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ABSTRACT: Analogues and derivatives of natural nucleosides/
nucleotides are considered among the most successful bioactive
species of drug-like compounds in modern medicinal chemistry, as
they are well recognized for their diverse and efficient
pharmacological activities in humans, especially as antivirals and
antitumors. Coronavirus disease 2019 (COVID-19) is still almost
incurable, with its infectious viral microbe, the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), continuing to
wreak devastation around the world. This global crisis pushed all
involved scientists, including drug discoverers and clinical
researchers, to try to find an effective and broad-spectrum anti-
COVID-19 drug. Didanosine (2′,3′-dideoxyinosine, DDI) is a
synthetic inosine/adenosine/guanosine analogue and highly active antiretroviral therapeutic agent used for the treatment of human
immunodeficiency virus infection and acquired immunodeficiency syndrome (HIV/AIDS). This potent reverse-transcriptase
inhibitor is characterized by proven strong pharmacological effects against the viral genome, which may successfully take part in the
effective treatment of SARS-CoV-2/COVID-19. Additionally, targeting the pivotal SARS-CoV-2 replication enzyme, RNA-
dependent RNA polymerase (RdRp), is a very successful tactic to combat COVID-19 irrespective of the SARS-CoV-2 variant type
because RdRps are broadly conserved among all SARS-CoV-2 strains. Herein, the current study proved for the first time, using the in
vitro antiviral evaluation, that DDI is capable of potently inhibiting the replication of the novel virulent progenies of SARS-CoV-2
with quite tiny in vitro anti-SARS-CoV-2 and anti-RdRp EC50 values of around 3.1 and 0.19 μM, respectively, surpassing remdesivir
together with its active metabolite (GS-441524). Thereafter, the in silico computational interpretation of the biological results
supported that DDI strongly targets the key pocket of the SARS-CoV-2 RdRp main catalytic active site. The ideal pharmacophoric
characteristics of the ligand DDI make it a typical inhibiting agent of SARS-CoV-2 multiplication processes (including high-fidelity
proofreading), with its elastic structure open for many kinds of derivatization. In brief, the present results further uphold and propose
the repurposing potentials of DDI against the different types of COVID-19 and convincingly motivate us to quickly launch its
extensive preclinical/clinical pharmacological evaluations, hoping to combine it in the COVID-19 therapeutic protocols soon.

1. INTRODUCTION

After more than 26 months, the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) still remains a major
global threat and concerns to humans since the first emergence
of the virus in Wuhan, China.1 The dangerous disease that
results from this virus, coronavirus disease 2019 (COVID-19), is
still rapidly ongoing everywhere in the world with officially
affirmed infections and deaths reaching more than 444 and 6
million, respectively, as a result of this worldwide pandemic.2

The growing evolution of very spreadable and resistant novel
lineages/variants of the COVID-19 virus, especially in 2021, has
created the need for the scientific and health communities in all
the nations to search for efficient medicines/vaccines that will be
successful in resisting and inhibiting this irritating virus, together
with finding drugs that possess the capacities to abolish or
neutralize all, or most of, the serious to very serious effects of
COVID-19 on human bodies; thus finding effective and

comprehensive (e.g., dual-action) anti-SARS-CoV-2/anti-
COVID-19 medicinal agents will be quite advantageous for
this currently resistant-to-treatment infection and all or most of
its health sequelae.3 Several new and repurposed natural and/or
synthetic compounds are, for the time being, under broad
international and multinational investigations (including
preclinical studies and human clinical trials) in order to be
pharmacologically evaluated as effective anti-COVID-19 drugs
(e.g., nirmatrelvir, molnupiravir, remdesivir and its active
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metabolites GS-441524/GS-443902, cordycepin, favipiravir and
its active derivative cyanorona-20, hydroxychloroquine and its
brother chloroquine, CoViTris2020 and its 1,3,4-oxadiazole
family members taroxaz-104/ChloViD2020, teriflunomide and
its prodrug leflunomide, ivermectin, umifenovir (also known as
Arbidol), and colchicine), but most of them did not prove
successful broad-spectrum effectiveness in the long run until
now (i.e., the end outcomes of many of these global
investigations are not declared to date).4−23

Tactical nucleos(t)ide analogism is certainly among the
favorable therapeutic choices in drug molecule design for
pharmaceutical chemists to stop coronavirus multiplication
inside the tissues of the human body.6−12,24 In this anti-COVID-
19 therapeutic tactic, the used nucleoside/nucleotide analogue
makes use of its close similarity with the normal natural
nucleos(t)ides to misguide and deceive the SARS-CoV-2 RNA-
dependent RNA polymerase (RdRp is the nonstructural protein
complex 12/7/8 “nsp12/nsp7/nsp8 or simply nsp12/7/8”;
nsp12 is the polymerase that binds to the two major proteinous
cofactors, nsp7 and nsp8; it is a very important enzyme in the
replication as well as transcription of the coronavirus genome,
and as a consequence, the strong inhibition/hindrance of the
performance of this enzyme will severely deteriorate SARS-
CoV-2 replication) through incorporation and combination
mainly in the growing viral genetic strands instead of the real/
correct naturally occurring nucleos(t)ides, resulting in redupli-
cated excess, inappropriate, and ambiguous coding along with
premature termination of mRNA synthesis and, at the end,
formation of vague RNA strands; these pseudostrands make
abnormal noninfectious and inactive (ineffective) viral particles,
hence no further replication and reproduction of the virus occurs
(Figure 1).24 Some of the previously mentioned used and
experimental anti-COVID-19 medicines/compounds, such as
molnupiravir, remdesivir, and cyanorona-20, as well as their
active metabolites, β-D-N4-hydroxycytidine (NHC), GS-
441524, and favipiravir (Figure 2), count on this smart
mechanism in their effective inhibitory activities against SARS-

CoV-2.5−8,10−12 One of them, the synthetic drug molnupiravir,
which is a prodrug of the synthetic active nucleoside derivative
NHC, is now finally approved for medical use in mild-to-
moderate (MtoM) COVID-19 cases in some countries.5 With
the progressive advent of more malicious/resistant new strains
of SARS-CoV-2, searching for more potent and broad-spectrum
synthetic anti-COVID-19 drugs became a must.6−12

Figure 1. Illustrative exemplification of the nucleoside/nucleotide analogism maneuver tactic employed for the strong inhibition of SARS-CoV-2
replication.

