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Abstract

In India, 2-Deoxy-D-Glucose (2-DG) has been licenced for the treatment of active corona patients with moderate to
severe symptoms. This novel glucose analogue could destroy cancer cells synergistically when combined with other
effective cytotoxic drugs. Glucose provides energy to all of the cells in the human body. 2-DG inhibits glycolysis and ATP
production by acting as an anti-glycolytic agent. Consumption of 2-DG creates starvation in high-glucose-using cells,
which leads to autophagy. The similar anti-glycolytic property has led to its inclusion in a number of clinical trials to
investigate its blocking mechanism in the pathogenesis of SARS Corona Virus-2 (SARS-CoV-2). According to the trials, the
drug can cause viral death and lessen oxygen dependency in active corona patients. However, the impact of 2-DG on
healthy cells such as neurons is also a source of worry. The study collectively investigates into the anticancer, antiviral,

and biological properties of 2-DG.

Keywords: COVID-19, 2-Deoxy-D-Glucose, SARS-CoV-2, Cancer.

Introduction

Since 2019, the severe acute respiratory syndrome
corona virus 2 (SARS-CoV-2) has become one of the most
serious health crises.!! It has now evolved into a
widespread and deadly pandemics of the twenty-first
century. In the month of December 2019, the first case of
COVID-19 was discovered in Wuhan, China. It has since
expanded to over 220 nations throughout the world. With
over 24 million cases and 338,000 deaths as of April 2021,
India is now the epicenter of the global pandemic, with
more than 24 million cases and 338,000 deaths. As the
global number of infections rises, research and drug
approvals are accelerated in order to find a definitive cure
for the disease. Various preemptive efforts have been
implemented around the world to control the disease's
wandering spread. However, presently there is no
recognized treatment for COVID-19. SARS-CoV-2 virus
replication has recently been demonstrated to be
inhibited by 2-deoxyglucose/ 2 -deoxy-D-glucose (2-DG).
The Drug Controller General of India (DCGI) has approved
the emergency use of 2-DG as an adjunct therapy for
moderately and severely infected corona patients, which
is a ray of hope in the fight against COVID-19. Defense
Research and Development Organization (DRDO) and Dr.
Reddy's Laboratories (DRL) collaborated on the medicine,
which was authorized on May 8, 2021.
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2-DG is a glucose analogue. The initial research into the
use of 2-DG for cancer treatment shed light on how the
drug works, revealing that it competes with glucose
metabolism in cancer cells, depleting cancer cells of the
energy they require to survive and multiply, ultimately
causing malignant tumour cells to die.’? The discovery
that 2-DG inhibits glycolysis by forming and accumulating
2-deoxy-D-glucose-6-phosphate  (2-DG6P), blocking
hexokinase and glucose-6-phosphate isomerase, and
triggering malignant cell death, led to its potential
therapeutic use in the treatment of COVID-19.5! It further
stated that, due to its basic composition, it can be easily
produced and made available in large quantities
throughout the country, generating expectations that it
may someday be extensively used and help to alleviate
the current COVID crisis. Due to its method of action in
infected cells, the medicine is likely to save precious lives
in a huge number of patients who are suffering from
severe oxygen dependency and require hospitalisation.
Some detractors, however, argue that there is insufficient
evidence to support the drug's emergency approval as a
COVID-19 treatment.

2-DG and how does it work

It's glucose analogues, which have the appearance of
glucose but aren't. When comparing the structures of
glucose and 2-DG, the second carbon in 2-DG varies from
glucose (Figure 1 Structural representation of 2-DG and
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Glucose). To prevent glycolisation, the second carbon in
glucose's hydroxyl group is substituted with a hydrogen
atom in 2-DG.™ 2-DG has been tested for its ability to
target cancer cells all over the world. By blocking
glycolsis, it has the ability to cause cell death.! A fast-
multiplying microbe in the human body requires glucose
for energy. As a result, the virus will consume this glucose
analogue, disrupting glucose metabolism and protein
glycosylation even more. As a result, the medicine will
stop microorganisms from multiplying.®! According to a
study published in 2010, cancer can cells ingest 2-DG at a
higher rate than normal cells, hence it can be utilised as a
cancer cell marker.®! To increase its anti-glycolytic effect,
the hydrogen atom at the second position of 2-DG can be
substituted with a fluorine atom.!”) By putting glycolysis as
a crucial upstream process during SARS-CoV-2
pathogenesis, 2-DG, as an anti-glycolytic drug, plays a key
role in preventing viral multiplication and cytokine
response.'®! Now that India has approved the use of 2-DG
for COVID-19 in an emergency situation, the medicine will
be available in sachets containing powder that can be
dissolved in water.

