediated 
apoptosis. On the contrary, glycolytic inhibitor, 2-DG (glu-
cose analog) in combination with M1 virus not only inhib-
ited the virus replication, but the oncolysis as well [71]. 
From the above studies, it is evident that virus replication, 
and cancer cell destruction by therapeutic viruses do require 
modulation of glycolysis. However, oncolytic virus asso-
ciated host cell glycolysis needs to be elucidated in detail 

for developing anti-tumor drugs targeting Warburg effect 
in combination with oncolytic viro-therapeutics. The first 
Chinese SFDA approved Oncolytic-based therapy, Oncorine, 
a recombinant human adenovirus type 5 was approved for 
clinical use in 2005 against NPC [72]. In 2015, a modified 
Herpes Simplex Virus, talimogene laherparepvec (T-Vec), 
the first FDA approved oncolytic virus in United States and 
Europe were acclaimed for clinical use against metastatic 
melanoma [73]. Oncolytic virotherapy combined with met-
abolic interventions that work together may enhance the 
potential of virus-based cancer therapeutics.

Conclusion

A wide variety of viruses; both DNA and RNA viruses, 
oncogenic and non-oncogenic viruses evolved various strate-
gies to exploit the host cellular metabolic network especially 
glycolysis during infection. The importance of glycolysis in 
promoting replication of various viruses is gaining interest 
in the recent past. Some viral proteins have been reported to 
be directly involved in modulating glycolysis either through 
interacting with rate limiting enzymes of glycolysis or by 
upregulation/activation of these enzymes in infected cell. 
Signal pathways that are involved in upregulation of glucose 
transporters for increased glucose uptake are also reported 
in cells infected with certain viruses. However, increased 
glycolysis in association with some viruses was reported 
with no information on signal pathways recruited, glycolytic 
enzymes regulated and glucose transporters expression. Fur-
thermore, the studies on modulation of glycolysis by onco-
lytic viruses are very limited, but had shown to be repro-
graming the host cell glucose metabolism during oncolysis. 
Considering the importance of glycolysis in virus infected 
cells, in addition to targeting viral proteins for the develop-
ment of anti-viral therapeutics, alternative ways of targeting 
host factors such as the dependency of viral replication on 
cellular metabolic pathways may also be explored to develop 
effective therapeutics. Glycolytic enzyme inhibition can 
cause ATP depletion, making cancer cells to get insufficient 
energy for proliferation which in turn leads to apoptosis. 
Thus, the use of glycolytic enzyme inhibitors against onco-
genic viral infections may provide treatment for tumor sup-
pression as well. As the regulation of metabolic pathways 
control the fate of the cell subsequently virus infection, the 
transient inhibition of the desired metabolic pathway can 
be a novel therapeutic approach to reduce/inhibit the active 
viral replication.

Acknowledgements  The authors acknowledge the research grant 
(52/08/2019/BIO/BMS) from Indian Council of Medical Research, 
Govt. of India for their financial support.



2416	 Molecular and Cellular Biochemistry (2023) 478:2409–2418

1 3

Author contributions  MR designed the review; PG had written the first 
draft. Both the authors prepared the manuscript, read and approved the 
final manuscript.

Funding  This study was supported by Indian Council of Medical 
Research (Grant No. 52/08/2019/BIO/BMS).

Data availability  Enquiries about data availability should be directed 
to the authors.

Declarations 

Conflict of interest  The authors declare that they have no competing 
interest.

References

	 1.	 Wright EM, Loo DDF, Hirayama BA, Human C (2011) Biology 
of human sodium glucose transporters. Physiol Rev. https://​doi.​
org/​10.​1152/​physr​ev.​00055.​2009

	 2.	 Birnbaum MJ, Haspel HC, Rosen OM (1986) Cloning and char-
acterization of a cDNA encoding the rat brain glucose-transporter 
protein. Proc Natl Acad Sci U S A 83(16):5784–5788. https://​doi.​
org/​10.​1073/​pnas.​83.​16.​5784

	 3.	 Fukumoto H et al (1988) Sequence, tissue distribution, and chro-
mosomal localization of mRNA encoding a human glucose trans-
porter-like protein. Proc Natl Acad Sci U S A 85(15):5434–5438. 
https://​doi.​org/​10.​1073/​pnas.​85.​15.​5434

