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ABSTRACT

The whole world is eagerly waiting for the unearthing of the best treatment strategy to put 
an end to the prevailing coronavirus disease-2019 pandemic. The pathogen responsible 
for this disease, that is, severe acute respiratory syndrome coronavirus-2 (SARS CoV-2) 
continues to be the most challenging issue that has kept the researchers and innovators 
all over the world in a dilemma of resolving it through finding the most efficacious, 
safe, and cost-effective therapy. A large number of drugs are under investigation as a 
part of drug repurposing approach for the treatment of SARS-CoV-2. One such drug, 
molnupiravir, is under Phase II/III clinical trials against SARS-CoV-2. Through this work, 
the authors will give an insight into the various aspects of molnupiravir as an antiviral 
agent including chemistry, pharmacokinetics, synthetic route, in vitro, in vivo studies, 
clinical trials, and probable mode of antiviral action of molnupiravir against SARS-CoV-2. 
The molecular docking approach has also been used to evaluate the binding interactions 
of the active form of molnupiravir, N-4-hydroxycytidine, with the RNA-dependent RNA 
polymerase of SARS-CoV-2 which emphasized on its good binding potential with the 
active site residues displaying a binding energy of −6.4 kcal per mol.
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(spike, envelope, membrane, and nucleocapsid) and non-structural 
proteins (nsp) (main protease, RNA-dependent RNA polymerase [RdRp] 
[nsp 12], helicase, papain-like protease, N-terminal exoribonuclease, nsp 
10, nsp 14, nsp 15, and nsp 16).[3] The SARS-CoV-2 exhibits approximately 
80% sequence similarity with other bat CoVs.[4] It is more pathogenic than 
the other CoVs due to the presence of a unique polybasic cleavage site 
and has higher transmissibility due to the 10–20 times greater binding of 
SARS-CoV-2 with angiotensin-converting enzyme-2 (ACE-2) receptor 
compared to SARS-CoV with ACE-2.[5,6]

The SARS-CoV-2 releases its nucleocapsid into the patient’s cells after 
attacking the host’s lower respiratory tract, leading to viral replication 
responsible for the emanation of pneumonia-like symptoms.[7] In 
critical cases, SARS-CoV-2 infection can lead to multiple organ damage 
adversely affecting the heart, liver, lungs, kidney, gastrointestinal system, 
and central nervous system. The membrane protein has a role in virus 
humoral response together with neutralizing developed antibodies while 
spike protein assists the viral entry into host cellular machinery using 
host ACE-2 receptor. Transmembrane protease, serine 2 (TMPRSS2), 
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INTRODUCTION

Coronaviruses (CoV), a group of RNA viruses belonging to the family, 
Coronaviridae, are positive-sense single-strand RNA viruses having the 
potential to cause mild to fatal respiratory tract infections in mammals 
and birds.[1] The outbreak of CoV began with severe acute respiratory 
syndrome coronavirus-2 (SARS CoV) in 2002 in China spreading from 
civet cats to humans which was later observed in the form of Middle-
East respiratory syndrome coronavirus (MERS CoV) in the year 2012, in 
Saudi Arabia, transmitting from dromedary cats to humans. Most recently 
emerged are the cluster of cases having symptoms like pneumonia in the 
Wuhan city of China, in December 2019 which was later named by the 
World Health Organization as coronavirus disease 2019 (COVID-19) and 
declared as pandemic in March 2020.[2] The CoVs comprise structural 
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a transmembrane serine protease, cleaves the spike protein into S1 and 
S2 domain leading to its activation and viral entry into the host cell. 
The entry is followed by translocation which occurs through endocytic 
and non-endocytic pathways. Once the virus enters the host cell 
endosomes, the viral envelope protein supports the viral genome release 
into host cell as single-stranded positive RNA which further moves to 
transcription and translation processes using host cell machinery.

