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Abstract

Mechanisms discovered to drive increased glucose metabolism in cancer cells

are found to be similar to those in viral-infected cells. In this mini review, we

summarize the major pathways by which the sugar analog, 2-Deoxy-D-glucose,

has been shown to exploit increased glucose metabolism in cancer and how

this information applies to viral-infected cells. Moreover, we highlight the rele-

vance of these findings to the emergency approval of 2-Deoxy-D-glucose in

India to be used against SARS-CoV-2, the virus responsible for COVID-19.
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1 | INTRODUCTION

The mutating nature of viral influenza has necessitated
development of a different flu vaccine each year. With
the news of more infectious variants of SARS-CoV-2
spreading to or originating in different countries, the
need for treatments and prophylactics that can overcome
viral variation is paramount.

One such treatment appears to be based on the remo-
deling of glucose metabolism toward a more glycolytic
one, which is emerging as a common trait of viral-
infected cells.1–3 This is similar to the shift that cancer

cells undergo from oxidative phosphorylation to glycoly-
sis in order to meet the demands of rapid growth (com-
monly referred to as the “Warburg effect”).

It has been known for more than 40 years via PET scans
that tumors take up more glucose than normal surrounding
tissues. An explanation for this phenomenon came from the
findings of Chi Dang's laboratory that showed that when
fibroblasts were transfected with MYC, an oncogene found
in many tumor types, the glucose transporter, Glut 1, as well
as several enzymes of the glycolytic pathway were
upregulated when compared to the untransfected cells.4 Sim-
ilarly, it has been demonstrated thatmany of themajor genes
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found to drive cancer (oncogenes and or loss of major sup-
pressor genes), are also responsible for driving increased glu-
cose accumulation into tumor cells (Figure 1). Moreover, by
mass spectrometry analysis, it has been shown that in addi-
tion to being a vital energy source, the glucose molecule pro-
vides the building blocks required for a cell to replicate
thereby explaining increased glucose metabolism of cancer
cells andwhy the PET scanworks.5

Thus, it follows, that upon viral infection, cells undergo a
similar increased glucose-uptake, satisfying their substrate
requirements to producemore virus. Although the latter state-
ment was not documented until 2008 when investigators actu-
ally measured increases in glycolytic metabolites and enzymes
upon adenoviral infection of cells,6 increased glucose uptake,
and metabolism was detected as early as 1957 in cells infected
with poliovirus7 and subsequently reported in a variety of
other viral infections.1,8–11 Therefore, increased glucose uptake
is not only recognized as an inherent feature of most cancers
but also appears to be a common trait of viral-infected cells.

2 | 2-DG EXPLOITS CANCER-
INDUCED INCREASED GLUCOSE
UPTAKE AND METABOLISM BY
BLOCKING GLYCOLYSIS AND
INTERFERING WITH N-LINKED
GLYCOSYLATION

To take advantage of this natural trait in cancer, we
(T. J. L.) have been developing 2-deoxy-D-glucose (2-DG),

an analog of glucose, as a non-toxic anti-cancer agent
and have found through an FDA-approved Phase I clini-
cal trial that it is well-tolerated and safe in patients.12,13

In the trial, 2-DG was used for its well-known property of
inhibiting glycolysis, thereby targeting cancer cells that
are resistant to chemotherapy or radiation due to their
slow growth.

Since most solid tumors contain hypoxic areas that
harbor slow growing and or cancer cells in G0, they can
be selectively killed by 2-DG through its inhibitory
activity on glycolysis, the pathway cells depend on for
survival under the environment of low oxygen.13 In
early experiments, indeed we reported that tumor cells
treated with 2-DG growing in different models of
anaerobiosis undergo cell death.14 Moreover, in a trans-
genic model of retinoblastoma, the targeting of hypoxic
cells in vivo by 2-DG was demonstrated using the hyp-
oxic sensing agent pimonidazole.15 In this experiment,
not only was it shown that 2-DG could eliminate the
hypoxic population but also that carboplatin used to kill
the rapidly replicating cells could not. Thus, shutdown
of glycolysis produces energy stress on the cancer cell,
which we show in vitro and in vivo is toxic to cells
under anerobic growth conditions. Anaerobiosis pro-
vides a window of selectivity that can be exploited by
2-DG, since tumor cells take up more glucose, and
therefore more 2-DG, than normal cells, and even more
so when growing under hypoxia.

