Toxicology Letters 371 (2022) 9-16

Contents lists available at ScienceDirect

Toxicology Letters

journal homepage: www.journals.elsevier.com/toxicology-letters

ELSEVIER

Check for
updates

Favipiravir induces oxidative stress and genotoxicity in cardiac and
skin cells

a,”,

Aysenur Gunaydin-Akyildiz® ', Nergis Aksoy °, Tugce Boran ", Emine Nihan Ilhan?,

Gul Ozhan”

@ Bezmialem Vakif University, Faculty of Pharmacy, Department of Pharmaceutical Toxicology, 34093 Istanbul, Turkey
b Istanbul University, Faculty of Pharmacy, Department of Pharmaceutical Toxicology, 34116 Istanbul, Turkey

ARTICLE INFO ABSTRACT

Editor: Angela Mally Favipiravir (T-705), used against influenza viruses, is approved for emergency use in many countries for the

treatment of COVID-19. The frequent adverse effects of favipiravir are related with the gastrointestinal system,

Keywords: however, studies suggest a positive association of favipiravir on QTc prolongation, which can cause cardiotox-
FaY‘P‘faV“ icity. Also, there are reports of skin reactions such as angioedema due to favipiravir. Despite the several adverse
Oxidative stress effects, studies examining the drug’s effects at the molecular level are insufficient, e.g., the genotoxic and
DNA damage A . . - . . X .

Genotoxicity oxidative stress-inducing effects of favipiravir, which are among the primary mechanisms of drug-induced
Cardiotoxicity toxicity. The cytotoxicity of favipiravir was analyzed with the measurement of the ATP content in H9¢2 car-

diomyoblasts and CCD-1079Sk skin fibroblasts. The ATP level decreased starting from 200 uM. The inhibitory
effect on the mitochondrial electron transport chain enzymes complex I and complex V was also evaluated where
favipiravir showed significant enzyme inhibitory effects in the highest concentration studied. A molecular
docking study evaluating the interaction between favipiravir-RTP and mitochondrial DNA polymerase (POLG1)
was done. The relationship of favipiravir with oxidative stress was examined by measuring glutathione (GSH)
and protein carbonyl levels which were observed higher after drug treatment compared to the control group. The
genotoxicity study was done using the Comet assay and increase in DNA tail has been detected. Furthermore, 8-
OHAG levels were measured higher in favipiravir treated cells indicating oxidative DNA damage. Favipiravir
induced oxidative stress leading to DNA damage in cardiomyoblast cells and fibroblastic skin cells. Oxidative
stress and DNA damage might eventually lead to organ-specific damage such as cardiotoxicity and dermal
toxicity. Considering the increased use of favipiravir in recent years, and that oxidative stress and genotoxicity
are two important indicators of drug-induced toxicity, the obtained results are worth attention.

Dermal toxicity
Mitochondrial toxicity

1. Introduction As a chain terminator, favipiravir inhibits viral RARp by terminating

elongation at the junctional site (Sangawa et al., 2013).

Favipiravir (T-705) is an antiviral drug approved in 2014 by the
Pharmaceuticals and Medical Devices Agency (PMDA) in Japan against
influenza viruses. In addition to showing antiviral activity against
resistant influenza viruses, favipiravir inhibits the replication of RNA
viruses which makes it an effective treatment alternative for COVID-19
(Delang et al., 2014; Rocha-Pereira et al., 2012). As a prodrug that is
converted intracellularly to the ribofuranosyl 5'-triphosphate metabolite
(Favipiravir-RTP), it functions as a purine analogue having higher af-
finity to viral RNA-dependent RNA polymerase (RNA-dependent RNA
polymerase-RdRp) than guanosine triphosphate (GTP) (Jin et al., 2013).
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Favipiravir is one of the repurposed drugs for the treatment of
COVID-19. While there are several clinical studies investigating the
drug’s effects (clinicaltrials.gov), many countries such as Japan, Russia,
Turkey and India have included favipiravir in their treatment protocol.
The studies in healthy volunteers have shown that favipiravir has a Cpax
of 51.5 pg/ml (328 uM), Tpax of 2 h and a half-life of 2-5.5 h (Madelain
etal., 2016). The favipiravir dosing regimen is different in different viral
infections. To achieve drug efficacy, the administered doses are indeed
quite high. The approved dosing regimen for influenza virus is 2 x 1600
mg loading dose on the first day followed by 2 x 600 mg. The dosing
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regimen for COVID-19 is a loading dose on day 1 as 2 x 1800 mg, fol-
lowed by 2 x 800 mg for 14 days (Joshi et al., 2021).