RdRp plays an important role in viral transcription and replication 
and has proved to be a crucial target in many antiviral therapies like 
remdesivir. RdRp shows high sequence similarity among the three CoVs 
while it is not expressed by the host cells, therefore, drugs targeting 
RdRp or RdRp inhibitors used against SARS-CoV and MERS-CoV 
can also be repurposed against SARS-CoV-2 with high potency and 
selectivity to viral entry.[2,8,9] RdRp catalyzes viral RNA genome synthesis 
using de novo (primer dependent) or primer independent molecular 
mechanisms. The de novo RNA synthesis involves the phosphodiester 
bond formation between 3’-hydroxyl end of one nucleotide and the 
5’-phosphate moiety from next nucleotide. While in primer dependent 
mechanism, an oligonucleotide or a protein primer acts as a template for 
the development of a new complimentary RNA, through base pairing.[9]

Molnupiravir (MK-4482 and EIDD-2801) is an orally bioavailable 
5’-isopropylester prodrug of β-D-N-hydroxycytidine (EIDD-1931, 
or N-hydroxycytidine, NHC), a ribonucleoside analog with potent 
anti-influenza activity. Molnupiravir was originally developed by Drug 
Innovation Ventures at Emory, a drug innovation company of Emory 
University, as an inhibitor of influenza viral replication. Later, the 
drug was acquired by Ridgeback Biotherapeutics which collaborated 
with Merck to develop it further.[10,11] Afterward, the drug was tested 
for its activity against SARS-CoV and MERS-CoV also. In March 
2020, molnupiravir was found to be active against SARS-CoV-2 
and thereafter it underwent randomized, double-blind, placebo-
controlled, first-in-human study, in the US and UK, to test its safety, 
tolerability, and pharmacokinetics in healthy volunteers. In October 
2020, a phase II/III randomized, placebo-controlled, double-blind 
clinical study of the drug was started by Merck on hospitalized patients 
to test its efficacy, safety, and pharmacokinetics.[12,13] Molnupiravir 
was found to be effective when given orally in SARS-CoV-2-infected 
ferrets blocking the viral transmission in them.[14]

PATHOPHYSIOLOGY

SARS-CoV-2 is a β-coronavirus showing genomic similarity of 
nearly 80% with SARS-CoV-1 and 96.2% with bat coronavirus 
RaTG13 suggesting bats as the main source of its transmission.[15] It 
is a pleomorphic virus having a diameter of ~125 nm and the RNA 
genome of 30 kb(+) together with up to 10 open reading frames 
(ORFs). As per global initiative on sharing all influenza data database, 
three SARS-CoV-2 clades are identified as (a) G clade (spike S protein 
variant, D614G), (b) V clade (ORF3 variant, G251V), and (c) S clade 
(ORF8 variant, L84S). In India, A2a clade, S protein variant, D614G, 
was found to be the most prominent clade (48.6%). These clades show 
divergence in virulence thus affecting the effectiveness of repurposed 
drugs or of future vaccines and biologicals.[8,16,17]

SARS-CoV-2 viral infection is mostly found to be transmitted from 
person to person through respiratory droplets and aerosols through 
coughing and sneezing. The nasopharyngeal swab and feces have shown 
presence of the virus, and therefore, fecal-oral route transmission can 
also be a possibility.[18] It can also involve contact transmission that 
is by talking to the infected person or by inhaling the exhaled gas 
from infected person within a distance of about 6 feet and indirect 
transmission by coming in contact with contaminated droplets from 
mouth, nose, and eyes settled on different surfaces.[16]

The SARS-CoV-2 infection begins with the entry of virus into host 
cells by the attachment of its spike protein with the host cell’s ACE-
2 cell surface receptor on alveolar epithelial type II (AT 2) cells in 
respiratory tract. The S protein comprises S1 (N-terminal domain) 
and S2 (C-terminal domain) domains. The S1 domain is responsible 
for receptor binding and is also termed as receptor binding domain. 
SD1 and SD2 are the two subdomains of S1 domain and allow the 
conformational changes in S2 domain on binding to the receptor.[8] The 
life cycle of virus in host is believed to involve these major stages: Spike 
protein fusion with host ACE-2 receptor (attachment), spike protein 
cleavage by TMPRSS2 (activation), membrane fusion or endocytosis of 
virus by host cells (penetration), viral ssRNA entry into the host cell 
nucleus and synthesis of viral proteins by viral mRNA (biosynthesis), 
and maturation and release of new viral particles (maturation).[8,19]