	 4.	 Pardridge WM, Boado RJ, Farrell CR (1990) Brain-type glucose 
transporter (GLUT-1) is selectively localized to the blood-brain 
barrier: studies with quantitative Western blotting and in situ 
hybridization. J Biol Chem 265(29):18035–18040. https://​doi.​
org/​10.​1016/​s0021-​9258(18)​38267-x

	 5.	 Thorens B, Sarkar HK, Kaback HR, Lodish HF (1988) Cloning 
and functional expression in bacteria of a novel glucose trans-
porter present in liver, intestine, kidney, and β-pancreatic islet 
cells. Cell 55(2):281–290. https://​doi.​org/​10.​1016/​0092-​8674(88)​
90051-7

	 6.	 Simpson IA, Dwyer D, Malide D, Moley KH, Travis A, Vannucci 
SJ (2008) The facilitative glucose transporter GLUT3: 20 years 
of distinction. Am J Physiol—Endocrinol Metab 295(2):242–253. 
https://​doi.​org/​10.​1152/​ajpen​do.​90388.​2008

	 7.	 Birnbaum MJ (1989) Identification of a novel gene encoding an 
insulin-responsive glucose transporter protein. Cell 57(2):305–
315. http://​www.​scien​cedir​ect.​com/​scien​ce/​artic​le/​pii/​00928​
67489​909689

	 8.	 Gualdoni GA et al (2018) Rhinovirus induces an anabolic repro-
gramming in host cell metabolism essential for viral replication. 
Proc Natl Acad Sci U S A 115(30):E7158–E7165. https://​doi.​org/​
10.​1073/​pnas.​18005​25115

	 9.	 Delgado T, Sanchez EL, Camarda R, Lagunoff M (2012) Global 
metabolic profiling of infection by an oncogenic virus: KSHV 
induces and requires lipogenesis for survival of latent infection. 
PLoS Pathog. https://​doi.​org/​10.​1371/​journ​al.​ppat.​10028​66

	10.	 Bojkova D et al (2021) Targeting the pentose phosphate pathway 
for sars-cov-2 therapy. Metabolites. https://​doi.​org/​10.​3390/​metab​
o1110​0699

	11.	 Yau C et al (2021) Dysregulated metabolism underpins Zika-
virus-infection-associated impairment in fetal development. Cell 
Rep 37(11):110118. https://​doi.​org/​10.​1016/j.​celrep.​2021.​110118

	12.	 Pant A, Dsouza L, Cao S, Peng C, Yang Z (2021) Viral growth 
factor- And STAT3 signalingdependent elevation of the TCA 
cycle intermediate levels during vaccinia virus infection. PLoS 

Pathog 17(2):1–28. https://​doi.​org/​10.​1371/​JOURN​AL.​PPAT.​
10093​03

	13.	 Fontaine KA, Camarda R, Lagunoff M (2014) Vaccinia virus 
requires glutamine but not glucose for efficient replication. J 
Virol 88(8):4366–4374. https://​doi.​org/​10.​1128/​jvi.​03134-​13

	14.	 Wang ZQ et al (2008) Human adenovirus type 36 enhances glu-
cose uptake in diabetic and nondiabetic human skeletal muscle 
cells independent of insulin signaling. Diabetes 57(7):1805–
1813. https://​doi.​org/​10.​2337/​db07-​1313

	15.	 Passalacqua KD et al (2019) Glycolysis is an intrinsic factor for 
optimal replication of a norovirus. MBio 10(2):1–18. https://​
doi.​org/​10.​1128/​mBio.​02175-​18

	16.	 Xiao L et al (2014) Targeting epstein-barr virus oncoprotein 
LMP1-mediated glycolysis sensitizes nasopharyngeal carci-
noma to radiation therapy. Oncogene 33(37):4568–4578. https://​
doi.​org/​10.​1038/​onc.​2014.​32

	17.	 Zhang J et al (2017) Epstein-Barr virus-encoded latent mem-
brane protein 1 upregulates glucose transporter 1 transcription 
via the mTORC1/NF-κB signaling pathways. J Virol 91(6):1–
20. https://​doi.​org/​10.​1128/​jvi.​02168-​16

	18.	 Fan R et al (2016) Overexpression of HPV16 E6/E7 mediated 
HIF-1α upregulation of GLUT1 expression in lung cancer 
cells. Tumor Biol 37(4):4655–4663. https://​doi.​org/​10.​1007/​
s13277-​015-​4221-5