CHZ0H
H iy O H
o) OH H H
H

2- Deoxy Glucose Glucose

Figure 1: Structural representation 2-DG and glucose

2-DG is an experimental medication that is being
researched as an anticancer and antiviral treatment. The
melting point of 2DG is 142-144°C. 2-DG interacts with
various cellular pathways and has a variety of
physiological effects such as Autophagy Induction,
Apoptosis Induction, Protein N-Glycosylation, and so on,
rather than simply acting as a glycolysis blockage.

Biological activity of 2-DG
Glycolysis Inhibition

2-DG competes with glucose for transfer into the cell and
can impede glucose transport. In cancer cells, oxygen
shortage, which is more common in the intratumoral
environment, increases the expression of glucose
transporters and glycolytic enzymes, which increases 2-
DG uptake compared to normal cells in an aerobic
environment.”) Hexokinase Il phosphorylates 2-DG to 2-
deoxy-d-glucose-6-phosphate when it enters the cell (2-
DG-6-P). This results in the accumulation of 2-DG-6-P
within the cell, as well as allosteric and competitive
inhibition of hexokinase isomerise, which leads to
Adenosine Triphosphate (ATP) depletion, cell cycle arrest,
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inhibition of cell growth, and eventually cell death. As a
result, the bigger the accumulation of 2-DG-6-P, the
greater the impact on glycolysis.[) Because cancer cells
can continue to make ATP utilising alternate sources, such
as fatty acids or amino acids, inhibition of glycolysis is
more effective under hypoxic settings.[*%!

Autophagy Induction

Glycolysis inhibition causes ATP deficit, which changes the
ATP/ Adenosine Monophosphate (AMP) ratio and
activates AMP-activated protein kinase (AMPK).[*Y) Active
AMPK phosphorylates the proteins in the Mammalian
Target of Rapamycin (mTOR) kinase complex, causing
autophagy to be induced.*? Autophagy is a destructive
process that occurs in all living cells. Autophagy is the
process of encapsulating intracellular organisms in
double-membraned vesicles called autophagosomes and
transporting them to lysosomes for destruction.!*?
Autophagy promotes tumour development in the early
stages of growth, boosts cancer cell survival and
promotes metastasis in advanced tumours. AMPK
activation may also cause p53, a tumour suppressor
protein, to be expressed. The cell cycle is arrested at the
G1 checkpoint by active p53, which then targets the cell
for apoptosis.[*® Sugars, nucleosides or nucleotides,
amino acids, and fatty acids, among other breakdown
products of autophagosomal cargo, can be carried back to
the cytoplasm, presumably to re-enter cellular
metabolism. Sustained autophagic flow, on the other
hand, may result in excessive self-degradation of vital
cellular components (such as mitochondria) which in turn
can trigger cell death.

Apoptosis Induction

Apoptotic cell death is the result of prolonged autophagy
and significant self-degradation. Depending on the cell
type, powerful 2-DG apoptotic induction appears to be
communicated via distinct routes. ATP depletion
sensitises cells to Tumor Necrotic Factor (TNF) leading to
receptor dependent extrinsic apoptosis, according to
study conducted by Munoz-Pinedo, et al., [2003] [
through cytoprotective autophagy processes, Xu, et al., in
2005 71 discovered that 2-DG can sensitise cells to
apoptosis. Furthermore, 2-DG has been shown in multiple
studies to increase Reactive Oxygen Species (ROS)
production, resulting in cell death.'® Valera, et al., in
2017 discovered that 2-DG treatment alters the B-cell
lymphoma 2 (Bcl-2) / Bcl-2 Associated X (BAX) apoptosis
regulator protein ratio in bladder cancer cells, driving
apoptosis induction.!*?!

