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A B S T R A C T   

Coronavirus disease 2019 (COVID-19) represents an unmet clinical need, due to a high mortality rate, rapid 
mutation rate in the virus, increased chances of reinfection, lack of effectiveness of repurposed drugs and eco-
nomic damage. COVID-19 pandemic has created an urgent need for effective molecules. Clinically proven effi-
cacy and safety profiles have made favipiravir (FVP) and remdesivir (RDV) promising therapeutic options for use 
against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. Even though both are prodrug 
molecules with an antiviral role based on a similar mechanism of action, differences in pharmacological, 
pharmacokinetic and pharmacotoxicological mechanisms have been identified. The present study aims to pro-
vide a comprehensive comparative assessment of FVP and RDV against SARS-CoV-2 infections, by centralizing 
medical data provided by significant literature and authorized clinical trials, focusing on the importance of a 
better understanding of the interactions between drug molecules and infectious agents in order to improve the 
global management of COVID-19 patients and to reduce the risk of antiviral resistance.   

1. Introduction 

The respiratory disease which was discovered in Wuhan, China, at 
the end of the year 2019, was named COVID-19 by the World Health 
Organization. Due to the high infection rate and the failure to contain 
the virus, it rapidly became a pandemic that still affects the whole 
planet. The new virus was named SARS-CoV-2 since is related to the 
SARS (Severe Acute Respiratory Syndrome) coronavirus. SARS-CoV-2, 
belonging to the genus Coronavirus and the family Coronaviridae, 
share some structural similarities with other viruses in this family: a 

single-stranded RNA virus with the genome size of approximately 30 kb, 
they also have similar structural proteins: spike proteins, nucleocapsid 
proteins, envelope proteins, and membrane proteins [1]. The increased 
ability of biological evolution has converted SARS-CoV-2 strains into 
more virulent forms than previous ones. The structural proteins of the 
virus are mostly conserved across coronaviruses and have a 90% simi-
larity [2,3]. A small alteration in sequence, on the other hand, has a 
significant impact on the viral configuration and pathophysiology. 
Moreover, a minor alteration in the genomic sequence could cause a 
major shift in the arrangement of target proteins, rendering existing 
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treatments ineffective. However, the mutations that may occur have to 
be evaluated in relation to the efficacy profiles of the anti-COVID-19 
therapies and the effectiveness of vaccines as a method of prevention 
[4]. Updated scientific information suggests that a very effective method 
to stop the virus from spreading is to diagnose and isolate susceptible 
individuals as soon as possible [5]. 

The pathophysiological mechanisms for COVID-19 are not fully 
elucidated, but lifestyle conditions and environmental features can be 
considered risk factors. Furthermore, the exposure to different metals 
may result in biological dysfunctions, affecting different organs and 
contributing to the pathogenesis of several diseases [6,7]. 

After the discovery of the new virus, the race to discover an effective 
treatment for COVID-19 had begun [8]. In-vitro studies for drug 
repurposing were conducted. However, this method was unable to 
accurately predict the physiological and pathological outcomes in 
humans [9]. For example, chloroquine and hydroxychloroquine showed 
a lot of promise in in-vitro studies, but the in-vivo studies did not show a 
significant effect on the disease because hydroxychloroquine interferes 
with only one of the two viral entry pathways (it affects only endosomal 
pathways but not fusional ones) [10,11]. The increased rate of 
SARS-CoV-2 infections recurrence worldwide emphasizes the critical 
need for improved treatment strategies. Experimental studies conducted 
in India have detected multiple circulating mutant strains, which are 
more virulent than the initial ones [12]. 

In order to improve the overall management of COVID-19 pandemic, 
an overview of the therapeutic options evaluated in the scientific liter-
ature is necessary. Several drugs may be potential options in the treat-
ment of SARS-CoV-2 infections and are currently under evaluation in 
clinical trials: colchicine (anti-inflammatory), galidesivir (antiviral), 
azithromycin (antibiotic), mefloquine (antimalarial), ivermectine 
(antiparasitic), clevudine (antiretroviral), tocilizumab, fedratinib 
(monoclonal antibodies), Rheum officinale (traditional herbal medicine) 
etc. Furthermore, following the assessment provided by the updated 
medical literature, favipiravir (FVP) and remdesivir (RDV) represent 
possible therapeutic options in COVID-19 patients, thus becoming 
essential a correct and complete characterization of the two antiviral 
molecules [13]. 

Clinical studies should find that this drug classes will have the best 
impact on the treatment of COVID-19: drugs that inhibit viral entry in 
the cell, like inhibitors of S protein, transmembrane serine protease 2 
(TMPRSS2) inhibitors, endosomal entry inhibitors, heparan sulfate 
proteoglycans inhibitors. Other classes that could be useful in COVID-19 
might be the inhibitors of viral proteases (i.e., RNA-dependent RNA- 
polymerase (RdRp): RDV, FVP, molnupiravir, galidesivir, ribavirin, 
sofosbuvir) [4]; the host proteins that help viral replication; the host 
importin α/β; or even agents that could support the host’s natural im-
munity (interferons) [14,15]. 

One of the medications that could be used to combat COVID-19 is 
FVP. The drug is a pyrazine with an aminocarbonyl group in position 2 
hydroxy and fluoro- functional groups in positions 3 and 6. It is an 
antiviral drug that acts by inhibiting the RdRp of the virus, which is 
essential in the replication of the virus [16]. 

FVP was discovered by Toyama Chemical Company with the primary 
goal of treating influenza (it was approved for this use in 2014 in Japan). 
It also showed antiviral activity against other RNA viruses like SARS- 
CoV-2 [17–19]. 

RDV is an antiviral prodrug that acts as a nucleotide analog (for 
adenosine triphosphate), leading to the inhibition of RdRp and showed a 
lot of potential in the treatment of COVID-19 [20,21]. 

The present paper aims to provide a comprehensive review of the 
safety and efficacy profiles of FVP and RDV, centralizing updated sci-
entific information regarding their monographs (pharmacokinetic data, 
pharmacological mechanisms, management of adverse events and in-
teractions, antiviral resistance, comparative assessment). Complex 
mechanisms of action are evaluated in detail to highlight major thera-
peutic targets that may help in reducing the damage caused by the 

COVID-19 pandemic. This narrative and critical review provides an 
overview of the therapeutic options for COVID-19 patients, keeping 
clinicians and researchers up to date on the results and the major role of 
FVP and RDV studies in a pandemic context. Furthermore, it provides a 
comprehensive characterization of FVP versus RDV that can contribute 
to a better understanding of their use and to the optimization regarding 
the clinical management of COVID-19. 

2. Methodological approaches 

This study centralizes and filters medical publications on FVP, RDV 
and various pharmaceutical processes between 2004 and 2022 provided 
by a comprehensive literature search related to chemical and physical 
properties, pharmacokinetics, drug interactions, pharmacology, 
toxicity, drug regulatory approval, clinical trials for the management of 
COVID-19 pandemic. Furthermore, by assessing these parameters, it is 
possible to outline the safety and efficacy profiles of these two antiviral 
molecules. Scientific literature research was conducted by searching 
some of the most valuable databases (i.e., MDPI, Google Scholar, Med-
line, ScienceDirect, Embase, Web of Science, Scopus). MeSH (Medical 
Subject Headings) controlled vocabulary was used for searching in 
PubMed and Emtree (Embase subject headings) controlled vocabulary 
for searching in Embase in order to obtain the most associated synonyms 
for the entered terms (i.e., “favipiravir”, “remdesivir”, “mechanism of 
action of favipiravir against SARS-CoV-2”, “mechanism of action of 
remdesivir against SARS-CoV-2”, “pharmacokinetic properties of favi-
piravir”, “pharmacokinetic properties of remdesivir”, “safety and toler-
ability of favipiravir”, “safety and tolerability of remdesivir”, 
“therapeutic management of COVID-19 infection”, “physical and 
chemical properties of favipiravir”, “physical and chemical properties of 
remdesivir”, “favipiravir drug information”, “remdesivir drug informa-
tion”, “favipiravir dosage and administration”, “interactions for favi-
piravir”, “interactions for remdesivir”, “clinical trials to evaluate the 
safety and efficacy of favipiravir in the treatment of COVID-19”, “clin-
ical trials to evaluate the safety and efficacy of remdesivir in the treat-
ment of COVID-19 “favipiravir regulatory approval”, “remdesivir 
regulatory approval”, “comparative analysis of favipiravir and remde-
sivir”, “emerging perspectives and future trends of COVID-19 
pandemic”). A total of 148 bibliographic references were cited in 
order to support and validate the information in this paper. 

The novelty of this medical issue associated with little information 
from meta-analysis and comparative studies between FVP and RDV is 
demonstrated by a literature search algorithm. It has been performed a 
systematic search in one of the most important medical databases, 
PubMed (from March 11, 2020, to December 4, 2021). The search 
strategy included three terms: “Favipiravir”, “Remdesivir” and “COVID- 
19”, in order to assess types of publications that provide information 
about FVP and RDV in the context of COVID-19 pandemic. There were 
no restrictions concerning age, ethnicity, gender. However, only free full 
texts and English publications were included. The process of study 
search is depicted in Fig. 1 [22]. 

The results presented above underline the importance of FVP and 
RDV studies in the context of COVID-19 pandemic, being a topic of 
major interest, but also the need for further research. 

It has also been performed a search in ClinicalTrials.gov database in 
order to assess privately and publicly funded clinical trials from all over 
the world. The search algorithm implied the inclusion of all types of 
clinical studies and the same condition or disease (COVID-19). Three 
searches were performed, each time a condition was changed in the field 
“other terms” (Favipiravir, Remdesivir, Favipiravir and Remdesivir). 

The results provided by the database showed that most of the clinical 
trials that were conducted were focused on RDV (121). However, the 
efficacy and the safety profile of FVP (59) in the context of the COVID-19 
pandemic are also being studied, and even more, some clinical trials use 
both FVP and RDV (11) as interventional treatments. The studies that 
were conducted are in different statuses, some of them being suspended 
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or withdrawn. Clinical trial with the identifier NCT04252664 named “A 
Trial of Remdesivir in Adults with Mild and Moderate COVID-19” is the 
only that has been suspended due to the fact that the epidemic of COVID- 
19 was well controlled at the time. In the category of withdrawn clinical 
trials 4 studies were included (NCT04675086 due to administrative 
decision, NCT04519424 due to business reasons, not safety issues, 
NCT04386447 due to the disapproval of the Italian Medicines agency, 
NCT04361461 due to a decision by the Sponsor before enrollment and 
was a result in all three search strategies that have been performed). 
Even though there are more completed clinical trials, only some of them 
have the results posted in the database until now. The analysis of the 
results may contribute to the improvement of the therapeutic manage-
ment of SARS-CoV-2 infection. Synthesis of clinical trials searches that 
addressed the subject of COVID-19 pandemic with the possibility of 
using FVP and RDV as therapeutic tools are depicted in Fig. 2 [23–25]. 