In previous clinical studies, it was concluded that the common
adverse events of favipiravir are related with the gastrointestinal system
and increase in the levels of uric acid and hepatic enzymes (Joshi et al.,
2021). Although serious adverse events are not very likely, some phar-
macodynamic studies suggest a positive association of favipiravir on
QTc prolongation, which can lead to cardiotoxicity (Agrawal et al.,
2020). Additionally, there are reports of sinus bradycardia and adverse
skin reactions such as angioedema due to favipiravir (Islamoglu et al.,
2022; Punyaratabandhu and Vanitchpongphan, 2022; Szigeti, 2022).
The molecular effects of favipiravir, which may potentially lead to
organ-specific damage such as cardiotoxicity and dermal toxicity, are
not fully evaluated.

Oxidative stress and genotoxicity are two important aspects of drug-
induced toxicity evaluation studies. Oxidative stress is the deterioration
of the balance between the free radicals formed in the organism and the
antioxidant defense mechanism, towards the increase of free radicals
(Lobo et al., 2010). In cases where this balanced function is disturbed, a
series of pathological events may occur due to oxidative stress (Uttara
et al., 2009). Genotoxicity is the term that covers damages such as DNA
attachments, DNA breaks, gene mutations, chromosomal abnormalities,
and aneuploidy that occur in the nucleus, chromosome, and DNA
structure. Genotoxic substances interact with DNA or enzymes that
make copies of the genome and cause mutations (Choy, 2001; Mortel-
mans and Zeiger, 2000; Zeiger, 2004). Drug-induced genotoxicity has an
essential role in a series of pathological events. The studies about the
potential genotoxic effects of favipiravir along with its relationship with
oxidative stress are lacking.

In this study, the molecular effects of favipiravir were evaluated
using the H9c2 cardiomyoblasts and CCD-1079Sk skin fibroblasts in
aspects of oxidative stress and genotoxicity. Oxidative stress and DNA
damage may eventually lead to organ-specific damage such as car-
diotoxicity and dermal toxicity. Understanding favipiravir’s adverse
effects at the molecular level will provide insight to minimizing them for
protecting patients from drug-induced adverse effects. Considering the
wide use of favipiravir in the past three years, and the lack of studies
examining the drug’s effects at the molecular level, such detailed mo-
lecular studies are of quite importance.

2. Materials and methods
2.1. Cell culture

Rat cardiomyoblasts H9¢2 (CRL-1446™) and human skin fibroblasts
CCD-1079Sk (CRL-2097™) were purchased from American Type Cul-
ture Collection (ATCC, VA, USA), and cultured in DMEM-F12 medium
supplemented with 10% fetal bovine serum and 1 % pen-
icillin-streptomycin (Gibco, USA). Sub-culturing was done every 2-3
days.