Figure 2. Chemical structures of the three pairs of anti-COVID-19
compounds: molnupiravir/NHC, remdesivir/GS-441524, and cyanor-
ona-20/favipiravir.
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Didanosine (DDI) is a synthetic dideoxynucleoside com-
pound which is a purine 2′,3′-dideoxyribonucleoside.25 Chemi-
cally, DDI is 2′,3′-dideoxyinosine (2,3-ddI), which is named per
IUPAC as 9-[(2R,5S)-5-(hydroxymethyl)oxolan-2-yl]-3H-
purin-6-one (Figure 3).25 The DDI molecule is present in
either of two isomeric forms of the keto tautomer via
intramolecular conversion in aqueous media (Figure 4).25,26

This synthetic nucleoside analogue can be seen as an inosine
analogue (in which the two hydroxyl groups at the 2′ and 3′
positions on the ribose sugar moiety are replaced by two
hydrogens, i.e., in which its β-D-ribofuranosyl ring is 2′,3′-
dideoxygenated), adenosine analogue (in which the two
hydroxyl groups at the 2′ and 3′ positions on the ribose sugar
moiety are replaced by two hydrogens, along with conversion of
the adenine base to hypoxanthine base), or guanosine analogue
(in which the two hydroxyl groups at the 2′ and 3′ positions on
the ribose sugar moiety are replaced by two hydrogens, along
with conversion of the guanine base to hypoxanthine base)
(Figure 3). DDI was first recognized as the major active
metabolite of its prodrug, 2′,3′-dideoxyadenosine (DDA), and is
responsible for most of the potent bioactivities of this
prodrug.27,28 Being a purine nucleoside analogue, antimetabo-
lite, and reverse transcriptase inhibitor, DDI is used as an
antiviral agent combined with other agents in the treatment of
human immunodeficiency virus (HIV) infection and its fatal
disease, acquired immunodeficiency syndrome (AIDS).27−29

DDI is very effective against HIV type 1 (HIV-1) because it is
specifically a potent HIV-1 reverse transcriptase inhibitor.27−29

The absence of a hydroxyl determinant at the 3′ position of the
ribose moiety in the DDI molecule prevents and blocks the
formation of the vital phosphodiester linkages that are
essentially required for the completion of nucleic acid chains
in DNA and RNA.9,30 Additionally, it was recently proven and
reported that reduction (i.e., absence of hydroxyl group(s) and
replacement of it/them bymainly hydrogens) at the 3′ carbon or
both the 2′ and 3′ carbons of the ribose moiety of any designed
nucleoside analogue is necessary for a strong anti-SARS-CoV-2
effect.9,24,30,31 DDI is primarily a potent inhibitory agent of HIV
replication, serving as an efficient chain terminator of viral DNA
by binding to reverse transcriptase.27−29 One of the major

metabolic pathways of DDI inside the human body is its
intracellular phosphorylation (mainly after amination) to
another active nucleoside analogue, DDA triphosphate (DDA-
TP), which is supposed to be one of the main active metabolites
of DDI.32

Interestingly, the DDImolecule has the ideal characteristics to
become a potentially successful anti-SARS-CoV-2 nucleoside
analogue, and it even surpasses almost all of the investigational
and approved natural and synthetic nucleoside analogues in
some needed anticoronaviral and anti-COVID-19 properties,
therefore a strong rationale for DDI repurposing against
COVID-19 infections can be established in the following 20
points.25−40 First, DDI has smaller molecular weight (236.23
Da) and volume (199.28 Å3), relative to most of the other
nucleosides and nucleoside analogues, which are very favorable
from the biological and pharmacokinetic points of view. Second,
the relative similarity in chemical structure and molecular size of
DDI to natural purine nucleos(t)ides gives its constructure
significant ability to reasonably fit within the known active site
pocket of the SARS-CoV-2 RdRp. Third, the absence of a 3′-
hydroxyl group in the DDI molecule will result in forced
termination (i.e., impairment) of the RdRp critical catalytic
reactions in SARS-CoV-2 replication/transcription processes.
Fourth, the previous third point will result also in mutations of
the very large coronaviral genomes that encode the high-fidelity
3′−5′ exonuclease enzyme (SARS-CoV-2 proofreading 3′-to-5′
exoribonuclease (ExoN) or nonstructural protein 14 (nsp14))
involved and needed in SARS-CoV-2 genomic proofreading
processes (the activity of nsp14 is enhanced by its activator the
cofactor nonstructural protein 10 or nsp10); the correct
proofreading function is very important for the increase of
replication fidelity by removing mismatched nucleotides, thus
the produced mutated/disabled nsp14 (if some are newly
formed), i.e., nsp14-like protein, will have disrupted roles,
leading to a decrease in replication fidelity of the coronaviral
genome. Fifth, on the other hand, the deficiency of a 2′-hydroxyl
group in the DDI molecule (the offending nucleoside/
nucleotide analogue) may disable the activity of the already-
present coronaviral nsp14/10 complex, which normally requires
a 2′-hydroxyl group at the 3′ end of the growing RNA strand,
and this will mostly lead to premature chain termination and
continuous disability of the exonuclease to excise and remove
the offending nucleotide analogue. Sixth, DDI has previously
been shown to block the polymerases of some other resistant
RNA viruses (such as HIV-1), even those with different
polymerase types (e.g., reverse transcriptase), thus it has a
significant potential to also inhibit the SARS-CoV-2 RdRp.
Seventh, the DDI molecule displays inhibitory affinity and
selectivity for SARS-CoV-2 RdRp significantly higher than that
for human cellular DNA and RNA polymerases (the findings
and facts that are reported and proven in the current research
study). Eighth, the spatial configuration of the DDI molecule is
typically the most convenient conformational form required for

Figure 3. Chemical structures of DDI, inosine, adenosine, and guanosine.