3. FVP and RDV therapeutic approaches for SARS-CoV-2 
infection 

SARS-CoV-2 enters the cell by binding to the angiotensin-converting 
enzyme 2 (ACE2) of the host cell via spike proteins [26]. A big con-
centration of ACE2 receptors can be found in the epithelial cells located 
in the lungs or in the enterocytes located in the intestinal epithelium, 
being two possible ways to enter the organism [27,28]. 

Due to the lack of an etiological treatment, the therapeutic ap-
proaches are focused on three possible directions: regulation of the in-
flammatory response (Tocilizumab, Sarilumab [29], Dexamethasone, 

Hydrocortisone, convalescent plasma or hyperimmune immunoglobu-
lins [30]), oxygen supply in the situation of a low oxygen saturation in 
the blood as symptomatic treatment [31] and antiviral drugs with a 
good efficacy profile, especially in the early phase of infection when the 
inflammatory process has not emerged [32–35]. 

In order to target specific proteins involved in the mechanism of viral 
replication, therapeutic options for managing COVID-19 disease require 
the use of appropriate inhibitors [36]. The genetic processes involving 
the transfer of viral genetic information from DNA to RNA to proteins 
(transcription) and from DNA to DNA (replication) are mediated 
through complexes of non-structural proteins (nsp1-nsp16), the most 
important for the management of COVID-19 being nsp12 (RdRp), nsp13 
(Pol/RdRp), and cofactors (nsp7 and nsp8), which are effective for 
increasing the binding processes [37–39]. RdRp is thus a key biomole-
cular target for the suppression of viral replication and can be inhibited 
by the action of FVP and RDV [40]. 

With the onset of the COVID-19 pandemic, the pharmacological 
research activity in order to establish an optimal treatment has increased 
considerably worldwide, the proof being the numerous scientific pub-
lications that have contributed to the improvement of pharmacological 
management and have constantly updated the existing medical infor-
mation [41–43], but also the clinical trials provided by ClinicalTrials. 
gov that were comprehensively reviewed. 

Fig. 1. Details of the search results using AND Boolean operator.  
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3.1. FVP pharmacological properties and antiviral role in SARS-CoV-2 
infection 

Continuous advancements in drug design procedures and techniques 
have resulted in significant progress in pharmacological approaches to 
finding viable treatment options for COVID-19 disease. Moreover, the 
number of clinical studies targeting antiviral therapy has increased. The 
focus of these studies is the assessment of efficacy and safety profiles for 
antiviral agents, especially FVP and RDV [44]. 

FVP is a pyrazine carboxamide derivative (6-fluoro-3-hydroxy-2- 
pyrazine carboxamide) and a broad-spectrum antiviral drug, initially 
approved in Japan (2014) for the treatment of resistant infections with 
influenza viruses like A(H1N1)pdm09, A(H5N1), and A(H7N9) avian 
virus [16,45,46]. It has been included by the World Health Organization 
on a short list of drugs to be tested in clinical trials in order to assess their 
effectiveness on the Ebola virus (2014) [47]. The results of in vitro 
studies have been promising, but in vivo extrapolation led to statistically 
insignificant improvements [48–50]. In addition to these medical evi-
dences, FVP has demonstrated therapeutic efficacy in animal models 
and cell cultures against arenaviruses, phleboviruses, bunyavirus, fla-
viviruses, Western equine encephalitis virus, Lassa virus [47]. Further-
more, due to existing medical evidences that suggested an effective 

antiviral profile, FVP was included in the category of repurposed drugs 
for COVID-19 [51] along with chloroquine, hydroxychloroquine [52], 
silvestrol, RDV, saracatinib, ribavirin, azithromycin, ritonavir, lopina-
vir, dexamethasone, chlorpromazine, bafilomycin A [53]. Drug repur-
posing approaches include molecular docking, transcriptional 
signatures, machine learning, similarity analysis, data mining, network 
analysis [54]. 

FVP (T-705) is a prodrug obtained by chemical synthesis and was 
first discovered by searching in the chemical library of Toyama chem-
icals. Three routes of chemical synthesis are possible in order to obtain 
FVP. The original synthesis involved the use of methyl 3-amino-6-bro-
mopyrazine-2-carboxylate as first reactant and consisted of five steps. 
The second route for the synthesis of FVP involved the use of 3-hydrox-
ypyrazine-2-carboxamide as first reactant and consisted of five re-
actions, while the third route used 3-aminopyrazine-2-carboxylic acid as 
starting reactant and consisted of six reactions. Fig. 3 shows the last step 
of each synthesis pathway [55]. 

The scientific explanation for testing the effectiveness of FVP in case 
of SARS-CoV-2 infection is based on its molecular mechanism of action 
starting from evidence-based medicine. SARS-CoV-2-RdRp complex is 
considerably more active than any other viral RdRp that has been 
studied and FVP is an inhibitor of this complex [56]. 

Fig. 2. Details of the search using ClinicalTrials.gov database.  
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FVP is an antiviral drug, structurally equivalent to guanosine, which 
is biochemically transformed into FVP ribose monophosphate (FVP- 
RMP), and after phosphorylation into FVP ribose triphosphate (FVP- 
RTP) by the enzyme complexes that are present in the infected cells. 
Furthermore, another metabolic pathway involves the effects of alde-
hyde oxidase and xanthine oxidase but leads to an inactive oxidative 
metabolite (T-705M1) [47]. 

FVP-RTP binds to SARS-CoV-2-RdRp complex and integrates into the 
viral RNA chain, causing possible mutagenic effects in the viral genome, 
due to several transitions of purine and pyrimidine bases. Three mo-
lecular mechanisms for the antiviral action of FVP have been described: 

direct inhibition of SARS-CoV-2-RdRp by FVP-RTP, premature chain 
termination of the viral RNA synthesis and incorporation of FVP-RTP 
into viral molecules leading to genetic mutations [57]. The first mech-
anism is possible due to cellular processes of recognition and binding of 
FVP-RTP by SARS-CoV-2-RdRp that implies a suppression of the func-
tionality of the enzyme complex. Due to the absence of RdRp in humans, 
FVP-RTP effector becomes highly selective on viral synthesis, without 
damaging other cellular structures [18]. The premature chain termina-
tion of the viral RNA synthesis is based on the inability of FVP to supply 
completely complementary base pairing with pyrimidine bases, due to 
partial analogy with purine bases. Moreover, due to this incomplete 
complementarity, RdRp is disrupted on the RNA template, resulting in 
premature cessation of RNA synthesis and the production of short RNA 
fragments. Viral replication is inhibited by the production of prema-
turely terminated fragments that will interfere with non-defective mol-
ecules [57]. The third mechanism implies the binding of FVP-RTP to 
RNA molecules, causing alterations in genomic structures involved in 
the synthesis of virions. Furthermore, mutant virions are unable to 
maintain the functionality of viral replication. Mutational processes are 
induced by ongoing transitions in the viral genome (e.g., 
guanine-adenine and cytosine-uracil) [47]. The main targets for FVP 
antiviral activity are depicted in Fig. 4. 

In addition to the certain therapeutic benefits of FVP, the enhanced 
production of mutant virions due to its mutagenic action imply a risk of 
creating new hazardous viral strains with high pathogenicity for mam-
mals, along with the development of mechanisms of resistance to anti-
viral compounds [58]. 

Medical studies have suggested three important measures for man-
aging the negative effects of mutagenesis and to reduce the evolution of 
new virus strains:  

▪ The first alternative involves structural changes in FVP in order 
to enhance the affinity of the nucleoside compound for RdRp 
and to create an irreversible complex, simultaneously with the 
loss of ability to incorporate into a nascent strand [21].  

▪ The second choice implies a therapeutic management based on 
the use of combinations of antiviral compounds with different 
molecular mechanisms of action and viral targets. Medical ev-
idence indicate that monotherapy is more likely to produce 

Fig. 3. Final reactions of the three favipiravir (FVP) synthesis pathways. NaI, 
sodium iodide; TMSCl, trimethylsilyl chloride; NaHCO3, sodium hydrogen 
carbonate; H2O, water. 

Fig. 4. Mechanism of action of FVP. FVP, favipiravir; FVP-RMP, favipiravir ribose monophosphate; FVP-RTP, favipiravir ribose triphosphate; RdRp, RNA-dependent 
RNA-polymerase. 
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mutant variants of viral strains with increased pathogenicity, 
resistance and a lower efficacy profile than polytherapy [16].  

▪ The third possibility supports dose management based on the 
principle of the dose-dependency effect. The extrapolation of 
the results that have been obtained on infected cell cultures in 
humans is based on pharmacokinetic parameters that allow 
estimates of the therapeutic concentrations, with a low risk of 
viral mutations [58]. 

Further research is needed to investigate the mutagenic effect of FVP 
on virus microevolution. 

3.2. RDV pharmacological properties and antiviral role in SARS-CoV-2 
infection 

RDV was the first U.S. Food and Drug Administration (FDA) 
approved drug for the treatment of SARS-CoV-2 infection, and it is still 
the only one with intravenous administration. Molnupiravir and a 
combination between nirmatrelvir and ritonavir are the latest oral 
therapeutic options authorized by FDA to be used in COVID-19 patients 
[59]. 

RDV is a broad-spectrum antiviral adenosine nucleotide analog, 
whose pharmacological activity was initially tested against Ebola virus, 
but later the indications were extended to several viruses (e.g., syncytial 
virus, SARS-CoV, Middle East respiratory syndrome coronavirus), 
including SARS-CoV-2. It is a SARS-CoV-2-RdRp inhibitor with antiviral 
activity tested on cell cultures and animal disease models [60]. Several 
routes of chemical synthesis of RDV are available and the catalytic 
asymmetric synthesis via chiral bicyclic imidazole-catalyzed phosphor-
ylation leads to low resource waste and to high synthetic efficiency, the 
last steps being depicted in Fig. 5 [61–63]. 

Synthesis protocols involve three main steps: synthesis of 2-ethylbu-
tyl (chloro(phenoxy)phosphoryl)-L-alaninate rac-4, synthesis of chiral 
bicyclic imidazole Ad-DPI and synthesis of RDV by deprotection [62, 
63]. 