By mimicking mannose as well as glucose, 2-DG also
produces another kind of stress in the cancer cell when

FIGURE 1 2-Deoxy-D-glucose (2-DG) exploits cancer-induced increased glucose uptake and metabolism by blocking glycolysis and

interfering with N-linked glycosylation. The major oncogenes involved in converting a normal cell to a tumor cell have been shown to also

upregulate glucose uptake and metabolism. As an analog of glucose, 2-DG preferentially accumulates in malignant cells and acts to block

glycolysis, which supplies the building blocks required for cancer cell replication. Under hypoxia, inhibiting glycolysis leads to cell death,

while under normoxia, other energy sources such as fats and amino acids can be used to fuel cells and sustain viability. As an analog of

mannose, 2-DG fraudulently incorporates into the growing oligosaccharide chain required for N-linked glycosylation leading to unfolded

glycoproteins inducing ER stress and activation of PERK (a component of the unfolded protein response [UPR]) which in turn shuts down

cap-dependent translation by phosphorylating EIF2α. We demonstrated that due to 2-DG's activity as a mannose analog, certain select tumor

cell types, even when grown under normoxic conditions, undergo ER stress-induced UPR-mediated cell death
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grown under normal oxygen conditions referred to as
endoplasmic reticulum (ER) stress, inducing an unfolded
protein response (UPR), that in turn shuts down further
protein synthesis in order to alleviate this kind of stress.16

ER stress and the induction of the UPR can be reversed
by adding low levels of exogenous mannose but not glu-
cose further supporting a mannose pathway induction of
ER stress and UPR activation by 2-DG under normoxia.16

Since enveloped viruses use the ER of the cell, they infect
to produce massive amounts of viral glycoproteins which
would normally lead to UPR-mediated blockage of pro-
tein synthesis, they have had to develop ways to over-
come this to allow them to be produced.17–19

3 | 2-DG EXPLOITS VIRAL-
INDUCED INCREASED GLUCOSE
UPTAKE AND METABOLISM BY
BLOCKING GLYCOLYSIS AND
INTERFERING WITH N -LINKED
GLYCOSYLATION

Based on this understanding, we reasoned that pre- or
simultaneous treatment of viral-infected cells with 2-DG

would activate the UPR shutting down protein synthesis
and thereby blocking viral replication. This idea was suc-
cessfully tested in Kaposi's sarcoma Herpes virus,
(KSHV) an enveloped oncogenic human virus known to
be the etiological agent of Kaposi's sarcoma, the most
prevalent AIDS-associated cancer.20 Following investiga-
tions reported that 2-DG blocks viral infections in non-
enveloped viruses such as rhinovirus2 as well as the
enveloped virus, Porcine Epidemic Diarhea Virus
(PEDV), a porcine alpha coronavirus.21 Thus, it appears
that 2-DG is unique as an anti-viral agent, in that, it is
able to target both glycolytic reprogramming and UPR
during viral infections (Figure 2).

In the report where nasal spray of 2-DG was used as
the delivery system in animal models to block the replica-
tion of a rhinovirus (non-enveloped), which causes the
common cold, it was also found that the virus upregulated
glycolytic enzymes and glucose metabolism in the cells it
infected. Thus, the most likely mechanism by which 2-DG
blocks this type of viral infection is through the inhibition
of glycolysis.2 In the case of the enveloped coronavirus,
Porcine Epidemic Diarrhea Virus (PEDV), 2-DG was
shown to be blocking its replication via induction of UPR-
mediated shutdown of protein synthesis.21

