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Abstract
The antiviral drug favipiravir (FPV), which is a structural analogue of guanosine, undergoes chemical 
transformation in infected cells by cellular enzymes into a nucleotide form — favipiravir ribose triphosphate (FPV-
RTP). FPV-RTP is able to bind to viral RNA-dependent RNA polymerase and integrate into the viral RNA chain, 
causing a significant mutagenic effect through G→A and G→U transitions in the viral RNA genome. Besides 
the virus inhibiting effect, the increased synthesis of mutant virions under the action of FP possess a threat of 
the emergence of novel threatening viral strains with high pathogenicity for humans and animals and acquired 
resistance to chemotherapeutic compound. There are three ways to minimize this mutagenic effect of FP.  
(1) Synthesis of new FPV modifications lacking the ability to integrate into the synthesized viral RNA molecule. 
(2) The combined use of FPV with antiviral chemotherapeutic drugs of a different mechanism of action directed at 
various viral and/or host cell targets. (3) Permanent application of high therapeutic doses of FPV under the strict 
medical control to enhance the lethal mutagenic effect on an infectious virus in the recipient organism to prevent 
the multiplication of its mutant forms.
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Аннотация
Антивирусный химиопрепарат фавипиравир (ФП) имеет свойства функционального конкурента гуанозина 
и аденозина, в инфицированных клетках претерпевает химическую трансформацию ферментами клетки 
в нуклеотидную форму — ФП-рибозилтрифосфат, который способен связываться с вирусной РНК-зависи-
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мой РНК-полимеразой и встраиваться в цепочку вирусной РНК, вызывая заметное мутагенное действие 
посредством транзиций в геноме РНК-содержащих вирусов, преимущественно G→A и C→U. Усиление 
синтеза мутантных форм вирионов под действием ФП, помимо вирусингибирующего эффекта, несет угро-
зу появления новых опасных вирусных штаммов с повышенной патогенностью для человека и животных 
и приобретённой устойчивостью к химиопрепарату. Для минимизации мутагенного эффекта ФП возможны 
синтез новых модификаций ФП, лишенных способности встраиваться в молекулу синтезированной РНК; 
комбинированное применение ФП с противовирусными химиопрепаратами иного механизма действия и 
направленными на различные вирусные и/или клеточные мишени; курсовое применение при строгом вра-
чебном контроле высоких терапевтических доз ФП для усиления летального мутагенного эффекта на 
инфекционный вирус в организме-реципиенте для предотвращения размножения его мутантных форм. 

Ключевые слова: коронавирусы, фавипиравир, химиотерапевтические мишени, химиопрепараты,  
мутагенез
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strated high activity against multiple viruses, including 
RNA viruses, such as influenza, bunya-, arena-, flavi-, 
picornaviruses and others. A serious limitation of FPV 
is its toxic side effects for the recipient macroorgan-
ism, which are caused by teratogenic and embryotoxic 
properties of the medication [6, 7]. For this reason, in 
the real-world clinical practice, FPV is permitted for 
medically supervised restricted use for patients with 
life-threatening influenza or COVID-19. 

FPV demonstrates structural similarities to nu-
cleosides, while competing functionally with guano-
sine and adenosine (Fig. 1); it can bind to viral RNA 
polymerases and inhibit their function [8]. As RNA 
polymerases of multiple viruses have a conserved 
structure and similar catalytic mechanism [9, 10], 
FPV, disrupting the RdRp specific function, demon-
strates efficacy towards a wide range of RNA viruses 
[4, 8, 11]. Recently, virus-specific differences have 
been reported regarding FPV binding in the nucleotide 
region of the acceptor center in RNA polymerases of 
different viruses [12]. 

