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Abstract

Broad‐spectrum antiviral agents targeting viral RNA‐dependent RNA polymer-

ase (RdRp) are expected to be a key therapeutic strategy in the ongoing

coronavirus disease 2019 (COVID‐19) pandemic and its future variants of

severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2), the virus that

causes COVID‐19. Molnupiravir is a nucleoside analog that in vivo experiments

have been reported to inhibit the replication of SARS‐CoV‐2, the virus that

causes COVID‐19. Clinical trials of molnupiravir as a therapy for patients with

mild‐to‐moderate COVID‐19 also suggest its significant therapeutic efficacy in

comparison to placebo. Molnupiravir is lethally mutagenic against viral RNA, but

its effect on host cell DNA is being questioned. Herein, the safety concerns of

molnupiravir are discussed with recent findings from published reports

and clinical trials. The unchanged efficacy of molnupiravir against mutated
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SARS‐CoV‐2 variants is also highlighted. With its administration via the oral

route, molnupiravir is expected to turn the tide of the COVID‐19 pandemic.
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1 | INTRODUCTION

Since its first observation in humans in 2019, severe acute

respiratory syndrome coronavirus 2 (SARS‐CoV‐2) has caused

the coronavirus disease 2019 (COVID‐19) pandemic, affecting the

worldwide population.1 Other coronavirus outbreaks, including

severe acute respiratory syndrome (SARS) in 2002 and Middle East

respiratory syndrome (MERS) in 2012, did not have an infPection

rate as high as that of the present COVID‐19 outbreak.2 Scientists

and clinicians immediately responded through drug repurposing

and vaccine development as a strategy to control the pandemic.3,4

While vaccine development is challenged by the emerging immune‐

resistant strains of SARS‐CoV‐24 and high vaccine hesitancy,5,6 the

repurposing of drugs (among many other efforts) is expected to

turn the tide of the pandemic.7 For this purpose, broad‐spectrum

antivirals are preferable because it could be used for new human‐

infecting virus that would probably cause another outbreak in the

future.8

SARS‐CoV‐2 is a positive‐sense single‐stranded virus which

requires RNA‐dependent RNA polymerase (RdRp) to replicate inside

host cells. Therefore, many antiviral agents target this protein to

attenuate the viral replication.9 Remdesivir, an RdRp inhibitor, was

the first approved drug for the treatment of SARS‐CoV‐2 infection.10

For remdesivir to be sufficiently bioavailable to inhibit the virus, it

must be administered intravenously.11 This implies that remdesivir

administration requires a medical setup, which is not convenient for

nonhospitalized patients. This problem was soon addressed by the

development of molnupiravir (MK‐4482 or EIDD‐2801), an orally

bioavailable antiviral drug.12 Moreover, molnupiravir can be synthe-

sized using abundant cytidine, thus potentially contributing to a

low‐cost production.7,13

Not all RdRp inhibitors are effective. This is due to the fact

that SARS‐CoV‐2 is one of the nidoviruses that have proofreading

activity attributed to the acquisition of the 3′—5′ exoribonuclease

(ExoN) domain.14,15 Molnupiravir, along with two other nucleoside

analogs (remdesivir and favipiravir), can escape the proofreading

mechanism of SARS‐CoV‐2.16,17 In addition to escaping the

proofreading activity, it is preferable if it is difficult for the virus

to become resistant against the antiviral agent. Herein, we discuss

the mechanism of molnupiravir in attenuating viral replication via

lethal mutagenesis and how it acts as a barrier to prevent antiviral

resistance in SARS‐CoV‐2. Results from laboratory experiments

and clinical trials regarding the safety, tolerability, and efficacy of

molnupiravir are also discussed.