TMPRSS2, a transmembrane serine protease (type II), cleaves the 
spike protein into S1 and S2 domains, thus making it possible for 
S1 domain to interact with host ACE-2 for entry into the host cells. 
After entering the host cells, the ss(+) RNA undergoes replication 
using viral RdRp forming complimentary ss(−) RNA which further 
leads to the formation of new positive mRNA strands suitable for 
synthesis of new viral proteins in host cells. The translation of viral 
genome leads to the formation of viral polyproteins which are 
cleaved by viral main protease and papain like proteases into effector 
proteins. The binding of nucleocapsid protein to positive strand 
RNA forms a nucleoprotein complex while the spike, envelope, and 
membrane proteins move to the endoplasmic reticulum. Thus, the 
virion assembly gets completed in Golgi apparatus and is now ready 
for its release from infected cells through exocytosis, as depicted 
in Figure 1. The viral main protease and papain-like protease have 
the ability to deubiquitinase NFkB and interferon factor 3 in host 
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Figure 1: Pathophysiology of severe acute respivirus-2

cells, thus suppressing the host innate immunity.[2,8,16,20,21] Both lung 
inflammation and immune deficiency are the two interconnected 
processes involved in SARS-CoV-2 pathogenesis. ACE-2 is a 
metalloproteinase which is expressed in organs such as lungs, 
CNS, cardiovascular system, kidneys, gastrointestinal tract, and 
adipose tissues. The whole viral life cycle in the host cells leads 
to the release of cytokines and inflammatory markers such as 
interleukins, interferons, TNF-α, macrophage inflammatory protein 
1α, monocyte chemoattractant protein-1, and chemokines like 
CXCL10 which results into vasodilation and an increase in capillary 
permeability. The “cytokine storm” causes the recruitment of CD4+ 
helper T cells, neutrophils, and CD8 cytotoxic T cells which results 
in further lung inflammation and injury. The resultant apoptosis of 
the host cells leads to new viral particle release and infection of 
surrounding type II alveolar epithelial cells, ultimately resulting in 
acute respiratory distress syndrome.[21,22]

MECHANISM OF ACTION

Molnupiravir is a prodrug of N-4-hydroxycytidine, therefore in vivo, 
it gets hydrolyzed to its active form which exists in two tautomeric 
forms: A cytidine mimic (pairs with guanosine) and a uridine mimic 
(pairs with adenosine) form. In the process of viral RNA replication 

using RdRp, switching between these two mimic forms led to 
mismatches causing catastrophic mutations in the newly generated 
viral RNA transcripts thus rendering them non-functional, as shown 
in Figure 2.[10,22]

METABOLISM

Molnupiravir gets hydrolyzed to β-D-N4-hydroxycytidine (NHC, 
EIDD-1931) in host cells which further gets phosphorylated to its 
active 5’-triphosphate form in tissues as depicted in Figure 3.[10]

SYNTHETIC STRATEGY

Molnupiravir shows structural similarity with antiviral drug, 
remdesivir but both the drugs block RdRp in a different way and 
therefore can act complimentarily. Molnupiravir is an orally active 
drug and therefore can have an advantage of increased patient 
compliance in SARS-CoV-2 patients over remdesivir which is 
administered intravenously.