As a guanosine analog, FPV is efficiently recog-
nized and modified by cellular enzymes, such as hypox-
anthine-guanine-phosphoribosyltransferase (HGPRT) 
by attaching the ribose residue (ribosylation) [13–15]. 
The resulting FPV-ribosylphosphate undergoes addi-
tional phosphorylation of the ribose residue, acquiring 
properties of nucleoside triphosphate (FPV-ribosyl tri-
phosphate or FPV-RTP) and the ability to become in-
corporated into the newly synthetized chain of nascent 
viral RNA through viral RdRp [16, 17]. Incorporation 
of nucleoside analogs into virion RNA inhibited and 
disrupted the complementary base pairing during tem-
plate-directed synthesis of RNA strands by the viral 
polymerase. 

Introduction
It is well known that viruses are obligate parasites 

entirely dependent on their host cells. Such dependence 
poses a serious challenge to drug developers in their 
attempts to create medications that are able to inhib-
it the target virus without having an adverse effect on 
biochemical processes of the host macroorganism. It is 
also a major factor contributing to the limitedness of the 
current antiviral arsenal. The COVID-19 pandemic has 
brought this healthcare problem to the fore, as currently 
there are hardly any specific therapeutic drug options to 
combat the coronavirus. 

Currently, there are 6 main drug development 
strategies to combat coronaviruses, focusing on: 

1) inhibitors of viral polymerases; 
2) inhibitors of the viral main protease (Mpro) that 

is involved in forming active viral polymerases; 
3) inhibitors of cell proteases involved in activa-

tion of the viral spike (S) protein that mediates the virus 
entry into the target cell; 

4) endosomal inhibitors of virus deproteinization; 
5) preparations based on recombinant interferons 

α2 and β1; 
6) preparations based on antiviral antibodies [1, 2]. 
Each strategy involves intense antiviral research 

and development.
Lately, the search for and development of antivi-

ral agents against COVID-19 have brought antivirals 
of the first group into focus; these are inhibitors of the 
viral RNA-dependent RNA polymerase (RdRp). For in-
stance, hopes are pinned on the antiviral known as favi-
piravir (FPV)-6-fluoro-3-hydroxy-pyrazinecarboxam-
ide [3, 4]. It was synthesized and patented by Japanese 
researchers Y. Furuta and H. Egawa in the late 1990s 
[5]. During the further studies, the compound demon-
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Firstly, the FPV-dependent inhibition of base pair-
ing caused premature termination of the RNA strand 
synthesis and generation of short defective fragments 
of viral RNAs [18, 19]. 

Secondly, the FPV incorporation into the newly 
synthesized RNA strand did not follow the Watson-Crick 
base pairing rules and led to mutations (transitions) pri-
marily of two types: G→A and C→U [8, 16, 20–22]. 
The frequency of such mismatches in viral RNAs in in-
fected cells increased along with the FPV concentration 
levels in the medium. The rate of mutations, especially 
G→A and C→U transitions, in viral RNAs increased 
3–12 times in the infected cells incubated with FPV and 
reached 10–1 mutations/nucleo tides in the viral genome 
at the FPV concentration of 500 μM [23]. Most of the 
mutated RNA molecules were non-functional, thus pro-
ducing a lethal mutagenic effect on virus replication by 
disrupting the generation of a non-defective infectious 
virus and giving rise to building of a non-infectious vi-
ral population along with a significant decrease in the 
infection process [24, 25]. The FPV-induced mutagenic 
effect led to development of the so-called abortive viral 
infection. It should be noted that the FPV mutagenic 
effect did not result in complete suppression of virus 
replication. At the FPV concentration of 500 μM, which 
is considered as an effective therapeutic concentration 
[3, 26–30], the harvest of infectious viral particles de-
creased only 100–1000 times, reaching the level of 
around 103 infectious particles per 1 mL of the medium 
[23, 31]. 

Fig. 2 presents a schematic illustration of a trilat-
eral relationship: (1) an increase in mutations (transi-
tions) in the virus genome along with (2) reduction of 
the amounts of the newly synthesized infectious virus 
in the population resulting from (3) the increased FPV 
concentration in the incubation medium of infected cell 
cultures. The highest risk of viral mutant occurrence is 
associated with the zone of median FPV concentrations 
(the shaded area in Fig. 2), when the virus retained its 

infectivity and replicability at the relatively high mu-
tation rates. It is quite obvious that the residual pool 
of mutant and infectious virions formed the ground for 
selection of mutant variants of the virus, which would 
have unpredictable and dangerous characteristics, in-
cluding resistance to the antiviral agent, expanded or-
gan pantropism and high pathogenicity for humans.