2 | MOLNUPIRAVIR: A PRODRUG OF
Β‐D‐N4‐HYDROXYCYTIDINE

To properly understand molnupiravir, the discovery of β‐d‐N4‐

hydroxycytidine (NHC, also named as EIDD‐1931), a ribonucleoside

analog, needs to be emphasized first.18 Initially, the use of NHC as an

antiviral agent was limited because of its oral bioavailability in

nonhuman primates.19,20 Later, a group of scientists from Emory

University (USA) developed molnupiravir (also known as EIDD‐2801 or

MK‐4482), which acts as a prodrug of NHC and allows a sufficiently

high bioavailability of NHC.12 Orally bioavailable antiviral agents are

not limited by medical setup requirements unlike those administered

intravenously; hence, they can be used for nonhospitalized patients.

The ester group in molnupiravir is rapidly cleaved by host's esterase in

the plasma, converting the molecule into NHC (Figure 1). This is the

reason as to why, in the plasma, only free NHC substance was

detected.20 Upon its penetration into an infected cell, NHC

intracellularly transforms into its active form, NHC‐5'‐triphosphate

(NHC‐TP) (Figure 1). Researchers have proposed several patented

chemical pathways to obtain molnupiravir.21

Originally, molnupiravir was developed to tackle the increasing

infection rate of alphaviruses in the United States.12 Initially,

molnupiravir was not specifically designed with broad‐spectrum

antiviral activity. During the early stages of the COVID‐19 pandemic,

this drug was tested in a clinical trial for seasonal influenza.22 Only

afterward, molnupiravir was observed to have broad‐spectrum

antiviral activity even before the mechanism could not be

explained.20 Similar to other drug candidates, such as remdesivir,23

molnupiravir has also been repurposed to treat COVID‐19. Following

the acquisition of the exclusive right to develop molnupiravir by

Merck, in collaboration with Ridgeback Biotherapeutics, molnupiravir

entered clinical trials.21

3 | MOLNUPIRAVIR AND LETHAL
MUTAGENESIS

SARS‐CoV‐2 is a positive‐sense single‐stranded RNA virus that

requires RdRp, which functions as genome replication machinery for

viral replication in human cells.24,25 RdRp is less than 500 amino acid

units in size and possesses three sub‐folded domains shaped like a

human cupped right hand (consisting of thumbs, palm, and fingers).

Binding sites of the RdRp are the most conserved and accessible

region, suggesting RdRp targeting as an effective approach for the
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mechanism of action of an antiviral.9 A repurposed and approved

drug for COVID‐19 treatment, remdesivir, is known to have RdRp

inhibition activity.26

In case of coronaviruses (CoVs), immediate termination of RNA

chain elongation is ineffective against the proofreading activities of

the virus.14 During the replication of CoVs, there are at least 16

nonstructural proteins (nsp1‐16) involved in the process. Of these,

the nsp10/nsp14 complex performs 3′—5′ ExoN activity, which can

evade nonspecific RNA degradation.14 Moreover, nsp14 can hydro-

lyze the mismatched nucleotides at the 3′ end of a nascent RNA.27

Remdesivir can escape such proofreading activity by allowing three

more nucleotides before the termination of the RNA synthesis

(delayed termination).16 Escaping this proofreading activity improves

the efficacy of the drug.

Molnupiravir can escape the proofreading activity because it

relies on lethal mutagenesis mechanism in attenuating SARS‐CoV‐2

replication. Once inside the cells, NHC is phosphorylated to form the

active ribonucleoside triphosphate (NHC‐TP). Viral RNA polymerase

(nsp12) then incorporates NHC‐TP into the negative sense genomic

RNA (‐gRNA) of SARS‐CoV‐2 as NHC‐monophosphate (NHC‐MP).28

Following the incorporation, primers having NHC‐MP at their 3' end

were efficiently extended, particularly at high ribonucleoside tri-

phosphate (rNTP) concentrations. Moreover, like other mutagenic

nucleotides, NHC‐TP likely exists in different tautomeric forms that

affect base pairing. The hydroxylamine form acts like cytosine (C) and

enables base pairing with guanine (G), whereas the oxime form

(C =NOH) acts like uracil (U) and allows base pairing with adenine

(A).28 The NHC‐TP substrate exists predominantly in its hydroxyl-

amine form and acts like CTP; however, when present as NHC‐MP in

the template, both tautomeric forms seem to coexist and act like CTP

or UTP, favoring incorporation of GTP and ATP, respectively.28

Hence, there would be transition mutation of nucleotides (G to A or C

to U) in nascent +gRNA. Since SARS‐CoV‐2 is a positive‐sense RNA

virus, NHC‐TP can be incorporated in both −gRNA and +gRNA.29

This alteration of nucleotide results in mutagenic transcription and

translation products, which are known as lethal mutagenesis or error

catastrophe.30 An illustration of the mutagenesis mechanism of

molnupiravir during SARS‐CoV‐2 replication is presented in Figure 2.