Molnupiravir was first developed by Emory University researchers 
through a five-step synthesis route using uridine as the precursor. 
In this patented route, initially, the protection of acetonide 
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Figure 2: Mechanism of molnupiravir: U=Uridine, C=Cytidine

is done followed by selective esterification of the 5’-hydroxy 
group. Further, the activation of the molecule is performed by 
introduction of 1,2,4-triazole nucleus which gets replaced by 
hydroxylamine. This is followed by deprotection of the acetonide 
group yielding the final product, molnupiravir. This synthetic 
strategy has a disadvantage of very low yield at triazole coupling 
step (29%) [Scheme 1]. With an aim to improve the synthetic yield, 
a modification of the patented scheme was done. In this method, 
the triazole coupling was carried out in the first step using Et3N 
as base, thus increasing the yield of this step from 29% to 88%. 
In the second step, the acetonide ester was obtained by stirring 
the triazole derivative with DMP and sulfuric acid in MeCN for 
30 min. This was followed by conversion of acetonide ester to 
hydroxylamine by stirring it with hydroxylamine and iPrOH at 
room temperature. Finally, the deprotection of acetonide group 
was obtained by reaction with sulfuric acid and iPrOH as solvent 
at 60°C for 30 min resulting in the formation of title compound 
with 80% yield [Scheme 2].[23]

IN VITRO AND IN VIVO STUDY OF 
MOLNUPIRAVIR

Urakova et al. evaluated the role of NHC, a nucleoside analogue, as an 
anti-VEEV (Venezuelan equine encephalitis virus) agent. In the plaque 
assay, NHC revealed a strong anti-viral action in VEEV treated Vero 
cells, when applied before, at the time of or 4 h post infection (p.i.) 
at 1–2 μM concentration with an EC50 value of 1 μM. It was observed 
that NHC acts by inducing mutations in viral G RNA rendering them 
incapable of replication that is by causing viral lethal mutagenesis. The 
mutations acquired were mostly transition mutations like U-to-C 
or C-to-U transitions generated at the time of positive-strand RNA 
synthesis and A-to-G and G-to-A transitions occurring as a result of 
incorporation of NHC in negative-strand RNA.[24]

Due to the low oral bioavailability of NHC in cynomolgus macaques, 
a 5’-isopropyl ester of NHC, EIDD-2801, was synthesized with the 
aim to improve its oral bioavailability. EIDD-2801 showed similar 
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Figure 3: Metabolism of molnupiravir

Scheme 1: Patented route for synthesis of EIDD-2801
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bioavailability in mice as that of NHC but an improved bioavailability 
in nonhuman-primates and ferrets. It was observed that EIDD-2801 
was hydrolyzed to NHC in vivo. A decrease in group pandemic 1 and 
group 2 seasonal influenza A shed virus load, inflammation, fever, 
and airway epithelium histopathology was observed in influenza virus 
infected ferrets, on oral therapeutic administration of EIDD-2801. 
Further, whole genome deep sequencing analysis revealed lethal 
mutagenesis as the mechanism involved in NHC influenza virus 
inhibition together with high barrier to viral resistance. Antiviral 
activity analysis in human airway epithelia (HAE) model revealed a 
CC50 value of 137 μM and a high therapeutic window of >1713 of 
NHC against different strains of influenza virus.[10]

Toots et al. conducted experiments in influenza infected ferret models 
to determine the quantitative efficacy parameters of EIDD-2801 
like its minimum effective dose, latest onset of effective treatment 
together with the minimum doses required for maximum effect. 
The analysis results demonstrated 7 mg/kg of EIDD-2801 given 
by oral route, as the lowest efficacious dose following a b.i.d dosing 
regimen. Furthermore, a 36 h time window was found to exist for 
the initiation of effective treatment p.i. in ferrets. The administration 
of 7 mg/kg dose of EIDD-2801 at intervals of 12 h was observed to 
be sufficient to achieve maximum therapeutic effect against pandemic 
influenza A virus.[11]