Targets for the antiviral action of favipiravir
The FPV antiviral action employs three main 

mechanisms attributable to the structural properties 
FPV has as a pyrimidine nucleoside analog. As a re-
sult, molecules of ribosylated FPV compete function-

Fig. 1. Structure and intracellular modification of favipiravir.
а — favipiravir; b — favipiravir ribofuranosyl monophosphate; c — favipiravir ribofuranosyl triphosphate.  

XDG — cellular xanthine dehydrogenase.

Fig. 2. Dynamics of the correlation between the virus 
genome mutations and virus infectivity developing under 
increasing concentrations of FP in the incubation medium  

in cell culture experiments. 
Consolidated conceptual parameters obtained on cultures of cells 
infected with viruses are presented, which appeared to be similar  

for the SARS-CoV-2, influenza, Coxsackie, Ebola viruses, etc.  
[8, 16, 21, 22]. 

The left Y-axis shows the number of infectious virions per 1 ml of the 
culture medium (curve 1); the right Y-axis shows the number of muta-
tions per nucleotide in the virus genome (curve 2). The X-axis shows 
the concentration of FP (μM) in the culture medium of infected cells.
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ally with guanosine and adenosine as well as with their 
RTP in biosynthetic pathways (cascades) in infected 
cells, involving the viral RdRp. Such interference caus-
es FPV to disrupt the synthesis of non-defective viral 
RNA molecules; this disruption, in its turn, leads to 
suppression of virus replication [8, 16, 21, 22]. There 
are three main targets for FPV antiviral action.

1. Direct inhibition of viral polymerases
The inhibiting effect of FPV is associated with 

direct recognition and binding of the nucleoside FPV-
RTP by viral RNA-polymerases, including coronavirus 
polymerases, resulting in suppression of its polymerase 
function. This further leads to a slowdown and decrease 
in the synthesis of viral molecules in infected cells [4]. 
The related studies were mostly focused on influen-
za viruses. Since catalytic mechanisms of viral RNA 
polymerases are characterized by high structural and 
functional similarity, there are all grounds to assume 
that they have common parameters and are typical of 
polymerases in most of the families of RNA viruses, 
including influenza viruses, coronaviruses, picornavi-
ruses, arenaviruses, rhabdoviruses, paramyxoviruses, 
flaviviruses, hepadnaviruses, noroviruses, etc. [10, 23, 
32]. It should be noted that among RNA viruses, the 
COVID-19 RNA polymerase significantly outperforms 
RNA polymerases of influenza, foot-and-mouth disease 
and Ebola viruses, demonstrating a 10-fold increase in 
the nucleotide addition rate [23]. The high rate demon-
strated by coronavirus polymerase is required by coro-
naviruses for transcription of a remarkably large ge-
nome of approximately 30 × 103 nucleotides; as a result, 
the SARS-CoV nsp12 polymerase loses its accuracy 
and makes several times as many errors (mutations) as 
RNA polymerases of other viruses. The FPV mutagenic 
effect aggravates this feature of the coronavirus poly-
merase and leads to a further 3-12-fold increase in the 
mutation rate, thus contributing to its lethal mutagenic 
effect on coronaviruses. 

At the same time, coronaviruses, unlike other 
RNA viruses, contain nonstructural protein 14 (nsp14), 
which performs a proofreading function to further cor-
rect some of the errors and to compensate for the FPV 
action [33]. An important feature of FPV is that its 
FPV-RTP effector is highly selective towards the viral 
synthesis and has hardly any impact on cellular metab-
olism, as such enzymes as RdRp are absent in mam-
malian cells. For example, the comparison between the 
influenza virus RdRp and the DNA-dependent RNA 
polymerase of mammalian cells showed that the 50% 
inhibitory concentration of FPV  in direct inhibition of 
the above RNA polymerase was 0.3 μM and more than 
950 μM, respectively [3].