Figure 4. Isomeric structures of the predominant keto tautomer of DDI
in aqueous media.
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molecular positioning inside the key cavity of the SARS-CoV-2
RdRp main active site and interacting with the amino acid
residues of this cavity (this fact is also proven in the current
research study). Ninth, the structural analogism of DDI with the
natural endogenous nucleosides adenosine/inosine/guanosine
makes the human biological system incapable of identifying and
distinguishing this molecule; that is, various enzymes signifi-
cantly fail to discriminate it from the endogenous adenosine/
inosine/guanosine; through this disguise tactic, given DDI can
be efficiently engaged in inhibiting a variety of specific
biochemical pathways/reactions that contribute to the con-
tinuation of SARS-CoV-2 multiplication and infection, for
example, it may give rise to potent poly(A) polymerase blockade
(i.e., strong polyadenylation inhibition), intense shortening of
poly(A) tails, persistent destabilization of mRNAs, potent
adenine/guanine biosynthesis impairment, and also premature
terminus of protein synthesis. Tenth, DDI is an adenosine kinase
(ADK) inhibitor which potently interferes with the ADK activity
(ADK is the main regulatory enzyme of adenosine biosynthesis;
e.g., ADK phosphorylates cytokinin nucleosides to keep a
sufficient pool of bioactive cytokinins through this nucleoside−
nucleotide interconversion, and cytokinin availability, in turn,
significantly increases the human cells susceptibility to the
coronaviral infection). This action will greatly increase the
probable anti-SARS-CoV-2 activity of DDI. Eleventh, DDI has a
potential interleukin 2 (IL-2) receptor alpha (IL-2Rα; IL-2 is
one of the major immunogenic/inflammatory mediators
responsible for the severe immunogenic cytokine storm and
extensive inflammation of the COVID-19 status) antagonistic
effect, and this action will greatly increase the expected
comprehensive anti-COVID-19 activities of DDI. Twelfth,
DDI is computationally predicted to be a SARS-CoV-2 helicase
(nonstructural protein 13 or nsp13) inhibitor (the coronaviral
helicase is a vital replication enzyme that is mainly responsible
for catalyzing the unwinding of duplex oligonucleotides into
single strands in a nucleoside-5′-triphosphate (NTP)-depend-
ent modality, thus inhibiting this enzyme will also inhibit SARS-
CoV-2 multiplication). Thirteenth, DDI is expected to be a very
beneficial medication for the acute lung fibrosis caused by
COVID-19 infection (by matching single-cell RNA sequencing
data in a bioinformatics-based technique). Fourteenth, the
pathogenesis molecular mechanisms used by the two viruses
HIV-1 and SARS-CoV-2 are significantly similar, increasing the
potential that DDI may also succeed in clinically inhibiting
SARS-CoV-2. Fifteenth, DDI and its nucleotidic triphosphate

form (DDI-TP) are already FDA-approved drugs known to have
relatively reasonable levels of toxicity and are more likely to be
well tolerated by COVID-19 patients. Sixteenth, the structural
similarity with three major cellular nucleosides, inosine,
adenosine, and guanosine (respectively), not one, renders
DDI bioacting onmost adenosine receptors and quite analogous
to these important nucleosides in most of their bioactivities that
may engage in comprehensive anti-COVID-19 treatment in
humans. Seventeenth, the structural analogism to adenosine/
inosine/guanosine molecules gives strong triple camouflage
abilities to the DDI molecule, rendering it capable of inhibiting
and impairing some of the bioactions of the adenosine/inosine/
guanosine molecules that may aggravate the COVID-19 status.
Eighteenth, DDI is an ideal drug-like molecule as it completely
complies with Lipinski’s rule of five (Ro5) without any
violations. Nineteenth, DDI is a biologically compatible
molecule with better abilities to efficiently pass through the
biomembranes in comparison to adenosine, inosine, and
guanosine molecules due to the comparatively stronger
lipophilic characteristics that result from a lack of the two
hydrophilic hydroxyl groups directly attached to the ribose
moiety (i.e., the DDI molecule is less hydrophilic than
adenosine, inosine, and guanosine molecules). Twentieth,
DDI has highly balanced lipophilic/hydrophilic properties, as
it has a moderate log P value of −0.95.
Most of the aforementioned diverse points about DDI are

extremely needed in the comprehensive battle against SARS-
CoV-2 infection (i.e., in the rational design of an effective
multitarget anticoronaviral agent). This makes DDI a very
promising candidate as an anti-COVID-19 drug with multiple
mechanisms of action. Using only hypothetical bioinformatics
and in silico computational approaches, few recently published
theoretical studies shed light on the possible use of DDI against
COVID-19.35,37,38 Herein, in this new study, we report for the
first time that DDI can successfully inhibit the coronaviral
multiplication (i.e., can act as an effective SARS-CoV-2
replication inhibitor) by considerably lowering the number of
SARS-CoV-2 copies reproduced, which is proven to be caused
by principally blocking the genomic RNA biosynthesis mediated
mainly via the SARA-CoV-2 RdRp, using the strategy of
nucleoside similarity (as formerly explained). In this efficient
mechanism of anti-RdRp action, the nucleoside-like DDI
molecule is first easily phosphorylated to its mono-, di-, and
triphosphate ester forms (i.e., its endogenous nucleotide
analogues) intracellularly, and then the highly active nucleotide

Figure 5. Representation of the presently proven mode of strong anti-SARS-CoV-2 action of DDI (anti-RdRp activities).
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analogue DDI-TP could be readily incorporated into RNA
instead of the naturally occurring chemicosimilar purine
ribonucleotides, adenosine triphosphate (ATP) and guanosine
triphosphate (GTP); this consequently inhibits and closes
transcription elongation and creation of coronaviral RNA
strands in all steps (i.e., acts as an RNA elongation inhibitor
because of the hydroxyl moiety deficiency at the 3′ position of
the molecule, and this one-hydroxyl group absence greatly
antagonizes and blocks the SARS-CoV-2 RdRp action through
the prevention of phosphodiester linkage formation, which is
required for proper completion of nucleic acid chains as formerly
demonstrated), affording imperfect impaired premature RNAs
in the growing viral mRNA strands and genomes, and eventually,
this vague coding leads to substantial inhibition of SARS-CoV-2
different copying (replication/transcription) processes and
creation of inefficient and nonviral (i.e., non-SARS-CoV-2)
particles instead of the active and pernicious SARS-CoV-2
particles (Figure 5). This current work preclinically evaluated
and proved the potential potent anti-SARS-CoV-2/anti-
COVID-19 activities of DDI based on two validated in vitro
bioassays, anti-SARS-CoV-2 assay and anti-RdRp assay (along
with an in silico molecular docking interpretation of the
biological evaluation). Considering all of the preceding
encouraging literature data along with the very promising
biological evaluation outcomes of the present research, DDI can
be repositioned to in vivo studies to assess its defensive and
inhibiting activities specifically on SARS-CoV-2 particle
infestation (as an anti-RNA-virus agent) in mammals and to
clinical trials to assess its preventative and inhibiting activities
comprehensively on COVID-19 status progression as a whole
(as an anti-COVD-19-condition agent) in COVID-19 human
patients.