Sheahan et al. demonstrated the anti-viral mechanism and efficacy 
of NHC, an active form of prodrug EIDD-2801, against coronavirus 
strains in mouse models. NHC showed potent anti-viral activity in 
MERS-CoV-infected Calu-3 2B4 human lung epithelial cell lines with 
an IC50 value of 0.15 μM and a CC50 value of >10 μM while an IC50 
value of 0.3 μM and a CC50 value of >10 μM in SARS-CoV-2 (2019-
nCoV/USA-WA1/2020) infected Vero cells. Furthermore, the 
anti-SARS CoV-2 assay in Calu-3 cells suggested a dose-dependent 
decrease in viral titers and vial genomic RNA (IC50 0.09 μM). Further, 
antiviral assay study in HAE cells demonstrated no cytotoxicity up to 
a dose of 100 μM of NHC while at the same time, a dose-dependent 
decrease in SARS-CoV-2 replication was also observed in SARS-
CoV-2-infected HAE cells. Similarly, a reduction in viral titer and 
genomic (ORF1) and subgenomic (ORFN) RNA was revealed in 
MERS-CoV- and SARS-CoV-infected HAE cells with IC50 values 
of 0.024 μM and 0.14 μM, respectively. The virus titer reduction 
assay in DBT cells unleashed an increased sensitivity to inhibition 
by NHC in coronavirus bearing resistance mutations to antiviral 
drug, remdesivir. NHC also displayed lethal mutagenicity and error 
catastrophe induction in RdRp, in MERS-CoV-infected HAE cells 
with A-to-G and U-to-C transitions in RNA. The in vivo study of 
EIDD-2801, an orally bioavailable form of NHC, in SARS-CoV- and 
MERS-CoV-infected C57BL/6 mice revealed a significant decrease 
in weight loss, lung titer, and hemorrhage at a dose of 500 mg/kg, 
both prophylactically and therapeutically.[25]

Scheme 2: New route for synthesis of EIDD-2801
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Due to the fact that ferrets transmit the SARS-CoV-2 virus effectively 
with minimum clinical disease manifestations resembling the 
SARS-CoV-2 asymptomatic or mildly symptomatic transmission in 
young human population, Cox et al. explored the efficacy of EIDD-
2801 in SARS-CoV-2-infected ferret models. The in vivo study 
involved administration of EIDD-2801 as oral gavage, at doses of 5 
or 15 mg/kg b.i.d. 12 h p.i. or 15 mg/kg 36 h p.i. in ferrets (Mustela 
putorius furo) inoculated with 1 × 105 plaque-forming units of SARS-
CoV-2 2019-nCoV/USA-WA1/2020 clinical isolate. The assay results 
unleashed the high potential of EIDD-2801, significantly decreasing 
the SARS-CoV-2 viral load in upper respiratory tract together with 
suppressing the transmission of infection to untreated contact animals.[14]

Abdelnabi et al. evaluated the anti-viral effect of EIDD-2801 in 
SARS-CoV-2-infected Syrian hamster model. The hamster models 
infected with 2 × 106 TCID50 SARS-CoV-2 (BetaCov/Belgium/GHB-
03021/2020 [EPI ISL 109 407976|2020-02-03]), were treated with 
75 or 200 mg/kg b.i.d. of EIDD-2801 for 4 consecutive days. The 
assay results revealed a significant reduction in virus titers and RNA 
loads in lungs when given at 200 mg/kg twice a day with improved 
lung histopathology while a mild antiviral effect was observed on 
starting treatment 1 or 2 days p.i.[26]

MOLECULAR DOCKING

Enthused by the encouraging results from the literature, we performed 
the molecular docking using AutoDock Vina software to predict the best 
fit possible biological conformation of molnupiravir in the active site of 
a SARS-CoV-2 protein. The structure of SARS-CoV-2 (Protein Data 
Bank [PDB] ID: 6M71) with resolution 2.6Å was downloaded from 
the PDB. The protein was prepared using AutoDock 4.2.6. The two-
dimensional (2D) structure of the active form of molnupiravir (NHC) 
was prepared using ChemDraw professional 16.0 software and converted 
to three-dimensional (3D) format by Chem3D Ultra 8.0. The energy of 
molnupiravir was minimized using Chem3D Ultra 8.0 and MOPAC then 
the pdbqt format of the active form of molnupiravir was prepared using 
PyMOL. The active form of molnupiravir was docked with active site of 
SARS-CoV-2 protein. A grid box was prepared with 30, 30, 30 centered 
(x, y, z) of (114.52, 114.11, 122.91) Å as reported.[27] Discovery studio 
visualizer was employed to view the docking results. The active form 
of molnupiravir displayed good binding energy of −6.4 and hydrogen 
bond interactions with five amino acids such as Tyr619, Asp760, Asp761, 
Trp800, and Glu811. The 2D and 3D binding patterns of the active form 
of molnupiravir are depicted in Figures 4 and 5.