Even though the inhibition of RNA synthesis is possible through the

incorporation of G as the opposite of NHC‐MP, it can be easily

overcome by the abundance of nucleoside triphosphate, leaving

mutagenesis as the dominant mechanism of molnupiravir.28

Using mutagenesis as the primary mechanism, where full‐length

RNA can still be produced, ExoN proofreading would be easily

circumvented by the molnupiravir. Although both favipiravir and

molnupiravir perform mutagenesis against the viral genome, an in

vitro study found the latter to be more efficacious.31 In fact, the

mutagenic activity of favipiravir was not observed in the aforemen-

tioned study and modest antiviral activity was only reached after the

concentration was increased to 300 μM.31 An investigation using

thermal melting technique revealed that the stability of a complex

between molnupiravir‐embedded RdRp and RNA strands was close

to that of the non‐mutagenic one.29 Favipiravir is weakly incorpo-

rated into the RNA primer (−gRNA),32 making it more challenging to

incorporate incorrect nucleotides into the growing RNA strand.

A recent study revealed that RdRp backtracking, which can enhance

proofreading activity, was stimulated by nsp13 during SARS‐CoV‐2

replication.33 This indicates the importance of a strong binding

affinity with RdRp to circumvent the proofreading activity of

SARS‐CoV‐2, as observed in molnupiravir.34

4 | ANTI‐SARS‐COV‐2 ACTIVITY OF
MOLNUPIRAVIR: IN VITRO, IN VIVO, AND
EX VIVO STUDIES

Various in vitro and ex vivo studies (ex vivo study means a study using

samples extracted from living organism, where the treatment carried

out after the extraction) have been conducted to elucidate the effect of

molnupiravir in suppressing SARS‐CoV‐2 replication.35,36 The molnu-

piravir metabolite, NHC, reduced the SARS‐CoV‐2 titers in human

airway epithelial cell cultures in a dose‐dependent manner with a

F IGURE 1 Conversion of molnupiravir into β‐d‐N4‐hydroxycytidine (NHC) and NHC‐triphosphate (the active form of molnupiravir),
occurring in the extracellular and intracellular spaces, respectively. Highlighted in the red‐dashed boxes are focused functional groups
changed during each conversion.
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half‐maximal inhibitory concentration (IC50) as low as 0.08 μM.35 An ex