2. RESULTS AND DISCUSSION

2.1. Evaluation of the In Vitro Anti-SARS-CoV-2 and
Cytotoxic Bioactivities of DDI. Table 1 displays the obtained
data from both the experimental in vitro anti-SARS-CoV-2 and
cytotoxicity bioassays in detail. The used SARS-CoV-2 variant in
the anticoronaviral bioassay is the new strain VOC-202012/01,
which is one of the most virulent/resistant strains of the virus.

The demonstrated data interestingly showed the considerably
greater antiviral effectiveness of DDI on the recently appearing
variants and lineages of SARS-CoV-2 compared to that of each
one of the two reference (positive control) drugs remdesivir and
GS-441524 (please note that the placebo drug, the solvent
DMSO, showed extremely negligible activities). DDI was found
to clearly impair and inhibit the entire SARS-CoV-2 replication/
transcription in the used Vero E6 cells with an EC50 value
significantly smaller than that of the 100 μM stock
concentration. Importantly, DDI (EC50 = 3.1 μM) was found
to be around 6.8 and 5 times as potent as the reference drugs
remdesivir (EC50 = 21 μM) andGS-441524 (EC50 = 15.60 μM),
respectively, in relation to the tested in vitro anti-VOC-202012/
01/anti-SARS-CoV-2 activity. In accordance with the cytotox-
icity evaluation test, in vitro CC50 of DDI is considerably greater
than 100 μM, thus this nucleoside analogue is assumed to have
very favorable high clinical selectivity index (SI) (SIDDI > 32.26,
whereas remdesivir and GS-441524 references have narrower
SIs, SIremdesivir > 4.76 and SIGS‑441524 > 6.41), indicating the
specific/selective anti-RNA capabilities (RNA-disrupting activ-
ities) of the DDI molecule on the new SARS-CoV-2 genomic
RNA rather than the known human genome. DDI displayed a
significantly low value of the concentration that causes 100% in
vitro suppression of the viral VOC-202012/01 cytopathic effects
(CPEIC100 = 8.95 μM), which is smaller than the corresponding
values of both remdesivir (CPEIC100 = 25.17 μM) and GS-
441524 (CPEIC100 = 17.40 μM). In harmony with its potent
activity against the infectious coronaviral VOC-202012/01
strain, DDI also exhibited very small required concentration for
50% in vitro decrease in the number of coronaviral RNA copies
of the VOC-202012/01 strain (3.47 μM), which is compara-
tively smaller than the respective values of the two agents
remdesivir and GS-441524 (22.92 and 16.04 μM, respectively).
The EC90 value for DDI, which is preferable for in vivo/clinical
studies, was also small and consistent with the EC50 values
(being not that far from the EC50 values indicates the significant
potency of DDI), as seen in Table 1.
It was unexpectedly noted that DDI inhibits the coronaviral

particles in a mixed mode, rapid-onset mode then time-
dependent mode, as it runs to its maximal effectiveness on the

Table 1. Anti-SARS-CoV-2 (Anti-COVID-19) Activities and Cytotoxicity of the Target Repurposed Drug DDI (Using the Two
Reference Agents Remdesivir and GS-441524 as the Positive Control Drugs and the Placebo Solvent DMSO as the Negative
Control Drug) against SARS-CoV-2 VOC-202012/01 Strain (in Vero E6 Cells)

suppression of SARS-CoV-2 replication in vitro (anti-VOC-202012/01 bioactivities) (μM)

categorization compound
CC50

a

(μM)
100% CPE inhibitory

concentration (CPEIC100)
b

50% decrease in infectious
virus (EC50)

c
50% decrease in viral RNA

copy (EC50)
d

90% decrease in infectious
virus (EC90)

e

repurposed
medication

DDI >100 8.95 ± 0.52 3.10 ± 0.14 3.47 ± 0.15 17.80 ± 0.69

reference drugs remdesivir >100 25.17 ± 2.51 21.00 ± 1.97 22.92 ± 1.99 >100
GS-441524 >100 17.40 ± 1.83 15.60 ± 0.76 16.04 ± 0.81 93.36 ± 4.70

placebo solvent DMSO >100 >100 >100 >100 >100
aCC50 or 50% cytotoxic concentration is the concentration of the assayed compound which kills half of the cells in an uninfected cell culture. CC50
was estimated with sequentially diluted compounds in Vero E6 cells at 48 h postincubation utilizing CellTiter-Glo luminescent cell viability assay
(Promega). bCPEIC100 or 100% CPE inhibitory concentration is the least concentration of the assayed compound which causes 100% inhibition of
the cytopathic effects (CPE) of SARS-CoV-2 VOC-202012/01 virus in Vero E6 cells under increasing concentrations of the assayed compound at
48 h postinfection. Compounds were sequentially diluted from 100 μM concentration. cEC50 or 50% effective concentration is the concentration of
the assayed compound which is needed for 50% decrease in infectious SARS-CoV-2 VOC-202012/01 virus particles in vitro. EC50 is estimated by
infectious virus yield in culture supernatant at 48 h postinfection (log10 TCID50/mL). dEC50 or 50% effective concentration is the concentration of
the assayed compound which is needed for 50% decrease in SARS-CoV-2 VOC-202012/01 viral RNA copies in vitro. EC50 is estimated by viral
RNA copies number in culture supernatant at 48 h postinfection (log10 RNA copies/mL). eEC90 or 90% effective concentration is the
concentration of the assayed compound which is needed for 90% decrease in infectious SARS-CoV-2 VOC-202012/01 virus particles in vitro. EC90
is estimated by infectious virus yield in culture supernatant at 48 h postinfection (log10 TCID90/mL).
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coronavirus within 12−24 h of starting treatment. Although
DDI has a short plasma half-life which does not exceed 2 h (DDI
has peak plasma concentrations that appear at 0.5−1.5 h due to
rapid absorption and high bioavailability), but it has a much
longer intracellular life duration (this is mainly because its net
anti-SARS-CoV-2 activities do not just rely on its own molecule
but further on almost all of its active nucleos(t)idic metabolites
which reside inside the human cells in considerable concen-
trations for longer periods of time than their parent DDI
molecule).25 This observation reflects the expected double
clinical anti-SARS-CoV-2 action of DDI, which comprises both
the rapid effect (first action) and the sustained effect (i.e.,
prolonged anticoronaviral activities, second action) against
COVID-19, which will be very advantageous and required in
almost all patients with COVID-19 (because it will cover the
therapeutic regimens and protocols of the diverse types of
COVID-19 cases). As previously mentioned, a major portion of
DDI molecules would be biometabolized through in vivo
metabolic phosphorylation to another active form, DDI-TP
(one of its nucleotidic forms). This sort of cellular metabolic
transformation, specifically, would not impede the potential
anti-COVID-19 actions of DDI and would not result in any
therapeutic problem for DDI clinical usage, as it is a beneficial
chemical metabolism which converts the nucleoside analogue to
the more biocompatible form, the nucleotide analogue (the
more needed form), with no hydroxylation of the 2′ and 3′
positions of the DDI molecule (as formerly pointed out, the
nucleotide analogue DDI-TP could be actively merged into the
coronaviral RNA and, accordingly, inhibit or stop the tran-
scription elongation and RNA synthesis and impair mRNA
translation due to the lack of essential hydroxyl groups at the 2′/
3′ carbons of the ribose moiety). Again, the metabolic
resemblance with the biosimilar nucleoside (inosine, adenosine,
and guanosine) molecules significantly helps the DDI molecule
to deceive the biological system of humans and perform its
intentional therapeutic roles in COVID-19 treatment. The
current results of this bioassay are in excellent agreement with
almost all of the proposed points of the study rationale
previously presented and discussed in section 1.
2.2. Evaluation of the In Vitro Anti-RdRp Bioactivity of