	19.	 Zhu Y et al (2016) An oncogenic virus promotes cell survival 
and cellular transformation by suppressing glycolysis. PLoS 
Pathog 12(5):1–27. https://​doi.​org/​10.​1371/​journ​al.​ppat.​10056​
48

	20.	 Zancan P, Marinho-Carvalho MM, Faber-Barata J, Dellias JMM, 
Sola-Penna M (2008) ATP and fructose-2,6-bisphosphate regulate 
skeletal muscle 6-phosphofructo-1-kinase by altering its quater-
nary structure. IUBMB Life 60(8):526–533. https://​doi.​org/​10.​
1002/​iub.​58

	21.	 Jiang G, Zhang BB (2003) Glucagon and regulation of glucose 
metabolism. Am J Physiol—Endocrinol Metab 284(4):47–54. 
https://​doi.​org/​10.​1152/​ajpen​do.​00492.​2002

	22.	 Cai GZ, Callaci TP, Luther MA, Lee JC (1997) Regulation of 
rabbit muscle phosphofructokinase by phosphorylation. Biophys 
Chem 64(1–3):199–209. https://​doi.​org/​10.​1016/​S0301-​4622(96)​
02232-6

	23.	 Abrantes JL et al (2012) Herpes simplex type 1 activates glycoly-
sis through engagement of the enzyme 6-phosphofructo-1-kinase 
(PFK-1). Biochim Biophys Acta—Mol Basis Dis 1822(8):1198–
1206. https://​doi.​org/​10.​1016/j.​bbadis.​2012.​04.​011

	24.	 Bell GI et al (1990) Molecular biology of mammalian glucose 
transporters. Diabetes Care 13(3):198–208. https://​doi.​org/​10.​
2337/​diaca​re.​13.3.​198

	25.	 White MK, Weber MJ (1990) The src oncogene can regulate a 
human glucose transporter expressed in chicken embryo fibro-
blasts. Mol Cell Biol 10(4):1301–1306. https://​doi.​org/​10.​1128/​
mcb.​10.4.​1301-​1306.​1990

	26.	 Bimbaum MJ (1992) The insulin-sensitive glucose transporter. Int 
Rev Cytol 137:239–297. https://​doi.​org/​10.​1016/​S0074-​7696(08)​
62678-9

	27.	 El-Bacha T, Menezes MMT, Azevedo Silva MC, Sola-Penna 
M, Da Poian AT (2004) Mayaro virus infection alters glucose 
metabolism in cultured cells through activation of the enzyme 
6-phosphofructo 1-kinase. Mol. Cell. Biochem 266(12):191–198. 
https://​doi.​org/​10.​1023/B:​MCBI.​00000​49154.​17866.​00

	28.	 Delgado T, Carroll PA, Punjabi AS, Margineantu D, Hocken-
bery DM, Lagunoff M (2010) Induction of the Warburg effect 
by Kaposi’s sarcoma herpesvirus is required for the maintenance 
of latently infected endothelial cells. Proc Natl Acad Sci U S A 
107(23):10696–10701. https://​doi.​org/​10.​1073/​pnas.​10048​82107

	29.	 Huang HT, Leu JH, Huang PY, Chen LL (2012) A putative cell 
surface receptor for white spot syndrome virus is a member of a 