Protein N-Glycosylation

Many secreted or membrane-bound glycoproteins
contain N-glycans, which are involved in a variety of
critical processes such as protein stability, folding,
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intracellular interactions, and signal transmission. They
also play a role in cell-cell and cell-extracellular matrix
interactions as well as cell adhesion mediation.!?” The
common core pentasaccharide, which consists of three d-
mannose and two -d-N-acetylglucosamine (GIcNAc)
molecules, is found in all eukaryotic N-linked glycans. The
glycan glucose3-mannose9-N-acetylglucosamine2
(G3Man9GIcNAc2) is transferred from a lipid-linked
oligosaccharide (LLO) by a co translational process,
resulting in the three primary forms of glycans: high-
mannose, hybrid, and complex N-glycans.?! When LLO
synthesis is disrupted, abnormal N-linked glycosylation
occurs, interfering with the Erthroplasmic Reticulum's
glycan-dependent folding and quality control activities
(ER).22 D-mannose and d-glucose are quite similar, with
the exception of the stereochemistry at the C-2 position.
The hydroxyl group at C-2 was removed from d-glucose to
produce 2-DG. The identical 2-DG product results by
removing the hydroxyl group at C-2 in the d-mannose
molecule. Thus, 2-DG can disrupt d-glucose and d-
mannose metabolism by suppressing glycolysis, altering
mannose-related metabolic pathways, and competing
with d-mannose for protein N-glycosylation.!?*!

2-DG and Covid

The DCGI has issued emergency approval to 2-DG, an oral
antiviral formulation. The medication comes in a sachet
(2.43 gm) and is administered orally at 45mg/kg twice a
day before meals by dissolving it in water. Its anti-COVID-
19 therapeutic application has been developed by the
Institute of Nuclear Medicine and Allied Sciences
(INMAS), a laboratory of the DRDO, in cooperation with
DRL, Hyderabad.

2-DG can only be given to hospitalised moderate-to-
severe COVID-19 patients on prescription as an adjunct
(add-on) therapy to the existing standard of care (SOC).
The composition, according to the manufacturers, aids in
the speedier recovery of COVID-19 patients in hospitals
and minimises their reliance on supplementary oxygen. 2-
DG can be easily made and provided in big quantities
because it is a generic chemical and a glucose analogue.

How does the formulation work?

In virus-infected human cells, the main function of the 2-
DG medication is to suppress glycolysis (the breakdown of
glucose by cells for energy). Viruses rely on glycolysis to
meet their energy needs. The energy provided by
glycolysis aids the virus's reproduction in the human
body. By selectively accumulating in virus-infected cells,
the 2-DG drug suppresses glycolysis. The 2-DG medication
prevents viral replication in human cells by decreasing
glycolysis. According to a study conducted by Griffin TJ, et
al., in 2002, 2-DG possesses antifungal activity against
Saccharomyces cerevisiae.?¥ To sustain optimal cell
growth and survival, cells have the ability to adapt to
changes in nutrition supply. Even when glucose is
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available, adding 2-DG to the cells triggers a glucose-
starvation-like reaction in the cells, which limits growth
and reduces viability.”® 2-DG suppresses cell-wall
polysaccharide biosynthesis and glycoprotein
biosynthesis, according to a study published in 1982.[2¢
According to a study published in the year 2020, 2-DG has
improved viral penetration against the herpes simplex
virus.”l When treated with 2-DG, the production of
infectious herpes simplex virus was reduced by 94-98
percent (%). In a 2020 experiment involving chick embryo
and vyeast cells, 2-DG was found to have antiviral
properties by preventing the glycosylation of viral
glycoproteins. According to the findings of a study, 2-DG
inhibits glucose flow whereas oligomycin inhibits ATP
synthase.?® In the same investigation, 2- DG was found to
be safe in the treatment of SARS-CoV-2. It totally inhibits
viral replication in CoV-2-infected monocytes, as well as
the CoV-2-induced upregulation of Angiotensin-
converting Enzyme 2 (ACE2). Another study published in
2021 found that 2- DG inhibits SARS-CoV-2 replication in a
colon epithelial cancer cell line.”® During SARS-CoV-2
pathogenesis, 2-DG inhibits viral replication and cytokine
storm by compromising high energy demand and
reducing glycolysis, according to this study. Another study
published in 2020 by Balakrisna, et al., recommends using
2-DG in combination with low-dose radiation treatment
to protect SARS-CoV-2 sensitive tissues and organs and
minimise COVID-19-related mortality and morbidity.2% A
analogue of 2-DG, 2-FluroDeoxy-D-Glucose (2-FDG), can
be employed as a radiotracer in the detection of COVID-
19 pneumonia, reducing the radiation exposure risk of
Computed tomography (CT) scan that is said to be
equivalent to 300 X-rays.l