RDV (GS-5734) is a prodrug that requires bioactivation through 
esterase, when an intermediate compound is formed (nucleoside 
monophosphate GS-441542 MP), and kinases, when the active triphos-
phate form (GS-441542) is obtained. It is a structural analog of adeno-
sine triphosphate (ATP) and is thus, a possible substrate for SARS-CoV-2- 
RdRp complex. A competitive mechanism is provided between GS- 
441524 and ATP for integration into the newly generated RNA strand, 

leading to a premature chain termination of the viral RNA synthesis 
[64]. Moreover, it has been shown that GS-441524 avoids being 
proofread by the viral exoribonuclease [65,66]. The mechanism of ac-
tion of RDV is depicted in Fig. 6. 

Several structural studies conducted recently showed the addition of 
GS-441524 to the RNA product 3′-end. Moreover, RDV monophosphate 
(RMP) was found in the +1 site in one compound, while in another 
structure RMP was found in the − 1 site. Because of the cell’s inability to 
differentiate RMP from adenosine monophosphate, base pairs with 
uridine monophosphate are generated based on the Watson-Crick prin-
ciple in the viral strand [60,67,68]. Few studies have reported signifi-
cant differences between FVP and RDV concerning their mechanism of 
action. FVP suppresses viral replication primarily through generating 
mutations in the genome, while RDV inhibits viral elongation. RDV has 
higher molecular complexity than FVP, providing an increased desta-
bilization of the viral replication complex. The variations concerning 
their mechanisms of action and subsequent effects are based on the 
interaction between two different heterocyclic structures (FVP and RDV) 
and RdRp complex [69]. 

The efficacy of FVP and RDV has been also tested in cell culture 
models infected with HCoV-NL63. The results were promising and 
proved that both FVP and RDV are effective in blocking the viral repli-
cation and viral biosynthesis. Moreover, RDV showed a higher inhibi-
tory potency than FVP in HCoV-NL63 cell culture and a long-term RDV 
exposure has not resulted in the development of resistance mechanisms. 
The combination of FVP or RDV with interferon-alpha as an antiviral 
biomolecule, led to the observation of synergistic effects. These exper-
imental investigations demonstrated the potential use of FVP and RDV 
as repurposing drugs in different disease conditions [70]. 

4. Pharmacokinetic properties of FVP and RDV in patients with 
Covid-19 

In order to maximize the pharmacodynamic response, pharmacoki-
netic data is essential. There are four main parameters studied by this 
field: absorption, distribution, metabolism, and excretion (ADME). A 
better apprehension of these processes for each drug can contribute to 
better safety and efficacy profiles, with the possibility of adjusting in a 
context of personalized medicine. Moreover, it is essential to make 
correlations between equations and the clinical significance. It is out-
lined the flow of drugs through the body and how the body reacts to 
them [71]. 

Fig. 5. Synthesis of RDV, third protocol. Rac-4, 2-ethylbutyl (chloro(phenoxy)phosphoryl)-L-alaninate; Ad-DPI, (S)-6,7-Dihydro-5H-pyrrolo[1,2-a]imidazol-7-yla-
damantan-1-ylcarbamate; Sp-6, protected RDV; HCl, hydrochloric acid. THF, tetrahydrofuran. 
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A clinician can readily determine safe drug doses over time and the 
clearance rate. However, these statistical estimates depend on the 
dosage form, route of administration, patients’ status etc. 

Absorption is the process by which a drug is transported from the 
administration site to the systemic circulation. It influences the speed 
and concentration at which a drug may reach a target location of a 
specific effect [71,72]. 

The fraction of an initially delivered medicine that reaches system 
circulation is known as bioavailability and it can be an indicator of 
medicine absorption. When a drug is administered intravenously, the 
bioavailability is 100% and this administration route is the gold stan-
dard. The oral administration of drugs provides a lower bioavailability 
due to the processing of the drug by digestive enzymes, liver, gut [71]. 

The distribution of a drug throughout the body depends on the drug’s 
biochemical features, along with the patient’s physiology. In order to be 
effective, a drug must reach the desired location, which is influenced by 
the volume of distribution (Vd) and protein binding [72]. 

Metabolism is a biochemical process that occurs to convert the drug 
into more water-soluble compounds in order to facilitate the excretion. 
Furthermore, when administering a prodrug, metabolic pathways are 
necessary for the conversion of inactive compounds into active metab-
olites [71]. 

Excretion is the process of eliminating metabolic waste, mainly 
through kidneys, but can be also involved the lungs, gastrointestinal 
system, skin etc. The process of excretion can be examined by assessing 
the clearance rate and the half-time of a drug [71,72]. 

Numerous reviews are present in the medical literature and have 
evaluated the pharmacokinetic profile of different molecules considered 

as therapeutic options for COVID-19 patients, including FVP and RDV 
[17,73]. 

FVP is delivered in the organism as a prodrug. The pharmacokinetic 
profile makes possible the oral administration of the antiviral molecule 
(e.g., 94% bioavailability, 54% protein binding and 10–20 L the volume 
of distribution). Cmax is reached after 2 h and after a single dose. 
Moreover, after multiple administration, both Tmax and t½ (half-life) 
increase. The hydroxylated metabolite of FVP has a short t½ (2.5–5 h), 
resulting in fast renal clearance. Two enzymes are involved in the pro-
cess of clearance, aldehyde oxidase and, to a lesser extent, xanthine 
oxidase. The pharmacokinetic profile of FVP is both time and dosage 
dependent. The cytochrome P450 family does not contribute to the 
metabolism of FVP, but the antiviral molecule blocks CYP2C8 [47]. 

The bioavailability of RDV has been assessed in animal models and 
low values were obtained when administered orally due to almost a 
100% first-pass clearance correlated with poor hepatic stability. The 
results obtained in clinical trials showed that the absolute bioavailability 
of RDV formulations is 100% when it is administered intravenously in 
healthy male volunteers. Moreover, peak concentrations are reached at 
the end of administration [74]. 

In the ongoing pandemic of COVID-19, it is essential to conduct 
pharmacokinetic tests in order to be able to successfully manage the use 
of FVP and RDV. 

4.1. Population pharmacokinetics of FVP in patients with SARS-CoV-2 
infection 

Several studies have reported pharmacokinetic data of FVP in 

Fig. 6. Mechanism of action of RDV. RDV, remdesivir; ACE2, angiotensin converting enzyme 2; TMPRSS2, transmembrane protease serine type 2.  
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patients with COVID-19. However, the pharmacokinetic profile of FVP is 
not yet fully understood. 

An interventional study assessing pharmacokinetic data on healthy 
participants showed that the maximal plasma concentration of FVP 
occurred 2 h after oral administration with a rapid decline provided by a 
short half-time (2–5.5 h). Moreover, the plasma protein binding was 
54%, mainly binding to serum albumin. The action of aldehyde oxidase 
and xanthine oxidase lead to an inactive metabolite (T-705M1), quickly 
eliminated by the kidneys [75,76]. 

The results of the clinical trials showed ethnic and regional differ-
ences in pharmacokinetics since Japanese patients had a double plasma 
concentration of FVP than the patients in the United States [17]. 

A recent experimental study involving 39 patients conducted phar-
macokinetic analysis on 204 serum concentrations. A total of 33 patients 
received 1600 mg FVP twice daily on the first day, followed by a dose of 
600 mg twice daily, while 6 patients started with a dose of 1800 mg FVP 
twice daily, followed by 600 mg twice daily. A single-compartment 
model with first-order elimination has been proposed. It has been 
assessed the clearance/bioavailability ratio and the volume of distri-
bution/bioavailability and the estimated means were 5.11 L/h and 
41.6 L. Statistical analysis pointed out the existence of correlations be-
tween clearance/bioavailability ratio and dosage, invasive mechanical 
ventilation (10 patients) and body surface area [77]. 

A good management of SARS-CoV-2 infection requires high doses of 
FVP, but the dose-dependent nonlinear pharmacokinetics can cause 
shifts and toxicity. However, the identification of the optimum dose 
regimen requires further research. 

4.2. Population pharmacokinetics of RDV in patients with SARS-CoV-2 
infection 

Due to the fact that RDV received FDA’s emergency use authoriza-
tion for treatment of SARS-CoV-2 severe infections, studies on this 
molecule have been accelerated and diversified, including various 
pharmacokinetic tests [78,79]. 

A randomized, blinded, placebo-controlled, phase I study assessed 
pharmacokinetic data from a single RDV dose administered intrave-
nously. They were included in this study 9 cohorts of healthy volunteers 
(96 subjects) with no evidence of viral infections. Doses were selected 
according to FDA recommendations. Cohorts 1–6 received RDV (3 mg to 
225 mg) administered as a 2-h infusion. The volunteers in cohorts 7 and 
8 received a single dose of lyophilized RDV (75 mg cohort 7 and 150 mg 
cohort 8) administered intravenously for 2 h. Cohort 9 received 75 mg 
RDV administered intravenously for 30 min. The values of the phar-
macokinetic parameters of RDV obtained from bioanalytical procedures 
(liquid chromatography tandem mass spectrometry) using non-
compartmental methods are presented in Table 1 [80]. 

RDV exposure increased dosage proportionally over the tested range 
following a single dose administered intravenously. 

A recent study evaluated in two severely ill COVID-19 patients, the 
pharmacokinetic profile of RDV in cerebrospinal fluid, plasma and 
bronchoalveolar aspirate. It has been administered a starting dose of 
200 mg RDV in the first day, followed by 12 days of 100 mg. Cerebro-
spinal fluid was collected in day 7 from one patient, blood samples were 
collected from day 3 until day 9 and bronchoalveolar aspirate samples 
were collected in day 4, 7 and 9 from both patients. The analyses were 
performed by using a validated ultra-high performance liquid chroma-
tography tandem mass spectrometry. The concentrations of GS-441524 
in the bronchoalveolar aspirate on both patients were: (on day 4, 8.6 ng/ 
mL vs. 9.2 ng/mL, on day 7, 2.7 ng/mL vs. 3.3 ng/mL and on day 9, 
3.0 ng/mL vs. 6.1 ng/mL). Furthermore, cerebrospinal fluid concentra-
tions in patient 2 was 22.1 ng/mL (CSF/plasma ratio is 25.7%), while 
the BAS/plasma ratio was 2.3% vs. 6.4% [81]. 

The GS-441524 metabolite was found in bronchoalveolar aspirate 
samples in higher concentrations than in cerebrospinal fluid samples. 
RDV as a parent compound was undetectable in all compartments tested. 
Moreover, the metabolite GS-441524 has a lower protein binding than 
RDV [80,81]. 