https://doi.org/10.1152/physrev.00055.2009
https://doi.org/10.1152/physrev.00055.2009
https://doi.org/10.1073/pnas.83.16.5784
https://doi.org/10.1073/pnas.83.16.5784
https://doi.org/10.1073/pnas.85.15.5434
https://doi.org/10.1016/s0021-9258(18)38267-x
https://doi.org/10.1016/s0021-9258(18)38267-x
https://doi.org/10.1016/0092-8674(88)90051-7
https://doi.org/10.1016/0092-8674(88)90051-7
https://doi.org/10.1152/ajpendo.90388.2008
http://www.sciencedirect.com/science/article/pii/0092867489909689
http://www.sciencedirect.com/science/article/pii/0092867489909689
https://doi.org/10.1073/pnas.1800525115
https://doi.org/10.1073/pnas.1800525115
https://doi.org/10.1371/journal.ppat.1002866
https://doi.org/10.3390/metabo11100699
https://doi.org/10.3390/metabo11100699
https://doi.org/10.1016/j.celrep.2021.110118
https://doi.org/10.1371/JOURNAL.PPAT.1009303
https://doi.org/10.1371/JOURNAL.PPAT.1009303
https://doi.org/10.1128/jvi.03134-13
https://doi.org/10.2337/db07-1313
https://doi.org/10.1128/mBio.02175-18
https://doi.org/10.1128/mBio.02175-18
https://doi.org/10.1038/onc.2014.32
https://doi.org/10.1038/onc.2014.32
https://doi.org/10.1128/jvi.02168-16
https://doi.org/10.1007/s13277-015-4221-5
https://doi.org/10.1007/s13277-015-4221-5
https://doi.org/10.1371/journal.ppat.1005648
https://doi.org/10.1371/journal.ppat.1005648
https://doi.org/10.1002/iub.58
https://doi.org/10.1002/iub.58
https://doi.org/10.1152/ajpendo.00492.2002
https://doi.org/10.1016/S0301-4622(96)02232-6
https://doi.org/10.1016/S0301-4622(96)02232-6
https://doi.org/10.1016/j.bbadis.2012.04.011
https://doi.org/10.2337/diacare.13.3.198
https://doi.org/10.2337/diacare.13.3.198
https://doi.org/10.1128/mcb.10.4.1301-1306.1990
https://doi.org/10.1128/mcb.10.4.1301-1306.1990
https://doi.org/10.1016/S0074-7696(08)62678-9
https://doi.org/10.1016/S0074-7696(08)62678-9
https://doi.org/10.1023/B:MCBI.0000049154.17866.00
https://doi.org/10.1073/pnas.1004882107


2417Molecular and Cellular Biochemistry (2023) 478:2409–2418	

1 3

transporter superfamily. PLoS One. https://​doi.​org/​10.​1371/​journ​
al.​pone.​00332​16

	30.	 Huang HT, Chan HL, Shih TY, Chen LL (2015) A study of the 
role of glucose transporter 1 (Glut1) in white spot syndrome virus 
(WSSV) infection. Fish Shellfish Immunol 46(2):305–314. https://​
doi.​org/​10.​1016/j.​fsi.​2015.​06.​034

	31.	 Ritter JB, Wahl AS, Freund S, Genzel Y, Reichl U (2010) Meta-
bolic effects of influenza virus infection in cultured animal cells: 
Intra- and extracellular metabolite profiling. BMC Syst Biol. 
https://​doi.​org/​10.​1186/​1752-​0509-4-​61

	32.	 Danos M, Taylor WA, Hatch GM (2008) Mitochondrial monolyso-
cardiolipin acyltransferase is elevated in the surviving popula-
tion of H9c2 cardiac myoblast cells exposed to 2-deoxyglucose-
induced apoptosis. Biochem Cell Biol 86(1):11–20. https://​doi.​
org/​10.​1139/​O07-​156

	33.	 Kim JS et al (2008) Role of reactive oxygen species-mediated 
mitochondrial dysregulation in 3-bromopyruvate induced cell 
death in hepatoma cells : RROS-mediated cell death by 3-BrPA. 
J Bioenerg Biomembr 40(6):607–618. https://​doi.​org/​10.​1007/​
s10863-​008-​9188-0

	34.	 Fontaine KA, Sanchez EL, Camarda R, Lagunoff M (2015) Den-
gue virus induces and requires glycolysis for optimal replication. 
J Virol 89(4):2358–2366. https://​doi.​org/​10.​1128/​jvi.​02309-​14

	35.	 Noch E, Khalili K (2012) Oncogenic viruses and tumor glucose 
metabolism: like kids in a candy store. Mol Cancer Ther 11(1):14–
23. https://​doi.​org/​10.​1158/​1535-​7163.​MCT-​11-​0517

	36.	 Koppenol WH, Bounds PL, Dang CV (2011) Otto Warburg’s 
contributions to current concepts of cancer metabolism. Nat Rev 
Cancer 11(5):325–337. https://​doi.​org/​10.​1038/​nrc30​38

	37.	 Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next 
generation. Cell 144(5):646–674. https://​doi.​org/​10.​1016/j.​cell.​
2011.​02.​013

	38.	 Cairns RA, Harris IS, Mak TW (2011) Regulation of cancer cell 
metabolism. Nat Rev Cancer 11(2):85–95. https://​doi.​org/​10.​
1038/​nrc29​81

	39.	 Ward PS, Thompson CB (2012) Metabolic Reprogramming: a 
cancer hallmark even Warburg did not anticipate. Cancer Cell 
21(3):297–308. https://​doi.​org/​10.​1016/j.​ccr.​2012.​02.​014