Clinical trials

In April 2020, researchers from INMAS and the Centre for
Cellular and Molecular Biology (CCMB) in Hyderabad
revealed that the chemical 2-DG is efficient against the
SARS-CoV-2 virus and inhibits viral proliferation in lab
trials. The DCGIl's Central Drugs Standard Control
Organization (CDSCO) approved phase Il clinical trials to
investigate the 2-DG drug's safety and efficacy in COVID-
19 patients in May 2020.

DRDO and DRL conducted phase Il trials on 110
patients between May and October 2020. The phase ll-a
studies took place in six hospitals, whereas the phase II-b
(dose-ranging) trials took place in eleven hospitals across
India. In November 2020, the DCGI approved phase Il
clinical trials after reviewing the findings from phase I
trials. 220 patients were included in the late-stage phase
Il trials, which took place in 27 COVID-19 facilities across
ten states.

What does the trial data say?

The data from phase Il trials found the drug to be safe in
COVID-19 patients. Researchers noted that the COVID-19
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patients treated with 2-DG demonstrated faster recovery
than the SOC on various endpoints. On average, patients
treated with 2-DG achieved normalization of specific vital
signs parameters 2.5 days earlier than those treated only
with SOC.

Similarly, the phase Ill clinical trial data showed that a
significantly higher proportion of those who received 2-
DG became free from supplemental oxygen dependence
by Day 3 in comparison to those treated with SOC
thereby, indicating an early relief from oxygen therapy. A
similar trend was observed in patients aged 65 and above.
According to the trial data, 2-DG was given 45 mg per kg
of body weight in the morning and 18 mg per kg in the
evening during its phase 2 study. This was increased to 45
mg/kg in the morning and 45 mg/kg in the evening in
phase 3, for a total of 90 mg/kg per day. Based on the
result of Phase Il and phase Il trials, 2-DG has received
emergency use authorisation to be used as an adjunct
therapy in moderate to severe COVID-19 patients in a
hospital settings. But still evidences are lacking regarding
its safety and efficacy, so more trials are indeed needed
to assess its overall activity.?

Mechanism of action in cancer

Although the mechanism of 2-DG's action on cancer cells
is not entirely understood, it is thought to be connected
to glycolysis suppression. Inhibition of lipolysis by 2-DG

also made it useful to treat cancer.33!
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Figure: 2 schematically represents the mechanism of
action of 2-DG

According to a study published in 2011, the toxicity of 2-
DG in cancer cells is caused by the activity of the enzyme
Aldo-Keto Reductase family 1, member B1 (AKR1B1).3%
The findings reveal that when 2-DG is reduced by AKR1Bs,
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it damages cancer cells by depleting their cofactor
Nicotinamide Adenine Dinucleotide Phosphate (NADPH),
which leads to the loss of glutathione and cell death. In
some clinical studies, combining 2-DG and metformin
results in considerable cell death, as well as a reduction in
cellular ATP and prolonged activation of AMP activated
Protein Kinase.*® A study conducted in the year 2015
conclude that, 2-DG also promotes the tumour
suppressor protein thioredoxin interacting protein
(TNXIP) and inhibits cellular glucose uptake.l®! Figure 2:
Diagrammatic representation of mechanism of 2-DG in
cancer cell.