DDI. This robust cell-based test, the in vitro anti-SARS-CoV-2
RdRp bioassay, was recently developed using Gaussia luciferase
(Gluc) as the reporter to determine the anticoronaviral RdRp
activity of mainly nucleoside analogues (nucleotide prodrugs)
with no need for synthesizing the active nucleotidic triphosphate
forms of the nucleoside analogues (or of the other non-
triphosphorylated nucleotidic analogues) as for the cell-free
assays.41 Additionally, it was confirmed beyond doubt, through
the findings of this new assay, that the exonuclease activity of

SARS-CoV-2 nsp14 significantly enhances the SARS-CoV-2
RdRp resistance to the inhibitors/blockers of the nucleos(t)ide
analogue class (one of the main factors that increases resistance
and severe pathogenicity of SARS-CoV-2 is its ability to encode
the nsp14 exoribonuclease, which is capable of excisingmistaken
mutagenic nucleotides misincorporated by the low-fidelity
nsp12 into the growing viral RNA strands, causing resistance
to nucleos(t)ide analogue therapeutics, i.e., leading to little
anticoronaviral activities of most of the existing nucleos(t)ide
analogue remedies), thus nsp14 was included and fixed in the
protocol of this screening assay for candidate anti-SARS-CoV-2
RdRp agents (unlike the classic analytical cell-free assay).41−43

Table 2 presents the detailed resulting values from the current
in vitro anti-SARS-CoV-2 RdRp bioassay. Herein, we focus
mainly on the two major protein complexes that control the
SARS-CoV-2 replication processes, nsp12/7/8 polymerase
complex and nsp14/10 exoribonuclease complex. This assay
greatly simulates the corresponding natural replication
processes that occur for the SARS-CoV-2 particles, as it
functionally mimics the RNAs synthetic processes driven by
the in vivo SARS-CoV-2 RdRp.44 The obtained data
demonstrated that DDI successfully suppressed SARS-CoV-2
RdRp activity with a very small promising EC50 value of 0.19 μM
(Figure 6), which is slightly increased in the presence of SARS-
CoV-2 exoribonuclease (the wild-type) to about 0.31 μM.
Mutations in the exoribonuclease (i.e., the mutated type; e.g.,
D90A/E92A mutations of the active catalytic residues in nsp14
as in our current case) reinforced the anti-RdRp activity of DDI
to an excellent EC50 value of 0.24 μM (i.e., lower than that

Table 2. Anti-SARS-CoV-2 RdRp Activities (along with Respective Ratios) of the Target Repurposed Drug DDI (Using the Two
Reference Agents Remdesivir and GS-441524 as the Positive Control Drugs and the Placebo Solvent DMSO as the Negative
Control Drug) in HEK293T Cells, Expressed as EC50 Values in μMa

inhibition of SARS-CoV-2 RdRp in vitro (EC50 in μM)b respective ratios of EC50

categorization compound nsp12 nsp12 + nsp14 nsp12 + nsp14mutant (nsp12 + nsp14)/nsp12 (nsp12 + nsp14mutant)/nsp12

repurposed medication DDI 0.19 ± 0.02 0.31 ± 0.03 0.24 ± 0.02 1.63 1.26
reference drugs remdesivir 1.11 ± 0.06 2.00 ± 0.09 1.52 ± 0.08 1.80 1.37

GS-441524 1.04 ± 0.05 1.95 ± 0.09 1.46 ± 0.07 1.88 1.40
placebo solvent DMSO >100 >100 >100 NAc NA

aPlease note that, in this table, nsp12 refers to nsp12/7/8 complex, nsp14 refers to nsp14/10 complex, and nsp14mutant refers to nsp14mutant/10
complex. bEC50 or 50% effective concentration is the concentration of the assayed compound which is needed for 50% decrease in the COVID-19
polymerase (SARS-CoV-2 RdRp) activity in vitro. EC50 is expressed in μM. cNA means not available (i.e., it was not determined).

Figure 6. Dose-dependent inhibition CoV-Gluc by DDI. The used
HEK293T cells were accurately transfected with CoV-Gluc, nsp12,
nsp7, and nsp8 plasmid DNAs at the standard ratio of 1:10:30:30; then
12 h after transfection, cells were reseeded in 96-well plates (104/well)
and treated with sequentially diluted DDI. After 24 h of continuous
incubation, Gluc activities in supernatants were measured. Results are
exhibited herein as the mean of three independent determinations.
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obtained in the presence of the normal wild-type). The two
potent reference agents, remdesivir and GS-441524, showed
significantly higher values, revealing the obvious superiority of
DDI. It is clearly observed from the values in Table 2 that as
much as the EC50 values of the nucleoside analogue against the
polymerase alone and against the polymerase in the presence of
the exoribonuclease are close to each other, the more potent this
nucleoside analogue inhibitor is (i.e., as more expected for this
investigated nucleoside analogue to be an ideally effective RdRp
inhibitor). From the results, we can also conclude that an ideal
potent SARS-CoV-2 RdRp inhibitor should have a ratio of
EC50(polymerase+exoribonuclease)/EC50(polymerase) that is very close to 1
and less than 2. As this ratio decreases, the compound has
greater potential to succeed at inhibiting the SARS-CoV-2
replicationmore perfectly. DDI presented the highest resistance,
among the tested compounds, to the coronaviral exoribonu-
clease activity in HEK293T cells. The promising abilities of DDI
to block the polymerase nsp12 and combat the exoribonuclease
nsp14 (the enzyme that is responsible for increasing the
resistance of the major targeted enzyme the SARS-CoV-2 RdRp
to the various nucleotide analogue inhibitors) interestingly
support the repurposing potentials of DDI. It is worth
mentioning that DDI and molnupiravir are the only synthetic
nucleoside analogues that have such unique anti-SARS-CoV-2
activities against the resistant/different SARS-CoV-2 variants in
very significant values to date.41