FIGURE 2 2-Deoxy-D-glucose (2-DG) exploits viral-induced increased glucose uptake and metabolism by blocking glycolysis and

interfering with N-linked glycosylation. Viral infection has been shown to increase glucose uptake and metabolism via activation of proto-

oncogenes.22 As an analog of glucose, 2-DG preferentially accumulates in viral-infected cells and acts to block glycolysis, which supplies the

building blocks required for non-enveloped as well as enveloped viral replication and production. As an analog of mannose, 2-DG fraudulently

incorporates into the growing oligosaccharide chain required for N-linked glycosylation leading to unfolded glycoproteins inducing ER stress

and activation of PERK (a component of the unfolded protein response [UPR]) which in turn shuts down cap-dependent translation by

phosphorylating EIF2α resulting in inhibition of enveloped viral maturation and replication. 2-DG-induced ER stress has been shown to block

viral replication in Kaposi's sarcoma (Herpes) virus and PEDV (a coronavirus) via activating the UPR and blocking EIF2α-cap dependent

protein translation.20,21 Since SARS-CoV-2 is also an enveloped virus, this latter 2-DG effect most likely contribute to its anti-viral activity
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More recently, prompted by proteomic analysis which
showed that SARS-CoV-2 also led to reprograming of
infected cells to a more glycolytic status, 2-DG was shown
to successfully block this metabolic alteration and signifi-
cantly lower viral titer.23 Similar increased glycolysis and
2-DG's inhibitory effects on viral replication were also
recently found in monocytes infected with SARS-CoV-2.24

Based on the previous results cited in PEDV, a corona virus
as well as for the other enveloped virus, KSHV, where
2-DG mediated UPR leads to inhibition of viral replication,
it is likely that a similar mechanism is contributing to the
reported blockage of SARS-CoV-2 replication by 2-DG
(Figure 2).

4 | RELEVANCE TO USE OF 2-DG
IN INDIA AGAINST SARS-COV-2

Thus, it is not very surprising that amid the dire health
crisis triggered by the second SARS-CoV-2 wave in India,
characterized by air-borne contagion and new variants
including vaccine breakthrough cases, as reported in the
Indian press, a 2-DG oral delivery form has now received
emergency approval to help control SARS-CoV-2 infec-
tion. The Drugs Controller General of India cleared the
drug after clinical trial results showed that 2-DG helps in
faster recovery of hospitalized patients and reduces sup-
plemental oxygen dependence.

It was found that a higher proportion of patients
treated with the drug tested negative for Covid in RT-
PCR tests. In a phase II trial, the dose of 63 mg/kg body
patient weight, which was the dose we established in our
clinical trial for cancer,12 has been preliminarily found to
be safe in trials in COVID-19 patients and shown to sig-
nificantly improve their recovery. The second trial was in
110 patients while the third round of trials was conducted
in six hospitals, “dose ranging” in 11 hospitals across
India as continuing. In these latter trials, 45 mg/kg 2�
per day was found to be safe and effective. It should be
noted that the clinical data reported in India to date has
not been published. The results shown here, are as
reported in the press, as well as recently presented in a
virtual meeting held jointly by a laboratory of the
Defence Research and Development Organization, in col-
laboration with Dr. Reddy's Labs who are responsible for
the clinical trials.

It is possible that 2-DG may not only be effective in
treating those already infected by coronavirus, but as
shown in the rhinoviral report,2 2-DG delivered by nasal
spray could be used as a barrier to prevent or reduce the
chance of viral infection in “at risk” and “highly exposed”
individuals. Moreover, the increasing emergence of
SARS-CoV-2 variants, as well as the occurrence

of breakthrough cases, support the need for developing
mechanistic-based drugs such as 2-DG.