Adverse Drug Reactions Associated With 2-DG

In animal model studies conducted in the year 2012
states that, 2-DG has some negative side effects in
addition to its therapeutic efficacy.”! In this experiment,
rats were given 1000mg/kg/day I.P. for 14 days. It has no
discernible negative impact on spatial learning and
memory, as demonstrated by a water maze trial. Another
open field assessments in 2009 assert that 250mg/kg I.P
was linked to a reversible decrease in exploratory
behaviour.?¥ In terms of clinical trials, a study performed
in 2008 found that single intravenous dosages of 2-DG up
to 200mg/kg have no significant side effects.l*! Another
study conducted in 2013 found significant unfavourable
effects of 2-DGI*! Fatigue, sweating, dizziness, and
nausea were reported at doses of up to 63 mg/kg. They
also found that 60 mg/kg of 2-DG per day was shown to
cause QT prolongation — a severe cardiac condition. As a
result, 60 mg/kg was chosen as an acceptable dose.*!
The most common side events were reversible
hyperglycemia (100%), gastrointestinal bleeding (6%), and
reversible grade 3 QTc prolongation (22%).14%!

2-DG conjugate as a novel drug for Covid-19

The Hyaluronic Acid - 2-Deoxy-D-Glucose (HA-2DG)
Conjugate Acts as a Potential Targeted Drug Delivery
Option for COVID-19 Treatment. To boost bioavailability,
better localization, controlled release throughout the
body, improve overall efficiency, and remove or reduce
systemic toxicity, hyaluronic acid (HA) was covalently
bonded to 2-DG to form HA-2DG conjugate.

Figure 3: Structure of Hyaluronic Acid- 2-Deoxyglucose
conjugate (HA-2DG)

518]Int. J. of Multidisciplinary and Current research, Vol.9 (July/Aug 2021)


https://en.wikipedia.org/wiki/Drug-induced_QT_prolongation

Athira Roy et al

The glucuronic moiety of 2-DG can be conjugated to
hyaluronic acid via an ester bond between the 2-DG main
C-6 hydroxyl group and the hyaluronic acid C5’carboxylic
group (Figure 3: structural representation of HA-2DG).
HA-2DG's binding method contains a viral virulence
component, making it an effective therapeutic target for
the treatment of COVID-19.

2-DG has recently been proven to inhibit the
replication of the SARS-CoV-2 virus. The HA- 2DG
conjugate showed greater binding affinity with all four
examined SASR-CoV-2 viral targets (Mpro, RdRp, PLpro,
and S protein) than the antimetabolite drug 2DG alone,
according to a molecular docking research conducted in
2021. When 2-DG and HA-2DG were analysed for
absorption, distribution, metabolism, and toxicity
(ADMET), it was discovered that HA-2DG had lower
toxicity than 2-DG alone. The study also revealed that
the HA-2DG combination also has a number of
advantages, including excellent drug delivery to CD44
variant isoform receptors in the lower respiratory tract
and the highest interaction binding affinity with SARS-
CoV-2 protein targets. Furthermore, the HA-2DG has
superior biodegradability, biocompatibility and it is non-
immunogenic. Due to its good antiviral activity, HA-2DG
can be developed as a viable early-stage drug for
the treatment of COVID-19. Additionally more in vivo and
preliminary studies are needed to fully identify its activity
and determine whether it can be used as a potent agent
against COVID-19.144

Conclusion

2-Deoxy-D-Glucose can be used as a promising candidate
in both virology and oncology. However, additional
evidence and data are needed to clarify the precise
mechanism and action of 2-DG in both COVID-19 and
cancer, so more studies are needed to properly explain
the features of 2-DG. 2-DG also had a number of side
effects, which are unavoidable in the allopathic medical
system. This paper will serve as an aiding tool for the
medical community to fight against this pandamic. Many
trials are indeed to be undertaken in the future to assess
the risk benefit ratio of 2-DG in oncology and virology. 2-
DG can surely evolve as a game changer in the realm of
medical science.
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