2.2. Favipiravir treatment

Favipiravir was purchased from Selleckchem (USA) and dissolved in
DMSO. The studied concentrations were chosen according to the ATP
assay, the cytotoxicity assay, which was done in the range of 100-500
uM. Under the cell culture conditions, it was possible to study 500 uM as
the maximum studied concentration, at which the cell viability inhibi-
tion was < %20. The ATP level decreased starting from 200 uM.
Therefore, 200 uM and 400 pM were selected for the genotoxicity and
oxidative stress analysis. For the in vitro enzyme inhibition assays
(complex I and complex V) the favipiravir concentration range was
25-800 uM. All studied concentration ranges cover the clinical Cmax
level of favipiravir (328 uM). The control group was the solvent con-
taining the same percentage of DMSO (0.1 %) with the treatment groups.
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2.3. ATP bioluminescence assay

ATP content of the cells was determined with recording the biolu-
minescence using CellTiter-Glo® 2.0 (Promega, USA). The luminescent
signal is proportional to the ATP content of the cells which is an indi-
cator of cell viability (Hannah et al., 2001). Opaque white 96-well plates
were used. H9¢2 and CCD-1079Sk cells were seeded 10%/well and
favipiravir treatment was conducted after a 24 h incubation. Following
24 h favipiravir treatment, the cells were shaken for 2 min with Cell-
Titer-Glo® 2.0 Reagent equal to the volume of cell culture medium
present in each well. Then the plate was incubated for 10 min in room
temperature to stabilize the luminescence signal. Finally, the lumines-
cence was recorded using a BioTek Synergy H1 (Epoch, Germany)
microplate reader. The results are given as a percentage relative to the
solvent control group.

2.4. Mitochondrial electron transport chain enzyme activity assay

The effects of favipiravir on complex I and complex V were evaluated
using the MitoTox™ Complex I OXPHOS Activity Assay Kit (ab109903-
Abcam, UK) and MitoTox™ Complex V OXPHOS Activity Assay Kit
(ab109907-Abcam, UK) following the manufacturer’s instructions. The
oxidative phosphorylation enzymes actively play role in mitochondrial
ATP production.

2.5. Protein carbonyl assay

For determining the levels of protein carbonyl as an indicator of
oxidative stress, protein carbonyl enzyme-linked immunosorbent
(ELISA) assay kit (Bioassay Technology Laboratory, China) has been
used. According to the kit description, briefly, the cells were seeded in T-
25 flasks. After 24 h, favipiravir treatment was conducted, and the cells
were incubated for another 24 h and collected by trypsinization into
centrifuge tubes. The supernatant formed after centrifugation was dis-
carded and the precipitate was dispersed in PBS. The newly formed
mixture was centrifuged, and the supernatant formed after centrifuga-
tion was discarded and the precipitate was again dispersed in PBS. The
cell PBS mixtures were freeze-thawed three times. Then, it was centri-
fuged again, and the supernatant obtained as a result of centrifugation
was used during the experiment according to the kit description. The
protein carbonyl level of cells was measured at 450 nm using a BioTek
Synergy H1 microplate reader. The protein concentrations were
measured using the BCA Protein Assay kit (Intron Biotechnology, Korea)
and the results are given as ng/mg protein.

2.6. Glutathione (GSH) detection

GSH detection was done using the method described by Beutler
(1975) which is based on 5,5'-Dithiobis-2-nitrobenzoic acid (DTNB)
reaction with free sulfhydryl groups giving yellow colored 2-nitro-5
mercaptobenzoic acid. The reaction mixture contained 200 pL of
10.000 g supernatant or standard, 800 pL seconder sodium phosphate
buffer and 100 pL. DTNB (Sigma-Aldrich, St.Louis, MO, USA). After
vortex and 5 min incubation at room temperature, the absorbance was
measured by spectrophotometry at 412 nm using a BioTek Synergy H1
microplate reader. The protein concentrations were measured using the
BCA Protein Assay kit (Intron Biotechnology, Korea) and the results are
given as ng/mg protein.