5 | PLEIOTROPIC ACTIVITY OF
2-DG AGAINST DIFFERENT
VIRAL TYPES

Dating back to the 1970s, 2-DG has been demonstrated to
block replication of a variety of viral types by a number
of different mechanisms which include the following:
(a) Incorporating falsely into the structure of the viral
capsid (head), leading to attenuation of its ability to
become a fully infectious virus25; (b) Interfering with nor-
mal glycoprotein folding in the ER leading to ER stress
and blocking viral replication by activating the UPR
thereby shutting down protein synthesis20,21; and (c) By
inhibiting glycolysis, 2-DG shuts off the building blocks
required for a virus to replicate.2

In addition to its anti-viral effects, 2-DG has also been
shown to have anti-inflammatory effects that may benefit
COVID-19 patients,2 especially in the latter phase of their
disease, where runaway inflammation appears to play a
significant role in the pathogenesis and morbidity of this
disease. In support of this possibility, in a recent review
2-DG's inhibitory effects on subsets of the immune
response were summarized and shown to be most pro-
nounced on those commonly referred to as pro-
inflammatory since these immune cells commonly
undergo increased glycolysis when activated.26 Thus,
inhibition of glycolysis appears to have selective effects
on activated immune cells most closely associated with
pro-inflammatory activities.

Using what is known as “in silico molecular model-
ing” (a non-cellular method which predicts how a drug
will bind to its target and therefore inhibit its function), a
new mechanism of how 2-DG may be effective against
SARS has recently been preliminarily (not yet peer-
reviewed) reported.27 It was found that the structure of
2-DG fits into several of the binding sites that allow
SARS-CoV-2 to attach as well as to replicate once it gets
into a cell.

This is the first report that examines the SARS-CoV-2
sites that 2-DG directly could have significant anti-viral
activity on. It predicts that 2-DG will interfere with viral
pathogenesis by binding what is known as its protease as
well as its endoribonuclease. Each of these sites is
required for proper viral replication and infectivity.
Moreover, the authors show that the docking of 2-DG
with the main protease 3CLpro and NSP15 end-
oribonuclease of COVID-19 is significantly better than
that of the standard anti-viral drugs lopinavir and
favipiravir.
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This recent finding together with (a) the aforemen-
tioned reports of anti-replicative activity of 2-DG against
SARS-CoV-2 in vitro; (b) the anti-viral activity of 2-DG
previously reported in a number of different virus types;
and (c) the number of mechanisms by which it inhibits
viral replication, adds further support for 2-DG (nasal
spray) to be tested against COVID-19 in animals and if
found to be beneficial, in humans.

6 | CAUTION REQUIRED IN
DETERMINING BEST WAY TO
TREAT PATIENTS WITH 2-DG

It should be noted that although the above studies pro-
vide overwhelming support for 2-DG to be used in the
fight against COVID-19, caution must be taken to deter-
mine how humans undergoing infection with this partic-
ular virus will respond to 2-DG. Although the human
trials done in India to date indicate that it is safe, it
remains to be seen whether this continues as the number
of patients treated with 2-DG expand.

The caution is based on a report that at high doses of
2-DG delivered by injection systemically (2.5 mg/ml
twice per day) 2-DG, or fasting, are detrimental in an ani-
mal model of influenza, increasing the death rate.28 In a
herpes simplex eye infection animal model,29 similar det-
rimental results were obtained when 2-DG was applied at
high dose by IP injection at early stages, but beneficial
effects were observed when applied in the latter stages of
the viral infection.

In the former report, differential alterations in glucose
metabolism in the different phases of diseases appeared
to account for opposite effects when either fasting or
2-DG treatment was used, with the anti-inflammatory
effects of 2-DG most likely accounting for the beneficial
effects observed in the latter phase of viral-induced
pathology.28 There appear to be a complicated relation-
ship between a beneficial immune response leading to
protection against foreign insults and a consequential
inflammatory response, both of which may be beneficial
or detrimental.

Fortunately, in the human trials completed in India
(to date) apparently detrimental effects were not
observed (at least in the number of patients studied
[>400 < 500]). Moreover, the work published in the rhi-
novirus animal model2 also did not describe this compli-
cation and in fact showed a dramatic drop in both viral
load as well as inflammation leading to a prevention
and/or rapid resolution of a deadly form of pneumonia.
These two observations bring up the possibility that
either the delivery system of 2-DG (nasal spray2 as
opposed to IP injection,28,29) plasma concentration of

2-DG, or viral type contribute to the differences reported
in these three different viral animal models as well as in
human trials.