	40.	 Thai M et al (2014) Adenovirus E4ORF1-induced MYC activa-
tion promotes host cell anabolic glucose metabolism and virus 
replication. Cell Metab 19(4):694–701. https://​doi.​org/​10.​1016/j.​
cmet.​2014.​03.​009

	41.	 Dawson CW, Port RJ, Young LS (2012) The role of the EBV-
encoded latent membrane proteins LMP1 and LMP2 in the patho-
genesis of nasopharyngeal carcinoma (NPC). Semin Cancer Biol 
22(2):144–153. https://​doi.​org/​10.​1016/j.​semca​ncer.​2012.​01.​004

	42.	 Muñoz-Pinedo C, El Mjiyad N, Ricci JE (2012) Cancer metabo-
lism: current perspectives and future directions. Cell Death Dis 
3(1):1–10. https://​doi.​org/​10.​1038/​cddis.​2011.​123

	43.	 Young AT, Dahl J, Hausdorff SF, Bauer PH, Birnbaum MJ, Benja-
min TL (1995) Phosphatidylinositol 3-kinase binding to polyoma 
virus middle tumor antigen mediates elevation of glucose trans-
port by increasing translocation of the GLUT1 transporter. Proc 
Natl Acad Sci U S A 92(25):11613–11617. https://​doi.​org/​10.​
1073/​pnas.​92.​25.​11613

	44.	 Ramière C, Rodriguez J, Enache LS, Lotteau V, André P, Diaz O 
(2014) Activity of hexokinase is increased by its interaction with 
hepatitis C virus protein NS5A. J Virol 88(6):3246–3254. https://​
doi.​org/​10.​1128/​jvi.​02862-​13

	45.	 Gonnella R et al (2013) Kaposi sarcoma associated herpesvirus 
(KSHV) induces AKT hyperphosphorylation, bortezomib-resist-
ance and GLUT-1 plasma membrane exposure in THP-1 mono-
cytic cell line. J Exp Clin Cancer Res 32(1):1. https://​doi.​org/​10.​
1186/​1756-​9966-​32-​79

	46.	 Hatanaka M, Huebner RJ, Gilden RV (1969) Alterations in the 
characteristics of sugar uptake by mouse cells transformed by 

murine sarcoma viruses. J Natl Cancer Inst 43(5):1091–1096. 
https://​doi.​org/​10.​1093/​jnci/​43.5.​1091

	47.	 Janke R, Genzel Y, Wetzel M, Reichl U (2011) Effect of influ-
enza virus infection on key metabolic enzyme activities in 
MDCK cells. BMC Proc 5(S8):P129. https://​doi.​org/​10.​1186/​
1753-​6561-5-​s8-​p129

	48.	 Kohio HP, Adamson AL (2013) Glycolytic control of vacuolar-
type ATPase activity: a mechanism to regulate influenza viral 
infection. Virology 444(1–2):301–309. https://​doi.​org/​10.​1016/j.​
virol.​2013.​06.​026

	49.	 Mishra S, Goyal P, Kumar D, Chaudhari R, Rajala MS (2020) 
Experimental validation of influenza A virus matrix protein (M1) 
interaction with host cellular alpha enolase and pyruvate kinase. 
Virology 549(August):59–67. https://​doi.​org/​10.​1016/j.​virol.​2020.​
07.​019

	50.	 Ren L et al (2021) Influenza A Virus (H1N1) infection induces 
glycolysis to facilitate viral replication. Virol Sin. https://​doi.​org/​
10.​1007/​s12250-​021-​00433-4

	51.	 Malhotra R, Tyson DGW, Sone H, Aoki K, Kumagai AK, Brosius 
FC (2002) Glucose uptake and adenoviral mediated GLUT1 infec-
tion decrease hypoxia-induced HIF-1α levels in cardiac myocytes. 
J Mol Cell Cardiol 34(8):1063–1073. https://​doi.​org/​10.​1006/​
jmcc.​2002.​2047

	52.	 Munger J, Bajad SU, Coller HA, Shenk T, Rabinowitz JD (2006) 
Dynamics of the cellular metabolome during human cytomegalo-
virus infection. PLoS Pathog 2(12):1165–1175. https://​doi.​org/​10.​
1371/​journ​al.​ppat.​00201​32

	53.	 Yu Y, Maguire TG, Alwine JC (2011) Human cytomegalovirus 
activates glucose transporter 4 expression to increase glucose 
uptake during infection. J Virol 85(4):1573–1580. https://​doi.​org/​
10.​1128/​jvi.​01967-​10