CLINICAL TRIALS

The success of any new molecule depends on the promise shown by 
it in the clinical trials. A number of such trials involving this drug 
have been undertaken.

Phase I clinical trial (clinical trial identifier: 
NCT04392219)

First-in-human randomized, double-blind, placebo-controlled study 
was conducted in 130 healthy volunteers to evaluate the safety, 

Figure 5: Three-dimensional interaction of target compound with severe 
acute respiratory syndrome coronavirus-2 protein (PDB ID: 6M71)

Figure 4: Two-dimensional interaction of target compound with severe acute 
respiratory syndrome coronavirus-2 protein (PDB ID: 6M71).

tolerability, and pharmacokinetics of orally administered EIDD-2801. 
For studying drug or placebo in single- and multiple-dose parts of 
the study, the randomization of eligible volunteers (age: 19–60 years; 
mean body mass index: 24.4–25.4 kg/m2, mostly white, male) 
was done in a ratio of 3:1. For conducting the trial, each cohort 
comprising eight subjects was administered with 50–1600 mg single 
oral dose in single ascending dose part and 50–800 mg b.i.d. for 
5.5 days in multiple ascending dose part. The study result displayed 
a high plasma concentration of EIDD-1931, the hydrolyzed form of 
prodrug EIDD-2801, possessing a median time of 1.00–1.75 h for 
maximum observed concentration. The Division of Microbiology and 
Infectious Diseases toxicity grading study demonstrated headache as 
the most frequent adverse event reported in 12.5% of molnupiravir 
administered subjects taking single ascending dose study and diarrhea 
in 7.1% of molnupiravir administered subjects taking multiple 
ascending dose study. In food-effect evaluation study also, only mild 
(grade 1) adverse event was observed. EIDD-2801 was found to be 
safe, well tolerated with no serious adverse effects. In case of single 
ascending doses, the administration of EIDD-2801 at doses between 
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600 and 1600 mg gave mean Cmax value of 13.2 ng/mL and median 
tmax value between 0.25 and 0.75 h. In multiple ascending dose 
study, a mean t1/2 of 7.08 h was observed following 800 mg b.i.d 
of EIDD-2801. Therefore, molnupiravir displayed good tolerability, 
when administered in healthy volunteers, with dose-proportional 
pharmacokinetics. After the success of Phase I clinical trial, few Phase 
II/III trials also began, as shown in Table 1.[28]

CONCLUSION

COVID-19 pandemic has led to morbidities of millions of individuals 
till date. It is spreading worldwide with the emergence of different 
mutant strains. Several FDA approved drugs are under clinical trials 
against SARS-CoV-2 infection. Molnupiravir is one such drug which 
has been approved by FDA for influenza and is now under Phase II/
III trials for SARS-CoV-2. Molnupiravir exerts its antiviral action 
by causing catastrophic mutations during viral RNA replication 
using RdRp. The Phase I trial of molnupiravir has proved it to be 
safe in healthy human volunteers. The pharmacokinetic profile of 
molnupiravir is equally encouraging. This article has reviewed its 
chemistry, pharmacology, and the progress through various clinical 
trials. We have carried out the molecular docking analysis of this drug 
with RdRp protein of SARS-CoV-2 where the drug demonstrated a 
high binding affinity involving hydrogen bond interactions with the 
active site residues. Therefore, our work substantiates the literature 
claims on the high potential of molnupiravir as an anti-viral agent 
against SARS-CoV-2 and other such CoV.
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