A comprehensive assessment of drug’s physical, chemical, and bio-
logical properties related to pharmacokinetic processes can contribute 
to a better prediction of the risk of increased or decreased plasma 
exposure and to an improved management of possible interactions that 
may occur. Even though the preliminary results of the research have 
improved the understanding of pharmacokinetic profiles and the use of 
FVP and RDV for the treatment of COVID-19 patients, further studies are 
needed in order to confirm these outcomes [73]. 

5. Drug-drug interactions of FVP and RD 

The initiation of a treatment for SARS-CoV-2 infection in a patient 
who is currently on chronic treatment should be rigorously assessed in 
terms of drug-drug interactions in order to minimize the risks. The 
presence of unstable conditions and comorbidities requires poly-
medication, which is widespread in geriatric and intensive care unit 
patients. As a result, these patients are more vulnerable to drug in-
teractions [82]. 

Drug-drug interactions occur due to pharmacodynamic properties (e. 
g., hypoglycemic, QT prolongation) or pharmacokinetic properties (e.g., 
enzymatic induction or inhibition, competition in renal excretion) [83]. 

Acute and chronic inflammatory conditions may alter ADME and 
transportation processes and may influence the pharmacodynamic and 
pharmacokinetic aspects of therapeutic drugs used in COVID-19 treat-
ment [84]. 

5.1. Drug interactions of FVP 

FVP is a prodrug that requires bioactivation in order to act as a false 
substrate for viral RdRp. Due to the fact that it is not yet authorized by 

Table 1 
Pharmacokinetic parameters (PK) of RDV (single-dose study).  

PK Cohort 

1 2 3 4 5 6 7 8 9 

Dose 3 10  30  75  150  225 75 150 75 
Cmax 57.5 221  694  1630  2280  4420 1720 2720 2930 
Tmax 2.03 2.01  2.02  2.03  2.00  1.97 2.00 1.99 0.50 
t½ – 0.66  0.81  0.90  0.99  1.05 0.84 1.11 1.00 
CL – 755  700  661  863  719 – – – 
CLr – –  48.6  52.1  78.1  71.4 – – – 
Vd – 45.1  48.8  56.3  73.4  66.5 – – – 
AUCinf – 230  774  2000  2980  5270 1840 3260 1250 
AUClast 67.1 230  768  1990  2970  5260 1830 3270 1250 

Dose administered (mg); Cmax (ng/mL), peak plasma concentration; Tmax (hours), time to peak concentration; t½ (hours), half-life; CL (mL/min), clearance; CLr (mL/ 
min), renal clearance; Vd (L), volume of distribution; AUCinf (h*ng/mL), area under the curve vs. time extrapolated to infinity; AUClast (h*ng/mL) area under the curve 
from time zero to the last quantifiable concentration. 
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FDA and European Medicines Agency (EMA) for use in COVID-19 pa-
tients, available data from drugs interaction checkers (e.g, DrugBank, 
Drugs.com, WebMD, Medicine.com) is limited. 

FVP is not a substrate for cytochrome P450, but it is involved in 
metabolic processes, mediated primarily by aldehyde oxidase. More 
caution is necessary when FVP is co-administered with potent aldehyde 
oxidase inhibitors like raloxifene, tamoxifen, ethinyl estradiol, estradiol, 
phenothiazines, dihydropyridine calcium blockers, tricyclic antide-
pressants, loratadine [85]. Since aldehyde oxidase presents genetic 
variations, it may be more prevalent among Asian populations. It is 
excreted by the kidneys in large proportions as metabolites [86,87]. 

It has been shown that FVP is a mild inhibitor of various metabolic 
pathways and transportation processes, but its impact on CYP2C8 is the 
only one that potentially have therapeutic implications for substrates 
with increased exposure [17]. Careful monitoring is required when FVP 
is co-administered with CYP2C8 substrate drugs like paclitaxel, mon-
telukast, pioglitazone, repaglinide, cerivastatin, enzalutamide, rosigli-
tazone, imatinib, loperamide [86]. 

The risk of pharmacodynamic interactions concerning the risk of QT 
prolongation is low. However, when combined with other OT- 
prolonging medications, rigorous monitoring is required. The most 
potent QT-prolonging drug are amiodarone, ondansetron, haloperidol, 
and metronidazole [88]. 

The interaction between FVP and anticancer drugs may exacerbate 
the hepatotoxic processes. Furthermore, the association of FVP with 
paracetamol requires a maximum daily dose of 3 g paracetamol, due to a 
potential risk of hepatoxicity. However, studies have pointed out that 
the degree of interaction between FVP and paracetamol is weak, with an 
increase in AUC of up to 15% [86]. 

Further studies are needed for a better management of clinically 
significant drug-drug interactions between FVP as a potential COVID-19 
therapeutic option and drugs that are utilized in patients suffering from 
other diseases. 

5.2. Drug interactions of RDV 

RDV is a prodrug authorized by FDA and EMA for the treatment of 
SARS-CoV-2 infection under specific conditions. Medical data obtained 
from studies simulating drug-drug interaction behavior of RDV in pa-
tients affected by COVID-19 are more numerous than with FVP. 

Towards FVP, RDV is a substrate for several cytochrome P450 en-
zymes (e.g., CYP3A4, CYP2D6, CYP2C8), P-glycoprotein and for organic 
anion transporting polypeptide (OATP1B1) [73]. Furthermore, RDV is a 
mild inhibitor of OATP1B1, OATP1B3, multidrug resistance-associated 
protein 4 (MRP4), bile salt export pump (BSEP), sodium taurocholate 
co-transporting polypeptide (NTCP). However, RDV metabolism is 
predominantly conducted via hydrolases rather than enzymes of the 
cytochrome P450 [89]. 

The drug interactions of RDV were searched on the interactions 
checkers provided by Liverpool Drug Interaction Group (LDIG) and 
Drugs.com, including sources from IBM Watson Micromedex [90,91]. 
The drugs listed for the study of RDV interactions are molecules 
frequently prescribed and are related to various effects on the cyto-
chrome P450 system (e.g., inducers, inhibitors, substrates), and the re-
sults are presented in Table 2. 

The interactions checker provided by Drugs.com included in list of 
RDV interactions, 2 major drug interactions, 358 moderate drug in-
teractions, 1 moderate interaction with ethanol due to an increased risk 
of hepatotoxicity and 1 major interaction with renal dysfunction due to 
the lack of information concerning this condition and due to the pres-
ence of betadex sulfobutyl ether sodium as excipient, which has a high 
rate of renal excretion and can accumulate at patients with renal 
dysfunctions. 

Major interactions should be totally avoided because the potential 
harm is higher than the potential benefits. There are two major in-
teractions possible when RDV is co-administered with 

hydroxychloroquine or chloroquine. In vitro studies have reported a 
dose-dependent antagonistic effect of hydroxychloroquine or chloro-
quine on the antiviral activity of RDV, including the alteration of 
intracellular metabolic activation [92]. Moderate interactions may be 
clinically significant; therefore, it is likely to require additional moni-
toring, compared to minor interactions where it is unlikely to be 
required dosage adjustment or additional action [90]. 

The role of each isoenzyme of cytochrome P450 or transportation 
proteins in the overall metabolism of RDV and metabolites is not yet 
fully understood. 

The period of co-administration, the doses utilized and the existence 
of organ failure and other polymedication features can influence the 
degree of interaction correlated with the clinical significance. 

In order to optimize the treatment for COVID-19, in vitro studies 
should be correlated with more clinical studies assessing pharmacoki-
netics, safety and efficacy profiles of FVP and RDV. 

6. Clinical features of FVP and RDV 

Although FVP and RDV are two antiviral molecules with inhibitory 
effects on viral RNA replication, the efficacy and safety profiles are not 
similar, which has led to some differences between the decisions of 
regulatory authorities. Moreover, an improvement in clinical data 
management may contribute to the clarification of the use pattern of 
FVP and RDV in COVID-19 patients. 

6.1. FVP drug information 

FVP (T-705), C5H4FN3O2, is an RdRp inhibitor that was approved by 
the Ministry of Health, Labour and Welfare Japan (MHLW) in 2014 for 
the treatment of pandemic influenza virus infections. It is a pyrazine 
carboxamide-structured guanine analog with reduced activity in the 

Table 2 
RDV drug interactions from LDIG and Drugs.com interactions checkers.  

Interacting 
drug 

Co-medication Type of interaction Consequence   

LDIG Drugs. 
com  

RDV Chloroquine Do not co- 
administer 

Major Avoid 
combinations  

Hydroxychloroquine Do not co- 
administer 

Major   

Rifampicin Potential 
weak 
interaction 

Moderate Usually avoid 
combinations  

Voriconazole No 
interaction 
expected    

Carbamazepine Potential 
weak 
interaction    

Itraconazole No 
interaction 
expected    

Phenobarbital Potential 
weak 
interaction    

Amiodarone No 
interaction 
expected    

Phenytoin Potential 
weak 
interaction    

Montelukast No 
interaction 
expected 

– No 
interactions 
reported  

Clopidogrel     
Omeprazole     
Paroxetine     
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presence of purine nucleosides. Furthermore, the prodrug FVP enters via 
endocytosis in the infected cells and undergoes in order to be active 
phosphor ribosylation and phosphorylation [16]. 

In vitro efficacy tests showed potential in inhibiting the replication of 
several viruses, including SARS-CoV-2 [93]. 

6.1.1. Pharmaceutical form, therapeutic indications, dosage regimen 
FVP is authorized in Russia, Kenya, Thailand, Pakistan, China, Jor-

dan, Egypt, Hungary, India, Poland, Saudi Arabia, and Serbia, for oral 
use in COVID-19 patients. One of the most common trade names is 
Avigan®. FVP is available as a 200 mg light-yellow, film-coated tablet 
and it is used to treat novel and re-emerging influenza virus infections, 
but also mild to moderate COVID-19 infections [94,95]. 

The Japanese guidelines recommend for the treatment of COVID-19 
infections 1800 mg twice daily on the first day, then 13 days 800 mg 
twice daily. The Ministry of Health of the Russian Federation recom-
mend a dosage regimen depending on the patient’s weight: patients 
weighing < 75 kg, a dose of 1600 twice daily on day 1, then 600 mg 
twice daily until day 10; patients weighing between 75 kg to 90 kg, a 
dose of 2000 mg twice daily on day 1, then 600 mg twice daily until day 
10; patients weighing > 90 kg, a dose of 2400 mg twice daily on day 1, 
then 1000 mg twice daily until day 10. Furthermore, for pediatric pa-
tients the dose is correlated according to their weight [96]. 