	54.	 Landini MP (1984) Early enhanced glucose uptake in human 
cytomegalovirus-infected cells. J Gen Virol 65(7):1229–1232. 
https://​doi.​org/​10.​1099/​0022-​1317-​65-7-​1229

	55.	 Logette E et al (2021) Elevated blood glucose levels as a primary 
risk factor for the severity of COVID-19. medRxiv. https://​doi.​
org/​10.​1101/​2021.​04.​29.​21256​294

	56.	 Codo AC et al (2020) Elevated glucose levels favor SARS-CoV-2 
infection and monocyte response through a HIF-1α/glycolysis-
dependent axis. Cell Metab 32(3):437-446.e5. https://​doi.​org/​10.​
1016/j.​cmet.​2020.​07.​007

	57.	 Verma A, Adhikary A, Woloschak G, Dwarakanath BS, Papineni 
RVL (2020) A combinatorial approach of a polypharmacological 
adjuvant 2-deoxy-D-glucose with low dose radiation therapy to 
quell the cytokine storm in COVID-19 management. Int J Radiat 
Biol 96(11):1323–1328. https://​doi.​org/​10.​1080/​09553​002.​2020.​
18188​65

	58.	 Palmer CS et al (2014) Increased glucose metabolic activity is 
associated with CD4+ T-cell activation and depletion during 
chronic HIV infection. AIDS 28(3):297–309. https://​doi.​org/​10.​
1097/​QAD.​00000​00000​000128

	59.	 Wu Z et al (2020) Human herpesvirus 6A promotes glycolysis in 
infected T cells by activation of mTOR signaling. PLoS Pathog 
16(6):1–23. https://​doi.​org/​10.​1371/​journ​al.​ppat.​10085​68

	60.	 Valentín-Guillama G et al (2018) HIV-1 envelope protein gp120 
promotes proliferation and the activation of glycolysis in glioma 
cell. Cancers (Basel) 10(9):1–23. https://​doi.​org/​10.​3390/​cance​
rs100​90301

	61.	 Kennedy BE et al (2019) Inhibition of pyruvate dehydrogenase 
kinase enhances the antitumor efficacy of oncolytic reovirus. Can-
cer Res 79(15):3824–3836. https://​doi.​org/​10.​1158/​0008-​5472.​
CAN-​18-​2414

	62.	 Dyer A et al (2019) Antagonism of glycolysis and reductive car-
boxylation of glutamine potentiates activity of oncolytic adenovi-
ruses in cancer cells. Cancer Res 79(2):331–345. https://​doi.​org/​
10.​1158/​0008-​5472.​CAN-​18-​1326

https://doi.org/10.1371/journal.pone.0033216
https://doi.org/10.1371/journal.pone.0033216
https://doi.org/10.1016/j.fsi.2015.06.034
https://doi.org/10.1016/j.fsi.2015.06.034
https://doi.org/10.1186/1752-0509-4-61
https://doi.org/10.1139/O07-156
https://doi.org/10.1139/O07-156
https://doi.org/10.1007/s10863-008-9188-0
https://doi.org/10.1007/s10863-008-9188-0
https://doi.org/10.1128/jvi.02309-14
https://doi.org/10.1158/1535-7163.MCT-11-0517
https://doi.org/10.1038/nrc3038
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1038/nrc2981
https://doi.org/10.1038/nrc2981
https://doi.org/10.1016/j.ccr.2012.02.014
https://doi.org/10.1016/j.cmet.2014.03.009
https://doi.org/10.1016/j.cmet.2014.03.009
https://doi.org/10.1016/j.semcancer.2012.01.004
https://doi.org/10.1038/cddis.2011.123
https://doi.org/10.1073/pnas.92.25.11613
https://doi.org/10.1073/pnas.92.25.11613
https://doi.org/10.1128/jvi.02862-13
https://doi.org/10.1128/jvi.02862-13
https://doi.org/10.1186/1756-9966-32-79
https://doi.org/10.1186/1756-9966-32-79
https://doi.org/10.1093/jnci/43.5.1091
https://doi.org/10.1186/1753-6561-5-s8-p129
https://doi.org/10.1186/1753-6561-5-s8-p129
https://doi.org/10.1016/j.virol.2013.06.026
https://doi.org/10.1016/j.virol.2013.06.026
https://doi.org/10.1016/j.virol.2020.07.019
https://doi.org/10.1016/j.virol.2020.07.019
https://doi.org/10.1007/s12250-021-00433-4
https://doi.org/10.1007/s12250-021-00433-4
https://doi.org/10.1006/jmcc.2002.2047
https://doi.org/10.1006/jmcc.2002.2047
https://doi.org/10.1371/journal.ppat.0020132
https://doi.org/10.1371/journal.ppat.0020132
https://doi.org/10.1128/jvi.01967-10
https://doi.org/10.1128/jvi.01967-10
https://doi.org/10.1099/0022-1317-65-7-1229
https://doi.org/10.1101/2021.04.29.21256294
https://doi.org/10.1101/2021.04.29.21256294
https://doi.org/10.1016/j.cmet.2020.07.007
https://doi.org/10.1016/j.cmet.2020.07.007
https://doi.org/10.1080/09553002.2020.1818865
https://doi.org/10.1080/09553002.2020.1818865
https://doi.org/10.1097/QAD.0000000000000128
https://doi.org/10.1097/QAD.0000000000000128
https://doi.org/10.1371/journal.ppat.1008568
https://doi.org/10.3390/cancers10090301
https://doi.org/10.3390/cancers10090301
https://doi.org/10.1158/0008-5472.CAN-18-2414
https://doi.org/10.1158/0008-5472.CAN-18-2414
https://doi.org/10.1158/0008-5472.CAN-18-1326
https://doi.org/10.1158/0008-5472.CAN-18-1326