A simple illustrative and informative complementary
molecular docking study of DDI in SARS-CoV-2 RdRp was
done, utilizing a docking web server, following the previous
promising biological results.45 The obtained results of this
prevalidated in silico evaluation clearly exposed the very sturdy
intermolecular interactions with the most important amino acid
residues of the primary active site of the SARS-CoV-2 RdRp,
confirming that the DDI molecule interacts actively with the
molecule of RdRp protein (Figure 7). These strong inhibiting
interactions were mirrored in the resulting comparatively low
(highly negative) net binding energy that is around −10.3 kcal/
mol at the best pose of docking, along with constructing a very
stable RdRp−DDI complex. Interestingly, it was discovered that
the DDI molecule attacks and binds to both critical catalytic
amino acids Asp760 and Asp761 of the active site of SARS-CoV-

2 RdRp through both robust hydrogen bonds/hydrophobic
interactions (Figure 7). In addition, the DDI molecule was
found to attach to some amino acid residues that are also
catalytic or neighboring/very neighboring to the catalytic
residues in the active site of RdRp, e.g., Trp617, Asp618,
Tyr619, Ser759, Ala762, and Trp800 residues (Figure 7). These
supplemental intermolecular interactions are mediated by
means of various interactions, such as nonbonding and
hydrophobic interactions (Figure 7). These current findings
concerning the potent SARS-CoV-2 RdRp-binding properties of
DDI are also in perfect agreement with almost all of the research
rationale points previously proposed and explained in section 1.

3. CONCLUSIONSANDFUTURE RECOMMENDATIONS

While the world waits for mass COVID-19 vaccination, there is
an immediate need for successful medications as available short-
term postinfection weapons to fight the SARS-CoV-2 infection,
in general, and to complement or boost the vaccine doses’
effectiveness against the attack of the mutated and newer
variants of SARS-CoV-2, specifically. In this context, the drug
repositioning strategy is an approach able to guarantee positive
results quickly. In this regard, it is biologically well known that
many nucleoside precursors and nucleoside-mimicking ana-
logues may effectively block the growth and multiplication of
viruses, providing efficient first-choice drugs for diverse viral
diseases, including COVID-19 infection. Consequently, the
current preclinical work aims to start the repurposing journey of
DDI, an FDA-approved synthetic anti-HIV-1 inosine nucleoside
analogue, against the resistant SARS-CoV-2 strains andCOVID-
19. The anticipated comprehensive nature of DDI in COVID-19
therapy principally comes from two practically proven paths.
First, it could effectively inhibit the replication and permanence
of the COVID-19-causing microbial virus itself with consid-
erably potent broad-scope activities (including actions against
the most contemporary strains of SARS-CoV-2), which are
reaching a final EC50 of about 3.1 μM on the complete SARS-
CoV-2 particles and a specific EC50 of about 0.19 μMon only the
SARS-CoV-2 RdRp enzyme (DDI molecule strongly hits the
two important catalytic amino acids, Asp760/Asp761, of the
main active pocket of the SARS-CoV-2 RdRp). This anti-SARS-
CoV-2 effect of DDI is because of the chemical mimicking

Figure 7. Illustration of the molecular docking output displaying the best foreseen binding mode of the DDI molecule (represented in magenta color)
with the active site residues (present inside the small black rectangle and amplified in the right panel) of the SARS-CoV-2 RdRp macromolecule
(represented in cyan color) using the COVID-19 Docking Server procedure.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c07095
ACS Omega 2022, 7, 21385−21396

21391

https://pubs.acs.org/doi/10.1021/acsomega.1c07095?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07095?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07095?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07095?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c07095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(analogism) of the DDI molecule with the three naturally
occurring human biomolecules, inosine, adenosine, and
guanosine, with the lack of the two hydroxyls at the 2′ and 3′
positions on the ribose moiety (i.e., pseudoribosyl sugar
residue). During viral replication, DDI andDDI-TP significantly
compete with adenosine/guanosine and ATP/GTP, respec-
tively, at their active site of SARS-CoV-2 RdRp, and
consequently, this low-fidelity SARS-CoV-2 RdRp misincorpo-
rates DDI-TP (fake or faulty nucleotide) at the 3′ end of the
RNA being synthesized (i.e., into the growing and newly
synthesized RNA strands) in place of real/native ATP and GTP.
Because the ribose of DDI-TP is a dideoxyribose (no 3′-
hydroxyl group), RdRpwill be unable to continue the replication
process and chain extension is terminated as there is now no
suitable substrate for chain extension to occur if the faulty
nucleotide DDI-TP molecule is not completely removed by the
exoribonuclease, which in turn will be unable to excise the DDI-
TP molecule (in order to correct and recomplete the replication
process) because of the absence of the other hydroxyl of the two

adjacent hydroxyls of the ribose of DDI-TP (no 2′-hydroxyl
group). Consequently, everything will stop as a result of these
two synergistic effects of DDI, and the opposite strand of the
coronaviral RNA is not going to get synthesized completely so
RNA replication will also stop. Moreover, when the SARS-CoV-
2 RdRp enzyme endeavors to copy the resultant unstable
incomplete DDI-TP-containing RNA, it either interprets it
incorrectly or fails to interpret it at all. Note that in normal
conditions, as previously explained, when the primary copying/
proofreading functions of SARS-CoV-2 RdRp are disturbed
because of the mistaken addition of an incorrect nucleotide at
the 3′ end of the RNA strand synthesized by this polymerase, the
enzymatic activity of SARS-CoV-2 3′-5′ exonuclease removes
and excises this nucleotide, giving the SARS-CoV-2 RdRp a
second chance to add the correct nucleotide; these comple-
mentary excision and correcting actions of the proofreading
function of the exonuclease could not be perfectly performed if
the molecule of the added incorrect nucleotide lacks the two
adjacent hydroxyls of the ribose moiety or at least the one at the