The protocol of Saudi Arabia included FVP in mild to moderate in-
fections (1600 mg twice daily on day 1, then 600 mg twice daily until 
day 10). However, it can be also recommended for in pediatric patients 
or severe cases. 

FVP has been recommended by Thailand’s Department of Disease 
Control for mild to moderate COVID-19 cases in both adults and chil-
dren, while the recommendations coming from India included mild 
symptomatic COVID-19 patients, with or without comorbidities [95]. It 
has been recommended an initial therapeutic dose of 1800 mg twice 
daily on day 1, followed by 7 days of 800 mg administration, which can 
continue up to 14 days if necessary. 

6.1.2. Adverse events, contraindications, drug toxicity 
The analysis of existing FVP safety data is critical in determining 

whether FVP can be used globally for COVID-19 patients in the near 
future. Several studies, including meta-analysis, have been performed to 
evaluate the safety profile of FVP. 

A recent study aimed to assess the adverse drug events (ADEs) after 
the use of FVP for COVID-19 patients reported in VigiBase®, an inter-
national pharmacovigilance database maintained by World Health Or-
ganization (WHO). The reports were evaluated in correlation with 
gender, age, and severity of ADEs, starting from 2015 until 2020. The 
results of the study showed 194 ADEs reported from 93 patients. 
Furthermore, the most frequent ADEs were intentional product use 
issue, elevated liver enzymes, nausea and vomiting, tachycardia, diar-
rhea, long QT syndrome, headache, pruritus, rash, erythema. The dis-
tribution of ADEs across continents is uneven (e.g., 91.23% Asia, 3.09% 
Europe, 2.06% Americas, 2.06% Oceania and 1.54% Africa). Severe 
ADEs occurred frequently in men and the elderly (> 64 years) and the 
most common manifestations were:  

• Injury, poisoning and procedural complications (65 cases);  
• Gastrointestinal and hepatobiliary disorders (32 cases);  
• Skin and subcutaneous tissue disorders (20 cases);  
• Cardiac disorders (14 cases);  
• Blood and lymphatic system disorders (5 cases) [97]. 

However, medical evidence has been obtained on a small number of 
patients, therefore a more complete assessment of the ADEs should be 
conducted. 

A study conducted in March 2020 assessed 29 studies (6 were phase 
2 or 3 studies), including 4299 participants, in order to report significant 
data about the safety profile of FVP. The results showed some safety 

issues regarding teratogenicity, QT prolongation and hyperuricemia 
[98]. 

A retrospective study aimed to provide information about the 
occurrence of FVP-related adverse events (AEs) in patients with renal 
dysfunction. Medical data from 228 hospitalized patients have been 
assessed and the results showed that 131 patients had experienced AEs. 
The most common AE was an increase in serum transaminases (e.g., 
aspartate aminotransferase and alanine aminotransferase, 57%), anemia 
(16.2%), hyperuricemia (10.5%). Moreover, the estimated glomerular 
filtration rate did not significantly influence the incidence of AEs, but 
further research is needed in order to be applied on larger populations 
[99]. It has been reported in a meta-analysis of 9 studies assessing 827 
patients that the most frequent AEs identified were nausea, chest pain, 
vomiting, hyperuricemia, diarrhoea [100]. 

The teratogenic potential assessed in animal studies has made FVP 
contraindicated in lactating and pregnant women. Moreover, it is con-
traindicated for people with hypersensitivity, severe hepatic, or renal 
impairment. Due to the detection of FVP in sperm, contraceptive mea-
sures are required for both partners. FVP should be used with caution 
when the patients are susceptible to gout or hyperuricemia [35,95]. 

Single-dose toxicity studies demonstrated that the lethal dose for 
intravenous and oral administration via certain pharmaceutical forms is 
predicted to be > 2000 mg/kg in mice and rats, while in the case of dogs 
and monkeys is > 1000 mg/kg. The overdosage symptoms include 
weight loss, decreased locomotor activity and vomiting. Serious AEs, 
including a decrease of the red blood cells and increased vacuolization in 
hepatic cells have been observed in repeat-dose toxicity studies using 
animal models (e.g., monkeys, dogs, rats) [101]. 

Early embryonic deaths in animal models (rats, mice) and teratoge-
nicity in various species were found in the medical data from develop-
mental and reproductive toxicity studies conducted during the drug 
registration procedure, with exposure levels similar to those in human 
patients (1200 mg-4800 mg). FVP as a therapeutic option may have a 
higher teratogenic risk in clinical practice than other antiviral mole-
cules. Moreover, FVP causes reversible histological alterations in the 
testis and defective sperm, but only after a long period of treatment 
[102]. 

FVP has a good safety profile in terms of major adverse events, but 
additional investigations are needed to determine the treatment’s long- 
term effects. There are still insufficient data about the toxicity of FVP, 
being noticed differences in the medical literature regarding the safety 
profile of FVP [98,99]. 

6.1.3. Clinical studies assessing the efficacy and safety of FVP in COVID-19 
patients 

Clinical trials evaluating the efficacy and safety profile of FVP in the 
global management of COVID-19 have been conducted all over the 
world in the last 2 years. FVP is an antiviral molecule that has been 
repurposed to treat COVID-19 patients because of its quick viral clear-
ance, availability as an oral medicine, increased clinical recovery rates, 
and a clinical documented safety profile. Some of the most promising 
studies are summarized in Table 3. 

6.2. RDV drug information 

Gilead Sciences developed RDV (GS-5734) in 2015, in cooperation 
with the US Army Medical Research Institute of Infectious Diseases 
(USAMRIID) and the US Centers for Disease Control and Prevention 
(CDC) as a potential treatment for RNA-based viruses with worldwide 
pandemic potential, such as Ebola virus or novel coronaviruses causing 
Middle East respiratory syndrome (MERS) and SARS [109]. 

RDV is a carboxylic ester functioning as a prodrug that is metabo-
lized via several processes into an active nucleoside triphosphate com-
pound, with high potential to inhibit viral replication via RdRp [110]. 
The efficacy of RDV against SARS-CoV-2 infections is based on in vitro 
and in vivo studies using animal models [111]. 
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Table 3 
Clinical trials investigating the efficacy and safety of FVP for COVID-19 patients.  

Study design Medication in 
intervention/ 
sample size 

Medication in 
Comparison/ 
sample size 

Main findings Ref. 

Open 
-label, non- 
randomized, 
before-and- 
after 
controlled 
study 

Oral FVP (Day 
1: 1600 mg 
twice daily; 
Days 2–14: 
600 mg twice 
daily) 
+ interferon 
(IFN)-a (5 
million U twice 
daily)/35 

LPV/RTV 
(Days 1–14: 
400 mg/ 
100 mg twice 
daily) plus 
IFN-a by 
aerosol 
inhalation (5 
million U 
twice daily)/ 
45 

A shorter viral 
clearance 
median time was 
found for the 
FVP arm versus 
the control arm 
(4 
d (interquartile 
range (IQR): 
2.5–9) vs. 11 
d (IQR: 8–13), 
P < 0.001); the 
FVP arm also 
showed 
significant 
improvement in 
chest CT 
compared with 
the control arm, 
with an 
improvement 
rate of 91.43% 
versus 62.22% 
(P = 0.004) 

[103] 

Prospective, 
randomized, 
controlled, 
open-label 
multicenter 
trial 

FVP (1600 
mgx2/first day 
followed by 600 
mgx2/day) for 
10 days/116 

Umifenovir 
(Arbidol) 
(200 mg*3/ 
day)/120 

Clinical 
recovery rate of 
Day 7 does not 
significantly 
differ between 
FVP group (71/ 
116) and 
Arbidol group 
(62/120) 
(P = 0.1396, 
difference of 
recovery rate: 
0.0954; 95% CI: 
− 0.0305 to 
0.2213); FVP led 
to shorter 
latencies to 
relief for both 
pyrexia and 
cough 

[104] 

Prospective, 
randomized, 
open-label, 
multicenter 
trial 

Early FVP: 
1800 mg orally 
at least four 
hours apart on 
the first day, 
followed by 
800 mg orally 
twice a day, for 
a total of up to 
19 doses/33 

Late FVP: FVP 
was dosed at 
1800 mg 
orally at least 
four hours 
apart on the 
first day, 
followed by 
800/ 33 

Viral clearance 
occurred within 
6 days in 66.7% 
and 56.1% of the 
early and late 
treatment 
groups (adjusted 
hazard ratio 
[aHR], 1.42; 
95% confidence 
interval [95% 
CI], 0.76 to 
2.62); during 
therapy, 84.1% 
developed 
transient 
hyperuricemia; 
FVP did not 
significantly 
improve viral 
clearance as 
measured by 
reverse 
transcription- 
PCR (RT-PCR) 
by day 6 

[105] 

Multicenter, 
open label, 

AVIFAVIR® 
1600/1800 mg 

Standard of 
care of 

Both dosing 
regimens of 

[96]  

Table 3 (continued ) 

Study design Medication in 
intervention/ 
sample size 

Medication in 
Comparison/ 
sample size 

Main findings Ref. 

randomized, 
phase 2 and 3 
clinical trial 

BID on Day 1 
followed by 
600/800 mg 
BID on Days 
2–14/20 

Russian 
guidelines for 
treatment of 
COVID-19/20 

AVIFAVIR® 
demonstrated 
similar virologic 
response; on Day 
5, the viral 
clearance was 
achieved in 25/ 
40 (62.5%) 
patients on 
AVIFAVIR® and 
in 6/20 (30.0%) 
patients on SOC 
(P = 0.018); by 
Day 10 the viral 
clearance was 
achieved in 37/ 
40 (92.5%) 
patients 

Open label 
randomized 
controlled 
study 

FVP 1600 mg 
on day 1 
followed by 
600 mg twice a 
day for a 
maximum of 10 
days, and 
interferon beta- 
1b at a dose of 8 
million IU 
(0.25 mg) twice 
a day was given 
for 5 days/44 

Standard of 
care of Oman 
guidelines for 
treatment of 
COVID-19: 
HCQ 400 mg 
twice per day 
on day 1, then 
200 mg twice 
per day for 7 
days/45 

There were also 
no significant 
differences 
between the two 
groups with 
regards to the 
overall LOS (7 vs 
7 days; 
p = 0.948), 
transfers to the 
ICU (18.2% vs 
17.8%; 
p = 0.960), 
discharges 
(65.9% vs 
68.9%; 
p = 0.764) and 
overall mortality 
(11.4% vs 
13.3%; 
p = 0.778) 