vivo study using cryopreserved human lung tissues, which were

heterogeneous in terms of interleukin (IL)‐6, IL‐8, and interferon

(IFN)‐B1 expression corresponding to SARS‐CoV‐2 infection, revealed

the effectiveness of NHC in inhibiting viral growth.36 The efficacy of

NHC was also attributed to its ability to circumvent the ExoN

proofreading activity of MERS‐CoV.15

When tested in a mouse model, NHC was effective against multiple

CoVs through lethal mutagenesis but not against host cell RNA.35

Furthermore, a mouse model implanted with human lung tissue was

used in a study, which revealed significant inhibitory activity of

molnupiravir against SARS‐CoV‐2 replication.37 The transmission of

SARS‐CoV‐2 was efficiently suppressed by molnupiravir confirmed by

the absence of viral infection in nasal tissues and secretions of a ferret

model with minimal clinical symptoms resembling the young‐adult

human population.38 In another study on the Syrian hamster model,

which acts as a preclinical model of mild disease, similar efficient

antiviral activity was observed.39

Several studies have highlighted the advantages of molnupiravir

among other anti‐SARS‐CoV‐2 drugs.36,40,41 A meta‐analysis of in

vivo studies on anti‐SARS‐CoV‐2 drugs suggested the efficacy of

molnupiravir (along with remdesivir and amodiaquine) in reducing

viral titers.40 A comparative study using a cell‐based RdRp inhibition

assay revealed that molnupiravir was the most potent among all the

anti‐SARS‐CoV‐2 drugs studied (entecavir, favipiravir, penciclovir,

remdesivir, ribavirin, and tenofovir).39 In another report employing

heterogeneous human lung tissue, molnupiravir was efficient in

inhibiting SARS‐CoV‐2 replication compared to chloroquine and

remdesivir that showed negligible effects.36 It is worth mentioning

that molnupiravir is one of two orally bioavailable anti‐SARS‐CoV‐2

drugs ready to enter mass production (the other one being the

nirmatrelvir/ritonavir combination, or Paxlovid), which is an impor-

tant aspect in controlling the pandemic.40

5 | MOLNUPIRAVIR EFFICACY: EVIDENCE
FROM CLINICAL TRIALS

To accelerate clinical trials, unprecedented collaboration between the

sponsor, contract research organization (CRO), and regulatory authori-

ties is critical.42 Molnupiravir efficacy, safety, virological outcome, and

other outcomes have all been studied clinically, as shown in Table 1.

Two Phase I clinical trials analyzing the efficacy of molnupiravir that

were conducted in the United Kingdom have been completed, and the

results have been published.43,44 A randomized, double‐blind, placebo‐

controlled study on 130 healthy volunteers investigated the pharmaco-

kinetics of molnupiravir along with absorption inhibition by food

intake.44 The median time of maximum plasma NHC obtained was

F IGURE 2 Lethal mutagenesis induction by
molnupiravir during severe acute respiratory
syndrome coronavirus 2 (SARS‐CoV‐2)
replication. The RdRp complex has
exoribonuclease (ExoN) and nsp10, which have
proofreading activity and function. SARS‐CoV‐2
enters host cell via the ACE2 receptor and RdRp
translation is initiated by the host cell ribosome
(1). RdRp is used to replicate viral genomic RNA
(gRNA), where competition between M and
natural C occurs (3), resulting in the
misincorporation of the nucleoside and
consequently causing lethal mutagenesis (4).
C—cytosine, CTP—C‐triphosphate, A—adenine,
G—guanine, U—uracil, M—NHC‐5'‐
monophosphate, ACE2—angiotensin‐converting
enzyme 2, RdRp—RNA‐dependent RNA
polymerase, and ExoN—exoribonuclease.
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observed after 1 to 1.75 h with a geometric half‐life approaching 1 h.

Slower elimination was observed in subjects with higher and increased

doses, and accumulation did not appear after multiple dosing. Food

intake was proven to be ineffective in reducing overall absorption, even

though several reductions were observed in the absorption rate during

the fed state. Adverse events occurred more frequently in the placebo

group, with diarrhea being the most common adverse event. None of

the subjects from the molnupiravir or placebo group showed indications

of clinically significant abnormalities (based on laboratory results, vital

sign monitoring, or electrocardiography). However, one subject receiv-

ing molnupiravir at a dosage of 800mg at 2×/day had to discontinue the

drug due to the development of a mild truncal maculopapular pruritic

rash, which was correlated to the drug by the investigator. Overall, the

investigation suggested that a dose of 50 to 800mg for 5.5 days was

safe and well‐tolerated.44 Additionally, the same safety and tolerability

were also observed in subjects receiving a single dose of molnupiravir

(up to 1600mg).44 Another Phase I clinical trial with an open‐label,

randomized controlled design and including COVID‐19 patients with a

5‐day disease duration (n = 18) also concluded that the molnupiravir

dosage of 800mg at 2×/day was safe and well‐tolerated.43

The efficacy of molnupiravir (800mg 2×/day) to eliminate viral

infection was found to be significant after 3 days of treatment

(median) in a double‐blind, randomized, placebo‐controlled Phase IIa

clinical trial (total, n = 202).45 The patients included were

unvaccinated outpatients with confirmed SARS‐CoV‐2 infection

and symptom onset within 7 days. Patients who received 400 and

800mg for the next 5 days had a significant reduction in infectious

virus isolation compared with that in the placebo group. The duration

required for viral RNA clearance was significantly shorter in the

800mg group than in the placebo group. This clinical trial also

suggested that molnupiravir was well‐tolerated, with adverse events

(mostly headache, insomnia, and increased alanine aminotransferase)

being observed in similar numbers across all the treatment groups.