2. Premature termination of the viral RNA synthesis
Having only partial similarity to purine bases of 

guanine and, to some extent, of adenine, FPV is unable 
to provide totally complementary base pairing with cy-
tosine and uracil during the synthesis of daughter RNA 
molecules [11]. The absence of total complementarity 
inhibits the operation of the polymerase and causes its 
disruption on the RNA template, thus leading to prema-
ture termination of the RNA synthesis and to creation 
of short RNA molecules [18, 19]. Note that the guanine 
content in the SARS-CoV-2 genome is low (around 
17.5%); therefore, the FPV terminating action directed 
at this base can boost its lethal effect on the virus [23]. 
Generation of prematurely terminated defective viral 
RNAs, which interfere with non-defective viral RNA 
molecules, leads to inhibition of virus replication [8, 
16, 21, 22]. 

3. FPV-RTP incorporation into RNA molecules  
and creation of virus mutations

FPV-RTP can incorporate into nascent viral 
RNA molecules and cause mutations in genomic or 
subgenomic RNAs, which are present in synthesi-
zed virions. This process creates a viral population 
of defective non-infectious virions, which account 
for the vast majority of the viral population at high 
FPV concentrations (250 μM and higher) [8, 16, 20, 
21, 22]. Such mutant virions are not able to maintain 
adequate multicycle virus replication, though they 
can initiate the so-called abortive infection of target 
cells without creating a non-defective infectious vi-
rus. This mechanism is known as a mutagenic effect 
of antivirals on the virus progeny. As FPV-RTP is an 
analog (competitor) of guanosine and, partially, ad-
enosine (A/G), its mutagenic activity in cells infect-
ed by the virus results in substitutions (the so-called 
transitions) in the virus genome; these substitutions 
are generally represented by two types: G→A and 
C→U [31]. This structural and functional property 
of FPV constitutes the core of its mutagenic effect.

Features and outcomes of the favipiravir-
induced mutagenic effect

Because of its mutagenic effect, FPV can cause a 
significant increase in the mutation rate in the genome 
of synthesized virions. The mutation rate is a dose-de-
pendent parameter: At higher concentrations of the an-
tiviral (> 100 μM), the rate is 10–1–10–2 mutations per 
1 nucleotide in the genome, while at lower concentra-
tions, the rate remains at the level of 10–3 mutations 
(Fig. 2) [16, 26, 31]. This mutagenic effect produces 
two important results. At high FPV concentrations, the 
number of mutations is excessive and has an adverse 
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effect on the viability of the new viral progeny – the 
so-called lethal effect. At low concentrations, the 
number of mutations decreases significantly, while 
being sufficient for providing a noticeable increase in 
the genetic diversity of the viral progeny retaining its 
viability [23, 31]. 

 Stimulation of mutagenesis of the viral genome 
results in acceleration of the virus microevolution. 
Firstly, the increased mutagenesis boosts the rate of 
occurrence of viral mutations resistant to the mutagen-
ic agent, which are otherwise known as viral escape 
mutations [8, 11, 22]. Secondly, newly generated viral 
mutations contribute to the overall genetic diversity 
of the viral population, thus significantly increasing 
the occurrence probability regarding dangerous virus 
variants characterized by high contagiousness and 
pathogenicity for humans, along with an expanded 
host range facilitating the transmission of mutant vari-
ants to domestic and farm animals as well as gener-
ating cross-species transmission between humans and 
animals. This can give rise to new migration flows of 
the virus transmitted among different species of ani-
mals and humans. 

The increased occurrence of viral mutations re-
sulting from extensive therapeutical use of a mutagenic 
agent or agents can trigger a dangerous epidemic prob-
lem. This problem associated with occurrence of dan-
gerous viral mutations poses a real-life risk, if antiviral 
mutagenic agents are used indiscriminately, especially 
when they are easily accessible and their use and thera-
peutic dosage are not supervised or monitored.