[106] 

Randomized, 
open-label, 
parallel-arm, 
multicentre, 
phase 3 study 

Oral FVP 
(1800 mg BID 
loading dose on 
day 1; 800 mg 
BID thereafter 
plus standard 
supportive 
care/68 

Standard 
supportive 
care alone that 
included 
antipyretics, 
cough 
suppressants, 
antibiotics, 
and vitamins/ 
68 

Median time to 
the cessation of 
viral shedding 
was 5 days (95% 
CI: 4 days, 7 
days) versus 7 
days (95% CI: 5 
days, 8 days), 
P = 0.129; 
adverse events 
were observed 
in 36% of FVP 
and 8% of 
control patients; 
one control 
patient died due 
to worsening 
disease 

[107] 

Exploratory 
single center, 
open label, 
randomized, 
controlled 
trial 

FVP group: 
1600 mg or 
2200 mg orally, 
followed by 
600 mg each 
time, three 
times a day, and 
the duration of 
administration 
was not more 
than 14 days/9 

Baloxavir 
marboxil 
group: 80 mg 
once a day 
orally on Day 
1 and Day 4; 
for patients 
who are still 
positive in 
virological 
test, they can 
be given again 
on Day 7/10 

A total of 24 
(82.8%) patients 
turned viral 
negative 
(defined as two 
consecutive tests 
with viral RNA 
undetectable 
results) within 
14 days after the 
initiation of the 
trial; the 
percentage of 
patients who 
turned viral 
negative after 
14-day 

[108] 

(continued on next page) 
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6.2.1. Pharmaceutical form, therapeutic indications, dosage regimen 
FDA has approved RDV under the name of Veklury® for emergency 

use, and EMA has granted conditional approval for COVID-19 patients. 
Due to a scarcity of data in the medical field, the benefit-risk ratio is still 
under evaluation [112]. RDV is available as 100 mg powder for 
concentrate for solution for infusion and is indicated for the treatment of 
SARS-CoV-2 infections in adults and adolescents (12–18 years, weighing 
more than 40 kg), with pneumonia requiring supplemental oxygen and 
for adults who are at risk of developing severe forms [113]. 

In search of an optimal pharmaceutical form and dosage regimen, a 
study assessed the possibility of a combination between pulmonary and 
intravenously administration in order to obtain additional benefit. A 
pulmonary administration may result in higher lung concentrations of 
RDV, along with a reduction of systemic toxicity. However, further 
research is needed to correlate a theoretical calculation to results ob-
tained on animal models or humans [114]. 

COVID-19 treatment guidelines recommend a starting dose of 
200 mg RDV administered intravenously once daily, followed by 
100 mg RDV administered intravenously once daily for 4 days. The 
doses should be adjusted according to renal function. Moreover, the 
association between RDV and Dexamethasone may have potential ben-
efits for COVID-19 patients that have recently been intubated. However, 
this recommendation is optional, due to the C level of evidence (e.g., 
expert opinion) [115]. 

6.2.2. Adverse events, contraindications, drug toxicity 
RDV was the first antiviral drug specifically approved for the 

treatment of COVID-19 patients, and as its use increased so did the side 
effects, causing clinicians to be concerned [116,117]. 

A recent study assessed potential ADEs provided by medical studies 
in COVID-19 patients and WHO VigiBase® from 2015 to 2020. The re-
sults included 1004 ADEs from 439 COVID-19 patients, with a higher 
prevalence in the Americas (67.7%) and in men (>45 years). Further-
more, the most frequently reported ADEs were hepatic enzyme increase 
(32.11%), renal injury (14.4%), blood creatinine increased (11.2%), 
medication error (7.7%), product use in unapproved condition (6.6%), 
respiratory failure (6.4%), tachyarrhythmia or bradyarrhythmia (5.9%). 
Serious and fatal ADEs were reported more in the elderly group 
(>64years), as well as urinary disorders [118]. 

Transaminase elevations have been reported in several studies 
assessing the use of RDV in COVID-19 patients, being one of the first side 
effects identified [32,119,120]. 

A randomized, double-blind, placebo-controlled, multicentre trial 
from ten hospitals in China evaluated the efficacy profile of RDV in 158 
patients. The results showed that ADEs were reported in 102 patients 
and the treatment for 18 patients was stopped due to the presence of 
serious ADEs. The most prevalent ADEs among the patients were con-
stipation (14%), hypoalbuminemia (13%), hypokalaemia (12%), ane-
mia (12%), while the most frequently serious ADEs reported were 
respiratory failure (10%), cardiopulmonary failure (5%), pulmonary 
embolism (1%), recurrence of COVID-19 (1%), septic shock (1%) [121]. 

A retrospective study conducted between May and October 2020 
assessed the ADEs in 164 patients who received RDV. The results showed 
an increased prevalence of allergic-type reactions (13.7%) and a 
decrease in the estimated glomerular filtration rate (6 patients) [122]. 
However, further research is needed for an improved perspective on the 
safety profile of RDV. A meta-analysis of five randomized controlled 
trials including 13544 COVID-19 patients also contributed to this 
statement, suggesting that there is no evidence of a higher risk of ADEs 
after RDV treatment [123]. 

According to EMA regulations, Veklury® is contraindicated only 
when cases of hypersensitivity to RDV or any of the excipients (e.g., 
betadex sulfobutyl ether sodium, hydrochloric acid, sodium hydroxide) 
are suspected [113]. RDV had no toxic effect on embryonic development 
in pregnant animals, according to non-clinical reproductive toxicity 
trials. Furthermore, RDV has not been comprehensively examined in 
pregnant or lactating women, but due to the blood detection of 
GS-441524 metabolite in rats’ pups, the presence of compounds in milk 
can be expected [124]. 

Pre-registration toxicity studies evaluated several processes. Renal 
toxicity was observed after RDV was administered intravenously to 
rhesus monkeys and rats for short periods of time. After the adminis-
tration of 5, 10, and 20 mg/kg/day for 7 days, renal tubular atrophy, 
basophilia and increased creatinine levels were observed. Furthermore, 
doses of more than 3 mg/kg/day in rats for 1 month resulted in renal 
damage. M27 is an unidentified metabolite that was found to be present 
in human plasma. As a result, animal studies may not be helpful in 
determining the potential malfunctions connected with this metabolite 
[113]. 

Toxicity studies updated in various medical reviews have provided a 
good safety profile of RDV, but it remains essential to monitor certain 
biochemical parameters [113,116,123]. 

6.2.3. Clinical studies assessing the efficacy and safety of RDV in COVID- 
19 patients 

The safety and efficacy profile of RDV according to the studies con-
ducted worldwide allowed it to be authorized for the treatment of 
COVID-19 in many states. However, there are still unmet needs that can 
be evaluated in an evidence-based medicine context. Numerous studies 
have been conducted to have an optimal control of COVID-19 patients 
treated with RDV, but limitations may occur. Therefore, assessing the 
risk of biases may be essential [125,126]. Some of the most relevant 
randomized controlled trials (RCT) are presented in Table 4. 

Table 3 (continued ) 

Study design Medication in 
intervention/ 
sample size 

Medication in 
Comparison/ 
sample size 

Main findings Ref. 

treatment was 
70%, 77%, and 
100% in the 
baloxavir 
marboxil, FVP, 
and control 
group 
respectively, of 
which the 
control group 
was higher than 
that of the other 
two treatment 
groups 

Control group: 
LPV/RTV 
(400 mg/ 
100 mg, BID) 
or darunavir/ 
cobicistat 
(800 mg/ 
150 mg) and 
arbidol 
(200 mg)/10 

A total of 15 
(51.7%) patients 
turned viral 
negative within 
7 days after the 
initiation of the 
trial (60%, 44% 
and 50% in the 
baloxavir 
marboxil, FVP, 
and control 
group, 
respectively); 
one patient in 
the baloxavir 
marboxil group, 
and two patients 
in the FVP group 
were transferred 
to ICU within 
seven days after 
trial initiation 

NR, not reported; FVP, Favipiravir; LPV, Lopinavir; RTV, Ritonavir; HCQ, 
Hydroxychloroquine; LOS, length of hospital days; ICU, intensive care units; 
BID, twice a day. 
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7. FVP versus RDV as therapeutic options for COVID-19 patients 

FVP and RDV are antiviral prodrugs with varied results in clinical 
trials, repurposed to treat SARS-CoV-2 infections. RDV is indicated in 
hospitalized COVID-19 patients who require supplementary oxygen, 
while FVP is authorized for use in mild to moderate forms. A compre-
hensive characterization of FVP versus RDV may contribute to a better 
understanding of their use. Moreover, the ongoing studies are likely to 
shed further insight on their activity in COVID-19 patients [131]. 

7.1. Physico-chemical, pharmacological, and regulatory considerations of 
FVP versus RDV 

A comparative analysis of different characteristics of FVP and RDV is 
presented in Table 5 [19–21,131–134]. 

7.2. Clinical trials on the efficacy and safety of FVP versus RDV 

To properly evaluate the efficacy and safety profiles of FVP and RDV, 
numerous clinical trials have been conducted around the world. A 
comprehensive search of the ClinicalTrials.gov database has been per-
formed and a list of ongoing clinical trials assessing the use of FVP and 
RDV in COVID-19 patients was proposed in Table 6 [23–25]. 

There are 80 ongoing clinical trials evaluating the use of RDV in 
COVID-19 and 33 in the case of FVP. Some relevant ongoing clinical 
trials included in ClinicalTrials.gov database that focus on the activity of 
FVP, RDV or both in COVID-19 have been presented above. 

The effect of RDV on mortality reduction is still unclear [117], while 
some results of the clinical trials evaluating FVP treatment showed no 
significant differences in some clinical indicators (e.g., hospitalization 
days, clinical recovery) [132]. 

7.3. SARS-CoV-2 resistance to FVP versus RDV 

A major obstacle to the global use of FVP and RDV, similar to other 
medication regimens, is the potential development of resistance mech-
anisms among coronaviruses. Earlier studies demonstrated that muta-
tions in the RdRp of influenza A virus or Ebola virus may lead to 
increased resistance to FVP or RDV [135,136]. Moreover, this risk can 
also be correlated with the FVP and RDV use in COVID-19 patients 
[137]. 

A total of 18 mutations were found in SARS-CoV-2 sub-populations 
that infected hamsters, subsequently treated with FVP. Mutations were 
found in the nsp14 coding area, which is implicated in the RdRp 
proofreading activity and in the N7 MTase region, which is implicated in 
the viral RNA capping [138]. By comparison, in the case of resistance to 
RDV, mutations are more likely to occur in the nsp12 coding sequence, 
because RDV can elude nsp14 region, thus the virus is less likely to 
develop resistance to its action [139]. 