Interim results from a global‐scale Phase II/III clinical trial with

identifier number NCT04575597 have been published in a peer‐

reviewed journal.47,48 In the Phase II component (n = 302), partici-

pants were nonhospitalized patients with a mild or moderate severity

of COVID‐19 and 5‐day symptom onset before randomization.47 The

study concluded that treatment with molnupiravir essentially reduced

hospitalization and/or death in comparison with the placebo group.47

Interestingly, based on subgroup analyses, older participants

(>60 years old) had a lower risk of hospitalization and/or death after

receiving molnupiravir treatment than younger patients.47 A Phase III

clinical trial including 1433 nonhospitalized patients with mild‐to‐

moderate COVID‐19 reported satisfactory results of molnupiravir

treatment using a dosage of 800mg at 2×/day for 5 days.48 The

number of hospitalization and/or death risks after 29 days of

observation was significantly lower in the molnupiravir group than

in the placebo group (p = 0.001).48 Both studies confirmed the safety

and tolerability of molnupiravir due to similar occurrence of adverse

events in the molnupiravir or placebo group.47,48

Merck, Sharp, and Dohme (MSD) first stated that the efficacy of

molnupiravir in reducing hospitalization and/or death reached

approximately 50%.49 This number was obtained based on the

interim results indicating that the risk reduction from 14.1% (in the

placebo group) to 7.3% in the molnupiravir group was achieved.48

It led to a great expectation from experts and policymakers on the

drug, even a published article applauded the success.50 However, the

most recent update from the interim analysis of clinical trials revealed

that the efficacy has decreased to 30%.51 Moreover, a Phase II

component of global Phase II/III clinical trials participated by 304

participants showed no clinical benefits from molnupiravir treatment

on patients who have developed mild to moderate COVID‐19.46

Currently published clinical trials have several limitations which

predominantly derived from the insufficient number of participants.43,45,47

Biased results could be obtained due to the uneven distribution of

seropositive participants between the treated and placebo groups.45

In addition, vaccinated individuals are not included in the clinical

trials, whilst the more people have received vaccination. Taken

altogether, these imply the importance of waiting for results from

ongoing clinical trials.

6 | ONGOING CLINICAL TRIALS

Ongoing clinical trials of molnupiravir are presented in Table 2.

Among them, there is AGILE, a platform for a multicenter, Phase I/II

randomized and controlled investigation on the rapid evaluation of

COVID‐19 therapy candidates. In the first stage, the platform aimed

to determine the optimal dose and safety of molnupiravir.52 In Phase

II/III multicenter clinical trial (NCT04575597), the effect of molnu-

piravir in nonhospitalized COVID‐19 patients was investigated.

This study aimed to measure the efficacy of molnupiravir in treating

COVID‐19 based on the percentage of hospitalized patients (24 h)

and death (due to any cause). Calculation of the percentages of

patients experiencing adverse events and treatment termination (due

to adverse events) was also carried out in the trial (NCT04575597).

A Phase III clinical trial including 1332 healthy volunteers living in

close contact with someone infected with SARS‐CoV‐2 was

conducted to test the hypothesis that molnupiravir could prevent

infection (laboratory‐confirmed).