2418	 Molecular and Cellular Biochemistry (2023) 478:2409–2418

1 3

	63.	 Al-Shammari AM, Abdullah AH, Allami ZM, Yaseen NY (2019) 
2-Deoxyglucose and Newcastle disease virus synergize to kill 
breast cancer cells by inhibition of glycolysis pathway through 
glyceraldehyde3-phosphate downregulation. Front Mol Biosci 
6(SEP):1–13. https://​doi.​org/​10.​3389/​fmolb.​2019.​00090

	64.	 Lee P, Gujar S (2018) Potentiating prostate cancer immunotherapy 
with oncolytic viruses. Nat Rev Urol 15(4):235–250. https://​doi.​
org/​10.​1038/​nrurol.​2018.​10

	65.	 Kennedy BE, Sadek M, Gujar SA (2020) Targeted metabolic 
reprogramming to improve the efficacy of oncolytic virus therapy. 
Mol Ther 28(6):1417–1421. https://​doi.​org/​10.​1016/j.​ymthe.​2020.​
03.​014

	66.	 Deng X et al (2014) Proteomic analysis of chicken peripheral 
blood mononuclear cells after infection by Newcastle disease 
virus. J Vet Sci 15(4):511–517. https://​doi.​org/​10.​4142/​jvs.​2014.​
15.4.​511

	67.	 Zhong Xu L, Gidh-Jain M, Weber IT, Harrison RW, Pilkis SJ 
(1995) Sugar specificity of human β-cell glucokinase: correlation 
of molecular models with kinetic measurements. Biochemistry 
34(18):6083–6092. https://​doi.​org/​10.​1021/​bi000​18a011

	68.	 Board M, Colquhoun A, Newsholme EA (1995) High Km glu-
cose-phosphorylating (glucokinase) activities in a range of tumor 
cell lines and inhibition of rates of tumor growth by the specific 
enzyme inhibitor mannoheptulose. Cancer Res 55(15):3278–3285

	69.	 Al-Ziaydi AG, Al-Shammari AM, Hamzah MI, Kadhim HS, 
Jabir MS (2020) Hexokinase inhibition using D-mannoheptulose 
enhances oncolytic newcastle disease virus-mediated killing of 
breast cancer cells. Cancer Cell Int 20(1):1–10. https://​doi.​org/​
10.​1186/​s12935-​020-​01514-2

	70.	 Meng G et al (2020) Targeting aerobic glycolysis by dichloroac-
etate improves Newcastle disease virus-mediated viro-immuno-
therapy in hepatocellular carcinoma. Br J Cancer 122(1):111–120. 
https://​doi.​org/​10.​1038/​s41416-​019-​0639-7

	71.	 Cai J et al (2020) Lonidamine potentiates the oncolytic efficiency 
of M1 virus independent of hexokinase 2 but via inhibition of 
antiviral immunity. Cancer Cell Int 20(1):1–12. https://​doi.​org/​
10.​1186/​s12935-​020-​01598-w