Figure 8.Newly designed structural model (A−D) of SARS-CoV-2 RdRp and ExoN (or 3′-to-5′ exoribonuclease) for investigating and explaining the
inhibitory mechanisms of DDI against both enzymes, i.e., the dual inhibitory mode of action of DDI in coronaviral multiplication. (A) 3Dmodel of the
protein complex nsp12−nsp7−nsp8 for nucleotide addition. The known active site of this polymerase is circled and amplified in the right panel. The
nascent and template coronaviral RNA strands are colored in red and cyan, respectively. DDI-TP molecule (in orange) is bound in the active site
pocket, and two Mg2+ ions are displayed as magenta spheres. (B) 3D model of the protein complex nsp14−nsp10, containing the ExoN domain for
precise nucleotide cleavage (this domain plays an important RNA proofreading role for resisting and preventing the coronaviral lethal mutagenesis).
The ExoN cleavage site pocket is circled and amplified in the right panel. Three nucleotides are modeled, involving the 3′-terminal site utilized for
modeling DDI-TP. Magenta spheres portray two Mg2+ ions required for cleavage. (C) Cartoon model of the active site in SARS-CoV-2 RdRp
(inhibited/blocked by DDI-TP). (D) Cartoon model of the cleavage site in SARS-CoV-2 ExoN (inhibited/blocked by DDI-TP). The three terminal
nucleotides utilized in this model are portrayed by color-filled rectangles. The ones which are not involved in this model are portrayed by empty
rectangles. (E) Chemical structure of DDI in the original nucleoside form.
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2′ position, which is the case with DDI, as clearly represented in
the designed explanatory model of Figure 8. This hampered
interpretation as well as the resulting flaws in the viral genetic
code result in a large number of alterations (i.e., mutations) in all
downstream coronaviral copies that are a lot more than the
COVID-19 virus can handle and repair (in virology, this is
known as the viral lethal mutagenesis/error catastrophe theory).
Second, it could reduce and alleviate the significant health
consequences of COVID-19, which are primarily related to the
SARS-CoV-2 infection of the patients’ respiratory and
cardiovascular systems, as this attack typically causes acute
immunologic and inflammatory biological disturbances (see
several and ample advantages of DDI use in the comprehensive
COVID-19 therapy in section 1).
On the other hand, it has been previously argued that the use

or the repurposing of exogenous dideoxynucleoside analogues
(ddNs) and dideoxynucleoside triphosphate analogues (i.e.,
dideoxynucleotide analogues or ddNTPs), such as DDI, will not
be adequately efficient against the SARS-CoV-2 because the
RdRp is relatively more specific/selective for nucleoside
triphosphates (NTPs), i.e., nucleotides, than for dideoxynucleo-
tides (ddNTPs). However, another ddN analogue, which is the
synthetic dideoxycytidine analogue lamivudine (3TC), has been
proposed and in some instances demonstrated to be effective
against the SARS-CoV-2 RdRp activity.24,31 Furthermore, in one
of these previous reports, not only 3TC but also DDI have been
included in the list of ddNTP analogues suggested to be suitable
to try against the SARS-CoV-2 RdRp.31 Taken together, the
present and previous results show that, although not being NTP
analogues, the ddNTP analogues such as DDI or 3TCmay exert
very effective and unique biological inhibition of both principal
activities, the RNA polymerase and RNA proofreading activities,
of the SARS-CoV-2 RdRp, as a result of the lack of both essential
adjacent hydroxyls, the 2′ and 3′ hydroxyls, in the ribose moiety
of these analogues. Therefore, one of the novelties of this paper
is that DDI is presented as one of the first dideoxy analogues of
the natural nucleoside/nucleotide substrates (ddNs and
ddNTPs) of the SARS-CoV-2 RdRp proposed as a potent
anti-SARS-CoV-2/anti-COVID-19 agent.
In light of the comprehensive findings of the current research,

it is proven that the DDI molecule interestingly outperforms a
number of many other under-investigation anti-SARS-CoV-2
agents, especially those effective only on the spike (S) protein, in
being acting as a nonselective/nonspecific anti-SARS-CoV-2
agent, i.e., able to act on almost all SARS-CoV-2 variants and
lineages, as its anti-SARS-CoV-2 bioactivities do not rely upon
the possible blocking effect on the changeable S protein which is
mutated from one SARS-CoV-2 strain to another, but they
depend mainly on the proven inhibitory actions on the fixed
RdRp enzyme which has almost the same amino acid sequences
in all SARS-CoV-2 strains to date (DDI possesses general broad-
spectrum anti-SARS-CoV-2 properties that are likely to be
effective against all SARS-CoV-2 strains, including the Omicron
variant, irrespective of the characteristic mutations of the S
protein in each specific strain). Intriguingly, the clear
preponderance, in nearly all anti-COVID-19 properties and
items, of DDI over the potent anticoronaviral agents, e.g.,
molnupiravir, remdesivir, and GS-441524, supports DDI
candidacy as a superior prospective COVID-19 comprehensive
therapeutic agent. It is also worth noting that the DDI molecule
possesses more than 10 highly reactable atoms fit for several
chemical reactions; therefore, hundreds of diverse potential
derivatives/analogues with required improved pharmacokinetic

and/or pharmacodynamic traits could be effectively planned and
synthesized according to the biocompatible chemical scaffold of
this invaluable molecule that belongs to the nucleos(t)ide
analogue class of antiviral medicinal drugs. Finally, but certainly
not least, the scientific community is strongly encouraged to
pursue the DDI repurposing path against COVID-19 by
conducting broad global preclinical and clinical investigations
(as a suggestion, it is preferred to formulate and use DDI in the
form of a nasal/oral inhaler for more rapid, direct, and targeted
delivery and action, along with avoiding its weak acid stability in
the stomach) to thoroughly assess the final efficacy and safety of
DDI for use in the treatment and prevention of all forms of
COVID-19 infections in a comprehensive manner.