7 | MOLNUPIRAVIR AND COMBINATION
WITH OTHER DRUGS

Drug combination strategy aims to overcome the weakness of a drug

or to enhance its efficacy through synergistic activity. Several

combinations of molnupiravir with other antiviral agents have been

reported.53–56 An antiretroviral drug, nelfinavir, was found to exert

synergistic activity against SARS‐CoV‐2 in Calu‐3 cells.54 Synergism

was also observed in the hamster model where molnupiravir was

combined with another nucleoside analog, favipiravir.53,56 The

combination of IFN‐α and molnupiravir synergistically attenuated the

replication of SARS‐CoV‐2 in Calu‐3 cells.55 IFN‐α is capable of viral

RNA degradation by inducing ribonuclease (RNase) transcription.55
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8 | EMERGING SARS‐COV‐2 VARIANTS
AND MOLNUPIRAVIR EFFECTIVENESS

Because of accumulated transition mutations, it is difficult for

SARS‐CoV‐2 to develop resistance against molnupiravir.15 In a recent

study, both remdesivir and molnupiravir were found to have no

statistically significant reduction in their efficacy against SARS‐CoV‐2

B.1.1.7 and B.1.351 variants.57 Similar findings were also obtained in

an in vivo study on hamster infection model in which replication of

SARS‐CoV‐2 of B.1.1.7 and B.1.351 variants were efficiently inhibited by

molnupiravir.58 Intriguingly, the evolution of SARS‐CoV‐2 occurred in the

presence of remdesivir in vitro, resulting in partial resistance to

remdesivir.59 Indeed, evidence of the global transmission of remdesivir‐

resistant SARS‐CoV‐2 mutants is not currently present due to the viral

fitness tradeoff following RdRp mutation. The study also showed that the

SARS‐CoV‐2 RdRp mutation does not affect the efficacy of molnupir-

avir.59 A recent study assessing the effectiveness of molnupiravir on

Omicron variant found that 5μMmolnupiravir resulted in more than 900‐

fold decrease in viral infectious titers assayed using TCID50 assay.60

In addition, using cell lines the study also found a potent inhibition of viral

replication when treated with molnupiravir.60 These suggest that

Omicron variant is highly sensitive to molnupiravir. However, preclinical

and clinical trials are warrant to provide more solid data.

9 | CONCERNS OF MOLNUPIRAVIR
GENOTOXICITY

Investigation of the effect of molnupiravir treatment on INF‐stimulated

gene 15 (ISG15) transcripts suggested that the mutagenesis effect of

molnupiravir was inefficient toward host DNA.35 It had been argued that

ribonucleotides are eliminated from eukaryotic cell DNA.35 However,

more recent study proved that NHC could cause DNA damage to the

host. NHC, in its 2′‐deoxyribose form and concomitant to its conversion

by ribonucleotide reductase, could act as one of DNA precursors.31 The

mutagenic activity of NHC (at low concentration) against mammalian cell

DNA is based on the hypoxanthine phosphoribosyltransferase (HPRT)

gene mutation assay.31 These findings suggest the possibility of

molnupiravir adversely affecting the host, especially by damaging the

host DNA.61 Consequently, pregnant women are not eligible for the

treatment using molnupiravir, where a negative pregnancy test is required

before the treatment.62 Administration of molnupiravir to lactating

mothers should be carried out with cautions as NHC was found to be

transferrable via breast milk in vivo.63 During the treatment, patients are

strongly required to avoid pregnancy (female patients or female partner

of male participants) even in the following 4 days posttreatment.62

10 | CONCLUSIONS

Molnupiravir is an orally bioavailable drug capable of inhibiting the

replication of SARS‐CoV‐2 by inducing lethal mutagenesis and escaping

viral proofreading activities. In vitro and in vivo studies have

demonstrated potent antiviral activity of molnupiravir against SARS‐

CoV‐2. Results from clinical trials confirmed good bioavailability, safety,

and tolerability of the drug. The efficacy of molnupiravir was found to be

significant in patients with mild or moderate COVID‐19. It could reduce

the risk of hospital admission or death in nonhospitalized adults with

mild‐to‐moderate COVID‐19. Nonetheless, the genotoxicity of molnu-

piravir is a matter of concern. Therefore, a careful assessment of clinical

trials and long‐term safety evaluation of molnupiravir are warranted.
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