2.7. Comet assay

Genotoxicity (DNA damage) evaluation was done using the alkaline
Comet assay method. The cells were seeded in T-25 flasks and were
incubated for 24 h for adherence to the plate. Favipiravir treatment was
conducted, and the cells were collected after 24 h treatment. The su-
pernatant formed after centrifugation was discarded and the precipitate
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Fig. 1. Effects of favipiravir on the ATP content of H9c2 and CCD-1079Sk cells after 24 h treatment. The cells were treated with 100-500 uM concentrations. Data
are expressed as mean + SD, * p < 0.05 ** p < 0.01 and *** p < 0.001 versus the control group.

was dispersed in PBS. Slides previously coated with agarose were used to
spread the cells. 100 pL of the sample was mixed with 100 pL of 0.65%
low melting agarose, spread on a slide and covered with a coverslip.
After the slides were kept in + 4 °C, the coverslips were removed and
immersed in the lysis solution (10 mM Tris, 2.5 M NaCl, 100 mM EDTA,
distilled water) and kept in this state for 1 h at + 4 °C. The slides were
placed in the electrophoresis tank. The electrophoresis tank was filled
with alkaline electrophoresis solution (3 % NaOH, 0.5 %EDTA) and set
to 25 V 300 mA for 20 min and electrophoresis was started. After the
electrophoresis was finished, the slides were kept in neutralizer buffer
(0.4 M Tris) for 20 min. After the slides were removed from the
neutralizer buffer, the slides were stained with ethidium bromide solu-
tion (100 pg/ml) and were examined under a microscope. The DNA
damage was assessed from the percentage of DNA in the tail (TI %). One
hundred cells were assessed per slide using a Comet assay IV image
analysis system (Perceptive Instruments, UK). 50 uM H,O4 was used as a
positive control.

2.8. 8-Hydroxy-2'-deoxyguanosine (8-OHdG) detection

As an indicator of oxidative stress-induced DNA damage, the quan-
titative level of 8-OHdG was detected using an ELISA kit (AFG Scientific,
USA) according to the manufacturer’s manuel. Briefly, the cells were
seeded in T-25 flasks and were incubated for 24 h for adherence to the
plate. Favipiravir treatment was conducted, and the cells were collected
after 24 h treatment. The supernatant formed after centrifugation was
discarded and the precipitate was dispersed in PBS. After repeated
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Fig. 2. Dose-dependent effect of favipiravir on mitochondrial complex I and complex V enzyme activities. Data are expressed as mean + SD, ***

control group.
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freeze-thaw cycles, a 20-minute centrifugation at 3000 rpm was done
and the supernatant was collected to be used during the experiment
according to the kit description. The 8-OHAG level of the cells was
measured at 450 nm using a BioTek Synergy H1 microplate reader. The
protein concentrations were measured using the BCA Protein Assay kit
(Intron Biotechnology, Korea) and the results are given as ng/mg
protein.

2.9. Molecular docking study

The crystal structure of POLG1 complexed with its inhibitor
zalcitabine-triphosphate at 3.44 A’ resolution (PDB ID: 4ZTZ) was
retrieved from the RCSB Protein Data Bank. The docking study was
carried out using the Schrodinger Software Suite (Maestro Schrodinger
Release 2022, NY, 2022). The crystal structures of the enzymes were
prepared using the Protein Preparation Wizard Module of Schrodinger
Software Suite (Sastry, 2013). The retrieved crystal structure was opti-
mized by removing water molecules, heteroatoms, and co-factors. The
hydrogens, missing atoms, bonds, and charges were computed and
corrected through Maestro. The studied compounds and the
co-crystallized ligand zalcitabine were also prepared and optimized
(generating various tautomers and ring conformations, assigning bond
orders, and stereochemistries) using the LigPrep module. All the con-
formations generated were minimized using the OPLS4 forcefield. The
receptor grid was generated around the co-crystalized ligand of the
enzyme to specify the binding site, where the grid box size was deter-
mined with the receptor Grid Generation implemented in Glide.
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Fig. 3. Effect of favipiravir on protein carbonyl level of the H9c2 and CCD-1079Sk cells following 24 h treatment. The cells were treated with 200 pM and 400 pM
favipiravir for 24 h. Data are expressed as mean + SD, *** p < 0.001 versus the control group.
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Fig. 4. Effect of favipiravir on the GSH level of the H9¢2 and CCD-1079Sk cells following 24 h treatment. The cells were treated with 200 pM and 400 pM favipiravir
for 24 h. Data are expressed as mean =+ SD, *p < 0.05, ** p < 0.01 versus the control group.