Minimization of risks associated with 
occurrence of dangerous viral mutations 

during treatment with antiviral mutagenic 
agents

The administration of antiviral mutagenic agents 
suggests three implementable options aimed at increas-
ing the mutagenesis threshold, which would inhibit the 
genetic diversity of the infectious virus and the occur-
rence of dangerous viral mutations. 

The first option aimed at minimization of the ad-
verse mutagenic effect on the virus implies improvement 
of the structure of the antiviral agent. Modification of 
the structure of a mutagenic agent such as FPV should 
result in eliminating its ability to incorporate into a na-
scent RNA stand and to cause both the termination of 
its elongation and the disruption of the further synthesis 
of a non-defective molecule. This task can be fulfilled 
by increasing the affinity of the nucleoside component 
of the agent for the polymerase to make their complex-
ing irreversible. The other solution implies modifica-
tion of the structure of the ribosyl-triphosphate group to 

prevent building of the phosphodiester bond between 
the antiviral agent and the subsequent nucleotide base, 
which would discontinue elongation and cause disrup-
tion of the RNA synthesis.

The second option aimed to inhibit the occur-
rence of dangerous viral mutations involves using of 
combinations of antiviral agents having different mech-
anisms of action, being directed at different viral and/
or cellular targets. Numerous data on multiple antiviral 
agents, which affect different viral proteins (enzymes), 
including viral polymerases, demonstrate that passag-
ing of viruses in the presence of one antiviral agent (the 
so-called monotherapy) boosts the generation of viral 
mutants resistant to that particular agent [8, 11, 22]. 
Generally, the resistant strain had a mutation in the vi-
ral gene of the protein, at which the antiviral agent was 
targeted. However, the concurrent (parallel) application 
of 2 and more antiviral agents directed at different viral 
and/or cellular targets does not result in any occurrence 
of mutant strains even after the virus was passaged for 
a long time in the presence of combined antiviral agents 
[34–37]. These data suggest that application of antivi-
ral agents, including FPV, in combinations where the 
agents are directed at different targets should be seen as 
rational and well justified. Furthermore, using a combi-
nation of antiviral agents is generally characterized by 
significantly higher therapeutic efficacy and a synergis-
tic antiviral effect [38–42].

The third option aimed to prevent dangerous con-
sequences of the FPV mutagenic effect focuses on the 
range of optimal doses of the agent in the recipient. The 
range parameters can be based on the level of perma-
nent concentration of min 75 μM (~30 mg/kg of body 
weight) [23, 26]. The estimation of mutagenic FPV 
concentrations in the influenza-virus-infected cell cul-
ture shows that the concentration of 125 μM and  higher 
concentrations provide effective termination of the syn-
thesis of viral RNAs and their lethal mutagenesis, thus 
notably inhibiting the generation of viable virions [8, 
16, 21, 22, 26, 43]. Extrapolation of this concentration, 
taking into account the bioavailability in a human body, 
makes it possible to estimate the maintaining therapeu-
tic dose of the antiviral agent, which is equal to 20–
50 mg/kg of body weight, or higher, when admi nistered 
daily [44]. If therapeutic concentrations of FPV are de-
creased, large amounts of threatening viral mutations 
with different infectivity levels and unpredictable be-
havior will be synthesized in the body of the infected 
patient. 

Conclusion
The FPV-induced increase in the synthesis of 

mutant virions poses a risk of occurrence of new dan-
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gerous viral strains characterized by high pathogenici-
ty both for humans and animals and by acquired resis-
tance to antiviral agents. The mutagenic effect of FPV 
can be minimized through the synthesis of new FPV 
modifications deprived of their ability to incorporate 
into the molecule of the synthesized RNA; by using 
FPV in combination with antiviral agents having other 
mechanisms of action and directed at different viral 
and/or cellular targets; by continuous and medically 
supervised therapy with high therapeutic FPV doses 
to boost a lethal mutagenic effect on the infectious vi-
rus in the recipient body to prevent occurrence of its 
mutations. 
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