Noteworthy, is that the inflammatory response which
appears to contribute significantly to the unusually
deadly pathogenesis of COVID-19 may clearly benefit
from the known anti-inflammatory activity of 2-DG men-
tioned above.2,26

7 | METRONOMIC DELIVERY OF
2-DG IN STAGE 4 CANCER
PATIENTS

To add to the safety of 2-DG treatment that has been
established in previous human trials, recently 2-DG has
been preliminarily observed to be safe and well tolerated
in a small number of end-stage diseased cancer patients
when treated metronomically (slow-drip 24–48 hr slow
infusion) with low doses for periods up to 2 years
(unpublished results D. Stanciu and T. J. Lampidis). Met-
ronomic delivery of 2-DG was developed to circumvent
the insulin surge we observed when cancer patients in
our phase I trial were treated with a daily bolus oral dose
of 2-DG.23 It, therefore, remains to be seen whether
COVID-19 patients treated orally (as in the trials in
India) experience increase in insulin, although it proved
to be transitory and cleared up in cancer patients shortly
after each treatment.

This information together with a preclinical study in
a human xenograft cancer model30 suggests that metro-
nomic delivery of 2-DG may be the best and safest way to
proceed with those patients who are in the later stages of
COVID-19 disease. If these patients' viral titers have
already reached their peak and they are suffering from a
runaway inflammatory reaction, then indeed 2-DG with
its anti-inflammatory as well as its anti-viral activity may
significantly benefit this group and save lives. However,
if the disease has progressed to a stage where the lungs or
other organs have been permanently damaged, 2-DG
unfortunately will yield little benefit. From the human
trial information in India, so far made available to the
public, this seems to be the case.

A thorough understanding of when and how 2-DG
can be given in the course of COVID-19 infection is key
to being able to apply it safely and effectively. Although
there may be other analogs of glucose in addition to
2-DG that may prove to be as or more effective in either
of its pleiotropic mechanisms of action, at this point
based on all we know about its mechanisms, safety
record in humans, and availability, 2-DG seems best
suited for further testing and rapid development for
clinical use.
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8 | VIRUS ACTIVATION OF
ONCOGENES IN UP-REGULATING
GLUCOSE METABOLISM

Interestingly, a pathway by which virus infection
increases glucose metabolism was shown to be through
activation of MYC, one of the earliest oncogenes reported
to drive glucose metabolism in cancer cells.31 This
finding not only highlights the relationship between can-
cer and viral-infected cells in their shared trait of
increased glucose uptake, but also raises the question of
whether certain viral infections could perhaps contribute
to the onset of oncogenesis by transitory oncogene
activation?

In fact, in a recent review,32 it was suggested that the
presence of NSP15 endonuclease in SARS-CoV-2 which
was shown in SARS-CoV-1 to downregulate RB thereby
promoting cell proliferation,33 could do the same in
SARS-CoV-2 infections. In another report, SARS corona-
virus was shown to interact with p53 further suggesting a
relationship between SARS-C0V-2 infections and cancer
related genes.34 For a more comprehensive account of
the pathways by which oncogenes are involved in
increased glucose metabolism by different viral types,
please see the review by Mayer et al.22

9 | SUMMARY

In summary, viruses, as well as cancer cells, use glucose
not only as a vital energy source but also as the building
blocks for further production, which has been demon-
strated with carbon 13 tracer experiments and mass spec-
trometry. Thus, taking advantage of increased glucose
metabolism, 2-DG will preferentially accumulate in can-
cer as well viral-infected cells, which separates it from
other anti-cancer and or anti-viral agents that enter nor-
mal or viral-infected and non-infected cells equally. The
selectivity of 2-DG in addition to it being easily applied,
nontoxic, and a rapid inexpensive means of treating viral
outbreaks, further supports its use in India and strongly
encourages further development and expansion which
hopefully will prove to be practical and effective for
treating SARS-CoV-2 as well other emerging coronavirus
variants worldwide.
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