Zalcitabine, the native ligand, is similar to favipiravir in terms of ac-
tivity, thus, grid-box was created with a focus on zalcitabine
co-crystallized ligand as a pharmacophoric site. The Glide docking was
performed in the Standard Precision (SP) mode for 4ZTZ (Friesner et al.,
2004; Friesner et al., 2006; Halgren et al., 2004).

2.10. Statistical analysis

Statistical analysis was performed using Graphpad Prism 6. Statisti-
cal differences were evaluated with one-way ANOVA followed by the
Tukey test. The results were represented as mean + standard deviation
(SD).

3. Results
3.1. Intracellular ATP content

Significant 20 % decrease in ATP content was observed at 200, 400
and 500 uM concentrations after 24 h of favipiravir treatment in the
H9c2 cell line (Fig. 1). A similar inhibition was seen in the CCD-1079Sk
cell line after treatment with all the concentrations studied. The ATP
content of the cells indicates cell viability.
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3.2. Mitochondrial electron transport chain enzyme activity assay

The enzyme inhibitory effect of favipiravir was analyzed to for
evaluating the mitochondrial ATP synthesizing enzyme activities. The
activity of complex I was observed to decrease starting from 100 uM,
and significantly inhibited at the highest concentration (800 pM).
Similarly, complex V activity was significantly inhibited at 800 uM
(Fig. 2).

3.3. Protein carbonyl level

According to the cell viability results (=20 % ATP) 200 uM and
400 uM concentrations of favipiravir was chosen for treating the cells for
evaluating the protein carbonyl levels. The protein carbonyl level after
exposure to favipiravir significantly increased in the 400 uM concen-
tration treatment group in both cell lines (Fig. 3). Oxidative stress is
proportional to the formation of protein carbonyl.

3.4. GSH level

The GSH levels of the cells after 200 and 400 pM concentrations of
favipiravir for 24 h are given in Fig. 4. The inhibition of the GSH levels is
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Fig. 5. Alkaline Comet assay results of H9¢2 and CCD-1079Sk cells treated with 200 uM and 400 pM concentrations of favipiravir for 24 h. a) Image of H9c2 DNA
after 400 uM favipiravir treatment. b) Image of H9c2 DNA control group. ¢) Image of CCD-1079Sk DNA after 400 uM favipiravir treatment. d) Image of CCD-1079Sk

DNA control group. Data are expressed as mean + SEM, * p < 0.05 and * ** p < 0.001 versus the control group.

a sign of the decrease of the antioxidant capacity of the cells making
them more vulnerable to oxidative stress.

3.5. Comet assay

The genotoxicity results measured by the Comet assay after 200 and
400 puM concentrations of favipiravir for 24 h are given in Fig. 5. Gen-
otoxicity is proportional to the length of the DNA in the tail.

3.6. 8-OHdG level

The genotoxicity results by the 8-OHdG measurement after 200 and
400 uM concentrations of favipiravir for 24 h are given in Fig. 6. The
quantitative amount of 8-OHdG is an indicator of DNA damage.