	72.	 Liang M (2018) Oncorine, the world first oncolytic virus medicine 
and its update in China. Curr Cancer Drug Targets 18(2):171–176. 
https://​doi.​org/​10.​2174/​15680​09618​66617​11292​21503

	73.	 Conry RM, Westbrook B, McKee S, Norwood TG (2018) Tali-
mogene laherparepvec: first in class oncolytic virotherapy. Hum 
Vacc Immunother 14(4):839–846. https://​doi.​org/​10.​1080/​21645​
515.​2017.​14128​96

	74.	 Yogev O, Lagos D, Enver T, Boshoff C (2014) Kaposi’s sarcoma 
herpesvirus microRNAs induce metabolic transformation of 
infected cells. PLoS Pathog. https://​doi.​org/​10.​1371/​journ​al.​ppat.​
10044​00

	75.	 Salter DW, Baldwin SA, Lienhard GE, Weber MJ (1982) Proteins 
antigenically related to the human erythrocyte glucose transporter 
in normal and Rous sarcoma virus-transformed chicken embryo 
fibroblasts. Proc Natl Acad Sci U S A 79(5):1540–1544. https://​
doi.​org/​10.​1073/​pnas.​79.5.​1540

	76.	 Rivas CI et al (1997) Increased uptake and accumulation of vita-
min C in human immunodeficiency virus 1-infected hematopoi-
etic cell lines. J Biol Chem 272(9):5814–5820. https://​doi.​org/​10.​
1074/​jbc.​272.9.​5814

	77.	 Sorbara LR et al (1996) Human immunodeficiency virus type 1 
infection of H9 cells induces increased glucose transporter expres-
sion. J Virol 70(10):7275–7279. https://​doi.​org/​10.​1128/​jvi.​70.​10.​
7275-​7279.​1996

	78.	 Loisel-Meyer S et al (2012) Glut1-mediated glucose transport 
regulates HIV infection. Proc Natl Acad Sci U S A 109(7):2549–
2554. https://​doi.​org/​10.​1073/​pnas.​11214​27109

	79.	 Mazzon M et al (2018) Alphavirus-induced hyperactivation of 
PI3K/AKT directs pro-viral metabolic changes. PLoS Pathog 
14(1):1–22. https://​doi.​org/​10.​1371/​journ​al.​ppat.​10068​35

	80.	 Mazzon M et  al (2013) A mechanism for induction of a 
hypoxic response by vaccinia virus. Proc Natl Acad Sci U S A 
110(30):12444–12449. https://​doi.​org/​10.​1073/​pnas.​13021​40110

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.3389/fmolb.2019.00090
https://doi.org/10.1038/nrurol.2018.10
https://doi.org/10.1038/nrurol.2018.10
https://doi.org/10.1016/j.ymthe.2020.03.014
https://doi.org/10.1016/j.ymthe.2020.03.014
https://doi.org/10.4142/jvs.2014.15.4.511
https://doi.org/10.4142/jvs.2014.15.4.511
https://doi.org/10.1021/bi00018a011
https://doi.org/10.1186/s12935-020-01514-2
https://doi.org/10.1186/s12935-020-01514-2
https://doi.org/10.1038/s41416-019-0639-7
https://doi.org/10.1186/s12935-020-01598-w
https://doi.org/10.1186/s12935-020-01598-w
https://doi.org/10.2174/1568009618666171129221503
https://doi.org/10.1080/21645515.2017.1412896
https://doi.org/10.1080/21645515.2017.1412896
https://doi.org/10.1371/journal.ppat.1004400
https://doi.org/10.1371/journal.ppat.1004400
https://doi.org/10.1073/pnas.79.5.1540
https://doi.org/10.1073/pnas.79.5.1540
https://doi.org/10.1074/jbc.272.9.5814
https://doi.org/10.1074/jbc.272.9.5814
https://doi.org/10.1128/jvi.70.10.7275-7279.1996
https://doi.org/10.1128/jvi.70.10.7275-7279.1996
https://doi.org/10.1073/pnas.1121427109
https://doi.org/10.1371/journal.ppat.1006835
https://doi.org/10.1073/pnas.1302140110

	Reprogramming of glucose metabolism in virus infected cells
	Abstract
	Introduction
	Modulation of glucose uptake and glycolysis by viruses
	Why do viruses modulate glycolysis?
	Oncogenic viruses
	Non-oncogenic viruses
	Oncolytic viruses

	Conclusion
	Acknowledgements 
	References