A case report identified a mutation on the catalytic site of RdRp (e.g, 
D484Y), which led to a resistant form to RDV action in a 76 years old 
immunocompromised female with persistent SARS-CoV-2 infection 
[140,141]. 

However, there is still insufficient data on the mechanisms of resis-
tance via different types of mutations that may develop when using FVP 

Table 4 
Clinical trials investigating the efficacy and safety of RDV for COVID-19 patients.  

Study design Interventions/sample 
size 

Results and 
interpretation 

Ref. 

Randomized, 
double-blind, 
placebo- 
controlled trial 

200 mg RDV IV on day 
1, then 100 mg daily 
for 2 days/279 
Placebo up to 3 days/ 
283 

2 patients (0.7%) in the 
RDV group and 15 
patients (5.3%) in the 
placebo group were 
hospitalized by day 28; 
all hospitalizations 
occurred by day 14; no 
patient died by day 28; 
by day 28, AE had 
occurred in 118 patients 
(42.3%) in the RDV 
group and in 131 patients 
(46.3%) in the placebo 
group; the most 
prevalent non-serious AE 
that occurred in at least 
5% of patients in both 
groups were cough, 
nausea, and headache 

[127] 

Multinational, 
placebo- 
controlled, 
double-blind 
RCT 

200 mg RDV IV on day 
1, followed by 100 mg 
RDV once daily up to 9 
days/541 
Placebo for up to 10 
days/521 

RDV reduced time to 
recovery compared to 
placebo (10 days vs. 15 
days; rate ratio for 
recovery 1.29; 95% CI, 
1.12–1.49; P < 0.001); 
no differences 
concerning time to 
recovery were reported 
for patients on high-flow 
oxygen, ECMO and MV at 
enrollment; 

[117] 

Randomized, open- 
label trial 

200 mg RDV IV on day 
1, then 100 mg daily 
up to 5 days/199 
200 mg RDV IV on day 
1, then 100 mg daily 
up to 10 days/197 
SOC/200 

After treatment, patients 
in the 5-day RDV group 
had statistically 
significantly higher 
probabilities of a better 
clinical status 
distribution than those 
receiving SOC (odds 
ratio, 1.65; 95% CI, 1.09- 
2.48); by day 28, 9 
patients had died, 2 (1%) 
in the 5-day RDV group, 
3 (2%) in the 10-day RDV 
group, and 4 (2%) in the 
SOC group; nausea (10% 
vs 3%), and headache 
(5% vs 3%) were more 
frequent among RDV- 
treated patients 
compared with SOC 

[128] 

Multinational, 
open-label, RCT 

200 mg RDV IV on day 
1, followed by 100 mg 
RDV daily for 4 days/ 
200 
200 mg RDV IV on day 
1, then 100 mg RDV 
daily for 9 days/197 

Day 14 distribution in 
clinical status was 
comparable between 
groups (P = 0.14); time 
to clinical improvement 
was similar between 
groups (10 days in 5-day 
arm vs. 11 days in 10-day 
arm); in hospitalized 
patients with a severe 
SARS-CoV-2 infection 
without receiving MV or 
ECMO, the using of RDV 
for 5 or 10 days had 
comparable clinical 
benefits 

[129] 

Multinational, 
open-label, 
adaptive RCT 

200 mg RDV IV on day 
1, then 100 mg RDV 
daily for 9 days/2743 
SOC/2708 

In-hospital mortality: 
11.0% in RDV group vs. 
11.2% in SOC arm (rate 
ratio 0.95; 95% CI, 
0.81–1.11); initiation of 
MV: 10.8% in RDV group 

[130]  

Table 4 (continued ) 

Study design Interventions/sample 
size 

Results and 
interpretation 

Ref. 

vs. 10.5% in SOC arm; 
RDV did not decrease in- 
hospital mortality or the 
need for MV compared to 
SOC 

RDV, remdesivir; IV, intravenous; SOC, standard of care; MV, mechanical 
ventilation; ECMO, extracorporeal membrane oxygenation. 
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or RDV for the treatment of COVID-19 patients, so additional research is 
needed to prevent these medical issues. 

8. Conclusions and future directions 

Given the severity of the current global pandemic, numerous studies 
are conducted to develop antiviral drugs or vaccines as primary pre-
vention methods. Several protein-based molecules are essential for the 
functionality and pathogenesis of the virus and can be considered 
promising therapeutic targets such as spike (S) protein, membrane (M) 
protein, TMPRSS2, ACE2 receptors, N-terminal RNA binding domain 
(NRBD), C-terminal RNA binding domain (CRBD), Nsp-7-Nsp8 complex, 
helicase, Nsp14-Nsp16 complex. Various studies tested the interaction 
between various drug molecules and these possible targets [142–144]. 
Moreover, anti-SARS-CoV-2 antibodies have made significant progress 
in reducing the morbidity and mortality rates due to COVID-19 infection 
[145]. 

COVID-19 management is divided into two directions: prevention 
and treatment. Regarding the preventive methods, several vaccines have 
been developed and are used worldwide in order to maximize the im-
mune response and to minimize the pathogenic effects of SARS-CoV-2 
infections. From a therapeutic point of view, several antiviral mole-
cules have been authorized in various countries: RDV, FVP, umifenovir, 
molnupiravir, nirmatrelvir-ritonavir combination. In addition, the pre-
sent approaches include the introduction of monoclonal antibodies into 
therapy (e.g., bamlanivimab, etesevimab, casirivimab, imdevimab, 
sotrovimab) [146,147]. 

Being a topic of major interest intensely researched, the future di-
rections regarding the management of COVID-19 are promising because 
numerous new therapeutic targets are being studied and potential 
therapeutic agents are in various stages of testing (e.g., SSAA09E2 and 
CP-1 peptide interfere with ACE2 recognition, tideglusib and PX-12 
inhibit 3 C-like protease, bananin and SSYA10–001 inhibit the heli-
case, camostat and nafamostat inhibit TMPRSS2, SID 26681509 and 
SSAA09E1 target cathepsin L, nintedanib inhibits adapter-associated 
kinase 1 and cyclin G-associated kinase, YM201636 and apilimod 
interfere with phosphatidylinositol 3-phosphate 5-kinase) [148]. 

In this review, a comparative evaluation of FVP and RDV was pre-
sented as therapeutic options for COVID-19 patients. There was a 
particular focus on the aspects that can have a significant impact on the 
therapeutic management of COVID-19 such as pharmacological prop-
erties, antiviral role, pharmacokinetics, drug-drug interactions, safety, 
and efficacy clinical trials involving the use of FVP or RDV. 

Despite the fact that RDV failed to show statistically significant im-
provements on mortality rate, it is still a promising therapeutic tool due 
to the reduction of the recovery time and the risk of complications. 
Moreover, the assessment of medical information from clinical trials 
showed no significant improvement in clinical recovery after the use of 
FVP but contributed to the relief of fever and cough [147]. 

One of the important deductions suggested by the medical studies 
conducted so far implies the possibility of choosing several therapeutic 
approaches, but with an accurate analysis of the benefit-risk balance and 
with continuous monitoring of COVID-19 patients. 

Several therapy guidelines currently recommend RDV for the treat-
ment of COVID-19 patients. There are fewer accurate clinical trials 
based on the use of FVP in COVID-19. However, FVP has proved to be 
useful in mild to moderate cases of COVID-19, and RDV in more severe 
forms. Both antiviral drugs may have a significant role in the manage-
ment of COVID-19 pandemic, due to their suitability for distinct groups 
of patients. 

There are still insufficient data to allow a completely accurate 
management of SARS-CoV-2 infection, highlighting the need for further 
investigations, larger RCTs, antiviral drug resistance tests and strategies 
to improve mortality in COVID-19. 
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Table 5 
Comparative analysis of various properties of FVP versus RDV.  

Characteristics FVP RDV 

Chemical 
structure 

Molecular 
formula 

C5H4FN3O2 C27H35N6O8P 

Molecular 
weight 

157.10 602.6 

XLogP3-AA -0.6 1.9 
IUPAC name 5-fluoro-2-oxo-1 H- 

pyrazine-3-carboxamide 
2-ethylbutyl (2S-2- 
[[[(2R,3S,4R,5R)-5-(4- 
aminopyrrolo[2,1-f][1,2,4]triazin- 
7-yl)-5-cyano-3,4-dihydroxyoxolan- 
2-yl]methoxy-phenoxyphosphoryl] 
amino]propanoate 

ATC Code J05AX27 J05AB16 
Drug regulatory 

approval 
(COVID-19) 

Approved in Russia, 
China, Hungary, Serbia, 
India, Thailand, Turkey, 
Poland, Korea, Saudi 
Arabia, Jordan, Egypt, 
Portugal 

FDA and EMA approved 

Trade names Avigan®, Avifavir®, 
Areplivir®, FabiFlu®, 
Favipira®, Reeqonus®, 
Qifenda® 

Veklury® 

Indication Treatment of mild to 
moderate COVID-19 
disease in adults under 
restricted emergency 
use 

Treatment of adult and pediatric 
patients aged 12 years for COVID- 
19 infection requiring 
hospitalization 

Mechanism of 
action 

Nucleoside analog 
competing with 
endogenous guanosine 
triphosphate for 
incorporation into RdRp 

Nucleoside analog competing with 
adenosine triphosphate for 
incorporation into RdRp 

Administration 
route 

Oral Intravenous 

Adverse drug 
events 

Increased liver enzymes 
QT prolongation, 
hyperuricemia 

Increased liver enzymes, renal 
injury blood creatinine increased 

Drug-drug 
interactions 

Raloxifene, Tamoxifen, 
Paclitaxel, Montelukast, 
Pioglitazone 

Chloroquine, Hydroxychloroquine 

Cost ($) 0.5-1per tablet 390 per 100 mg vial 

IUPAC, International Union of Pure and Applied Chemistry; XLogP3-AA, atom- 
additive method that calculates logP; ATC code, Anatomical, Therapeutical, 
Chemical classification system. 
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[64] X. Ni, M. Schröder, V. Olieric, M.E. Sharpe, V. Hernandez-Olmos, E. Proschak, 
D. Merk, S. Knapp, A. Chaikuad, Structural insights into plasticity and discovery 
of Remdesivir metabolite GS-441524 binding in SARS-CoV-2 macrodomain, ACS 
Med. Chem. Lett. 12 (2021) 603–609, https://doi.org/10.1021/ 
ACSMEDCHEMLETT.0C00684/SUPPL_FILE/ML0C00684_SI_001.PDF. 