4. MATERIALS AND METHODS
4.1. Specifications of the Assayed Chemicals and

Molecular Docking. DDI (2′,3′-dideoxyinosine, CAS registry
number 69655-05-6) and remdesivir (GS-5734, CAS registry
number 1809249-37-3) were purchased from Biosynth
Carbosynth (Carbosynth Ltd., Berkshire, U.K.) (for DDI,
product code ND02929, purity ≥98%; for remdesivir, product
code AG170167, purity ≥98%), whereas the other reference
compound GS-441524 (CAS registry number 1191237-69-0)
was purchased from MedChemExpress (MCE, MedChemEx-
press LLC, New Jersey, U.S.A.) (catalog number HY-103586,
purity 99.77%). The ultrapure solvent dimethyl sulfoxide
(DMSO, CAS registry number 67-68-5) was purchased from a
local distributor, El-Gomhouria Company For Drugs (El-
Gomhouria Co. For Trading Drugs, Chemicals & Medical
Supplies, Mansoura Branch, Egypt) (purity ≥99.9% “anhy-
drous”). The simple and direct illustrative molecular docking of
DDI in SARS-CoV-2 RdRp was performed utilizing a validated
web server called COVID-19 Docking Server. This server uses
AutoDock Vina 1.2.0 software as the docking engine; the 3D
structure of the SARS-CoV-2 RdRp (nsp12/7/8) protein
cocrystallized in a complex with RNA as well as the triphosphate
form of remdesivir (RTP) was obtained from the Protein Data
Bank (PDB) database with the code of 7BV2, employing the
validated remdesivir docking protocol as the comparison
protocol for the ligand DDI.45

4.2. In Vitro Anti-SARS-CoV-2 and Cytotoxic Bioactiv-
ities Assay of DDI. This reliable in vitro anti-COVID-19 assay
(including the cytotoxicity test) depends primarily on Rabie’s
verified techniques.11,12,15−18 All operations were implemented
in a biosafety level 3 (BSL-3) laboratory of a specialized research
facility. The tested new variant of SARS-CoV-2 virus, the first
variant of concern from December 2020 (VOC-202012/01),
was isolated from the fresh nasopharyngeal aspirate and throat
swab of a 31-year-old male COVID-19 patient, employing Vero
E6 cells (ATCC CRL-1586), on October 20, 2021. The starting
titer of the stock virus (107.25 TCID50/mL) was made after three
serial passes in Vero E6 cells in infection media (Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 4.5 g/L
D-glucose, 100 mg/L sodium pyruvate, 2% fetal bovine serum
(FBS), 100 000 U/L penicillin−streptomycin, and 25 mM N-
(2-hydroxyethyl)piperazine-N′-ethanesulfonic acid (HEPES)).
The tested drugs are as described and specified in section 4.1.
Preliminary pilot assays were first done with the main purpose to
find the best concentration of DDI, remdesivir, and GS-441524
to adequately begin the in vitro anti-COVID-19/cytotoxicity
tests. As a result, the stocks of the tested compounds were
precisely produced by dissolving each of the three compounds in
the solvent DMSO to get a 100 μM concentration of each
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compound. In addition, DMSO was utilized as a negative
control to ensure that the study is placebo-controlled. To
estimate the anti-SARS-CoV-2 activities of the target com-
pound, DDI, as compared to those of each of the two positive
control drugs, remdesivir and GS-441524, as well as those of the
negative control solvent, DMSO, Vero E6 cells were first treated
with the four compounds diluted in infection media for 1 h
before infection by the new strain of the SARS-CoV-2 at MOI =
0.02. During the 2 h incubation period, all of the four assayed
compounds were kept with the virus inoculum. After incubation,
the inoculum was withdrawn, and the cells were completely fed
with infection media containing the diluted test compounds.
Supernatants were collected immediately after 48 h of
incubation at 37 °C to determine virus loads using the
TCID50 or quantitative real-time RT-PCR (qRT-PCR) (Taq-
Man Fast Virus 1-Step Master Mix) assays. Virus loads in these
assays were fitted in logarithm scale (log10 TCID50/mL, log10
TCID90/mL, and log10 viral RNA copies/mL), not in linear
scale, under increasing concentrations of the tested compounds.
Four-parameter logistic regression (GraphPad Prism) was
employed to fit the dose−response curves and obtain the EC50
and EC90 of the tested compounds, which inhibit viral
replication of the SARS-CoV-2 (CPEIC100 was also determined
for each compound). Cytotoxicity of each compound of the four
tested compounds was assessed as well in Vero E6 cells utilizing
the CellTiter-Glo luminescent cell viability assay (Promega).
Final outcomes were accurately represented as the mean ±
standard deviation (SD) from at least three separate trials.
Statistical analysis was carried out using SkanIt 4.0 research
edition software (Thermo Fisher Scientific) and Prism V5
software (GraphPad). At p < 0.05, all of the results were judged
to be statistically significant.
4.3. In Vitro Anti-RdRp Assay (SARS-CoV-2-RdRp-Gluc

Reporter Assay) of DDI. First, the used cells, 293T cells
(ATCC CRL-3216), were kept in DMEM (Gibco) with 10%
(v/v) FBS (Gibco), and then they were cultured at 37 °C in a
CO2-humidified atmosphere (5%). HEK293T cells were
transfected employing Vigofect transfection reagents (Vigo-
rous) according to the manufacturer’s precise instructions. The
required plasmid DNAs, antibodies, and reagents were
purchased and treated exactly as in the literature procedures.41

The tested drugs are as described and specified in section 4.1.
Also, Western blotting (for the collected transfected HEK293T
cells), real-time RT-PCR (for the extracted total RNA of
transfected HEK293T cells), and cell viability test (using cell
counting kit-8 (CCK8), Beyotime) were exactly performed as
the typical procedures of the literature.41 The method of the
validated newly designed in vitro SARS-CoV-2-RdRp-Gluc
reporter assay was performed according to the original
procedures of its designers, Zhao and colleagues (please note
that HEK293T cells were transfected in this assay with CoV-
Gluc, nsp12, nsp7, and nsp8 plasmid DNAs in the ratio of
1:10:30:30, and with CoV-Gluc, nsp12, nsp7, nsp8, nsp10, and
nsp14 plasmid DNAs in the ratio of 1:10:30:30:10:90).41

Typically as instructed in this original method, a stock of
coelenterazine-h was dissolved in absolute ethyl alcohol to a
concentration of 1.022 mM/L.41 Right before each assay, the
stock was diluted in phosphate-buffered saline to 16.7 μM and
incubated in the dark for 30 min at room temperature.41 For the
luminescence assay, 10 μL of supernatant was added to each well
of a white and opaque 96-well plate, then 60 μL of 16.7 μM
coelenterazine-h was injected, and the respective luminescence
was measured for 0.5 s utilizing the Berthold Centro XS3 LB 960

microplate luminometer.41 Final outcomes were accurately
represented as the mean ± SD from at least three separate trials.
Statistical analysis was carried out using SkanIt 4.0 research
edition software (Thermo Fisher Scientific) and Prism V5
software (GraphPad). At p < 0.05, all of the results were judged
to be statistically significant.
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