[65] A. Saha, A.R. Sharma, M. Bhattacharya, G. Sharma, S.S. Lee, C. Chakraborty, 
Probable molecular mechanism of remdesivir for the treatment of COVID-19: 
need to know more, Arch. Med. Res. 51 (2020) 585–586, https://doi.org/ 
10.1016/J.ARCMED.2020.05.001. 

[66] K. Uzunova, E. Filipova, V. Pavlova, T. Vekov, Insights into antiviral mechanisms 
of remdesivir, lopinavir/ritonavir and chloroquine/hydroxychloroquine affecting 
the new SARS-CoV-2, Biomed. Pharmacother. 131 (2020), 110668, https://doi. 
org/10.1016/J.BIOPHA.2020.110668. 

[67] W. Yin, C. Mao, X. Luan, D.D. Shen, Q. Shen, H. Su, X. Wang, F. Zhou, W. Zhao, 
M. Gao, et al., Structural basis for inhibition of the RNA-dependent RNA 
polymerase from SARS-CoV-2 by remdesivir, Science 368 (2020) 1499–1504, 

P.A. Negru et al.                                                                                                                                                                                                                                

https://doi.org/10.1002/CBIC.202000595
https://pubmed.ncbi.nlm.nih.gov/?term=Favipiravir+and+Remdesivir+and+COVID-19
https://pubmed.ncbi.nlm.nih.gov/?term=Favipiravir+and+Remdesivir+and+COVID-19
https://clinicaltrials.gov/ct2/results?cond=CVOVID-19&amp;term=Favipiravir&amp;cntry=&amp;state=&amp;city=&amp;dist=
https://clinicaltrials.gov/ct2/results?cond=CVOVID-19&amp;term=Favipiravir&amp;cntry=&amp;state=&amp;city=&amp;dist=
https://clinicaltrials.gov/ct2/results?cond=CVOVID-19&amp;term=Favipiravir&amp;cntry=&amp;state=&amp;city=&amp;dist=
https://clinicaltrials.gov/ct2/results?cond=COVID-19&amp;term=Remdesivir&amp;cntry=&amp;state=&amp;city=&amp;dist=
https://clinicaltrials.gov/ct2/results?cond=COVID-19&amp;term=Remdesivir&amp;cntry=&amp;state=&amp;city=&amp;dist=
https://clinicaltrials.gov/ct2/results?cond=COVID-19&amp;term=Remdesivir&amp;cntry=&amp;state=&amp;city=&amp;dist=
https://clinicaltrials.gov/ct2/results?cond=COVID-19&amp;term=Favipiravir+and+Remdesivir&amp;cntry=&amp;state=&amp;city=&amp;dist=
https://clinicaltrials.gov/ct2/results?cond=COVID-19&amp;term=Favipiravir+and+Remdesivir&amp;cntry=&amp;state=&amp;city=&amp;dist=
https://doi.org/10.1016/J.SCITOTENV.2021.152072
https://doi.org/10.1016/J.CELL.2020.02.052
https://doi.org/10.1016/J.CELL.2020.02.052
https://doi.org/10.1007/S11010-020-03935-Z/TABLES/1
https://doi.org/10.1007/S11010-020-03935-Z/TABLES/1
https://doi.org/10.1016/J.MAYOCP.2020.04.027/ATTACHMENT/20E369A6-12B9-4F3A&ndash;8E70-FB5477ACB832/MMC2.MP4
https://doi.org/10.1016/J.MAYOCP.2020.04.027/ATTACHMENT/20E369A6-12B9-4F3A&ndash;8E70-FB5477ACB832/MMC2.MP4
https://doi.org/10.1001/JAMA.2020.6019
https://doi.org/10.4269/AJTMH.20-0283
https://doi.org/10.1056/NEJMOA2007016/SUPPL_FILE/NEJMOA2007016_DISCLOSURES.PDF
https://doi.org/10.1056/NEJMOA2007016/SUPPL_FILE/NEJMOA2007016_DISCLOSURES.PDF
https://doi.org/10.1056/NEJMOA2007016/SUPPL_FILE/NEJMOA2007016_DISCLOSURES.PDF
https://doi.org/10.7150/THNO.47987
https://doi.org/10.7150/THNO.47987
https://doi.org/10.3390/MOLECULES26040986
https://doi.org/10.3390/MOLECULES26040986
https://doi.org/10.1016/J.ANTIVIRAL.2018.03.003
https://doi.org/10.1016/J.YMETH.2021.04.026
https://doi.org/10.3390/CELLS9051267
https://doi.org/10.1038/s41579-020-00468-6
https://doi.org/10.3390/CELLS10040821
https://doi.org/10.1016/J.BMC.2020.115757
https://doi.org/10.1016/J.BMC.2020.115757
https://doi.org/10.13181/MJI.REV.204652
https://doi.org/10.1002/PHAR.2429
https://doi.org/10.1002/PHAR.2429
https://doi.org/10.1016/J.JIPH.2020.07.013
https://doi.org/10.2174/2589977513666210806122901
https://doi.org/10.2174/2589977513666210806122901
https://doi.org/10.1016/J.PHARMTHERA.2020.107512
https://doi.org/10.1016/J.PHARMTHERA.2020.107512
https://doi.org/10.1097/QCO.0000000000000532
https://doi.org/10.1097/QCO.0000000000000532
https://doi.org/10.1016/J.MJAFI.2020.08.004
https://doi.org/10.1016/J.MJAFI.2020.08.004
https://doi.org/10.1016/J.ANTIVIRAL.2014.02.014
https://doi.org/10.1016/J.ANTIVIRAL.2014.02.014
https://doi.org/10.1016/J.ANTIVIRAL.2014.01.012
https://doi.org/10.1016/J.ANTIVIRAL.2014.01.012
https://doi.org/10.1093/INFDIS/JIZ078
https://doi.org/10.1038/D41587-020-00003-1
https://doi.org/10.3390/BIOMEDICINES9091266
https://doi.org/10.3390/BIOMEDICINES9091266
https://doi.org/10.1016/J.EJPHAR.2021.173977
https://doi.org/10.1016/J.BIOPHA.2018.11.127
https://doi.org/10.1007/S11696-018-0654-9/SCHEMES/5
https://doi.org/10.1007/S11696-018-0654-9/SCHEMES/5
https://doi.org/10.1016/J.MOLSTRUC.2021.131756
https://doi.org/10.1016/J.MOLSTRUC.2021.131756
https://doi.org/10.36233/0372-9311-114
https://doi.org/10.36233/0372-9311-114
https://doi.org/10.1080/14789450.2020.1833721
https://doi.org/10.1080/14789450.2020.1833721
https://doi.org/10.1038/D41573-021-00202-8
https://doi.org/10.1038/D41573-021-00202-8
https://doi.org/10.1038/S41467-020-20542-0
https://doi.org/10.1038/S41467-020-20542-0
https://doi.org/10.1128/AAC.01155-21/SUPPL_FILE/AAC.01155-21-S0001.PDF
https://doi.org/10.1128/AAC.01155-21/SUPPL_FILE/AAC.01155-21-S0001.PDF
https://doi.org/10.1002/CPZ1.303
https://doi.org/10.1002/CPZ1.303
https://doi.org/10.1016/J.TETLET.2021.153590
https://doi.org/10.1016/J.TETLET.2021.153590
https://doi.org/10.1021/ACSMEDCHEMLETT.0C00684/SUPPL_FILE/ML0C00684_SI_001.PDF
https://doi.org/10.1021/ACSMEDCHEMLETT.0C00684/SUPPL_FILE/ML0C00684_SI_001.PDF
https://doi.org/10.1016/J.ARCMED.2020.05.001
https://doi.org/10.1016/J.ARCMED.2020.05.001
https://doi.org/10.1016/J.BIOPHA.2020.110668
https://doi.org/10.1016/J.BIOPHA.2020.110668


Biomedicine & Pharmacotherapy 147 (2022) 112700

17

https://doi.org/10.1126/SCIENCE.ABC1560/SUPPL_FILE/ABC1560_YIN_SM_ 
CORRECTED.PDF. 

[68] L.S. Jung, T.M. Gund, M. Narayan, Comparison of binding site of Remdesivir and 
its metabolites with NSP12-NSP7-NSP8, and NSP3 of SARS CoV-2 virus and 
alternative potential drugs for COVID-19 treatment, Protein J. 39 (2020) 
619–630, https://doi.org/10.1007/S10930-020-09942-9. 

[69] L. Zhao, W. Zhong, Mechanism of action of favipiravir against SARS-CoV-2: 
mutagenesis or chain termination? Innovations 2 (2021), 100165 https://doi. 
org/10.1016/J.XINN.2021.100165. 

[70] Y. Wang, P. Li, S. Rajpoot, U. Saqib, P. Yu, Y. Li, Y. Li, Z. Ma, M.S. Baig, Q. Pan, 
Comparative assessment of favipiravir and remdesivir against human coronavirus 
NL63 in molecular docking and cell culture models, Sci. Rep. 11 (2021) 1–13, 
https://doi.org/10.1038/s41598-021-02972-y. 

[71] M. Chappell, S. Payne, Pharmacokinet. Biosyst. Biorobot. 24 (2021) 61–72, 
https://doi.org/10.1007/978-3-030-39705-0_5. 

[72] E.S. Starkey, H.M. Sammons, Practical pharmacokinetics: what do you really need 
to know? Arch. Dis. Child. Educ. Pract. 100 (2015) 37–43, https://doi.org/ 
10.1136/ARCHDISCHILD-2013-304555. 

[73] S. Deb, A.A. Reeves, R. Hopefl, R. Bejusca, ADME and pharmacokinetic properties 
of Remdesivir: its drug interaction potential, Pharmaceuticals 14 (2021) 655, 
https://doi.org/10.3390/PH14070655. 

[74] R. Humeniuk, A. Mathias, B.J. Kirby, J.D. Lutz, H. Cao, A. Osinusi, D. Babusis, 
D. Porter, X. Wei, J. Ling, et al., Pharmacokinetic, pharmacodynamic, and drug- 
interaction profile of Remdesivir, a SARS-CoV-2 replication inhibitor, Clin. 
Pharmacokinet. 60 (2021) 569–583, https://doi.org/10.1007/S40262-021- 
00984-5. 

[75] V. Madelain, T.H.T. Nguyen, A. Olivo, X. de Lamballerie, J. Guedj, A.M. Taburet, 
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