3.7. Molecular docking of favipiravir-RTP with mitochondrial DNA
polymerase subunit gamma-1 (POLG1)

Favipiravir-RTP and its interactions with the binding site of 4ZTZ are
given in Fig. 7. and Table 1. The docking score was determined as
— 8.483 kcal/mol. In the active site of the receptor, favipiravir-RTP is
surrounded with ARG943, GLU1136, LYS925, LYS947, TYR951 amino
acid residues, along with MG4001, MG4002. There are hydrogen bonds
between the amin group and GLU1136, oxygen of a phosphate group
and LYS 947 and ARG943, oxygen of a phosphate group and TYR951.
The pyrazine ring forms a pi cation interaction with LYS947 which has
multiple salt bridges with the phosphate groups. Furthermore, the
phosphate groups have multiple salt bridges and metal coordination
with MG4001 and MG4002. The validation was done for the docking
model and the Root mean square (RMS) value was found 0.733 by
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Fig. 6. Effect of favipiravir on 8-OHdG of the H9¢2 and CCD-1079Sk cells following 24 h treatment. The cells were treated with 200 pM and 400 pM favipiravir for
24 h. Data are expressed as mean + SD, *p < 0.05, ** p < 0.01 versus the control group.
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Fig. 7. Zalcitabine-TP (a) and Favipiravir-RTP (b) and their 2D interactions with the active site of the crystal structure of POLG1 (PDB ID: 4ZTZ). NL: Native ligand.

superpositioning the docked pose and experimental binding conforma-
tion of Zalcitabine-TP in the binding pocket of 4ZTZ.

4. Discussion

Favipiravir, which was approved for emergency use in many coun-
tries during the COVID-19, and millions of people have been prescribed
since the beginning of the pandemic. Clinical trials are ongoing in Japan,
China, the USA, India, Saudi Arabia, etc. (clinicaltrials.gov). There is a
lack of knowledge about the side effects of favipiravir, especially at the
molecular level. The aim of our study was to examine whether favipir-
avir induced cytotoxicity, genotoxicity, and/or oxidative damage using
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the cardiomyoblastic cell line H9c2 and the skin fibroblastic cell line
CCD-1079Sk. Toxicity at the cellular level can lead to organ-specific
damage such as cardiotoxicity and dermal toxicity.

The effect of favipiravir on QTc prolongation is unclear, with some
pharmacodynamic studies suggesting a positive association (Agrawal
et al., 2020). Computational studies about the effects of favipiravir on
the human ether-a-go-go gene (hERG) block have shown that a mild
suppression of the hERG current was observed at the concentration of
1 mM (Michaud et al., 2021). They also stated in the study that; “As no
reports of drug-induced long QT syndrome have been published yet, close
monitoring of QTc remains advisable.”. Favipiravir-induced chest pain has
been reported (Ivashchenko et al., 2020), and a recent report presents
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Table 1
The docking scores and interactions with the active site of POLG1 crystal
structure (PDB ID:4ZTZ).

Ligand Docking H-bond Pi- Salt Metal
Score cation bridge Coordination
(keal/
mol)

Zalcitabine- -9.832 ARG853 - ARG943 MG4001
TP TYR951 LYS925 MG4002
(Native LYS947 LYS947
Ligand) MG4001

MG4002
Favipiravir- -8.483 GLU1136 LYS947  ARG943 MG4001
RTP ARG943 LYS925 MG4002
LYS947 LYS947
TYR951 MG4001
MG4002

sinus bradycardia as a potential side effect of favipiravir (Szigeti, 2022).
However, favipiravir had negligible effects when assessed for proar-
rhythmic risk and contraction impairment in human-induced pluripo-
tent stem cell-derived cardiomyocytes (Yanagida et al., 2021). Five cases
of cutaneous skin reactions were reported after favipiravir treatment in
COVID-19 patients (Punyaratabandhu & Vanitchpongphan, 2022).
Recently, two cases of angioedema were reported due to favipiravir
(Islamoglu et al., 2022). The reports published since favipiravir was used
widely in the past 3 years, about the drug’s adverse effects were mainly
on cardiotoxicity and dermal toxicity. Therefore, the cardiomyoblastic
cell line H9¢2 and skin fibroblasts CCD-1079Sk were seen reasonable to
investigate favipiravir’s adverse effects in this study.

According to the results of our present study, favipiravir does not
show high cytotoxicity to neither cell lines, which was also confirmed
with different studies in the literature with different mammalian cell
lines (Furuta et al., 2002). Despite its low cytotoxicity, the ATP level was
seen to be inhibited starting from 200 uM. ATP depletion may be a sign
of cellular stress. Oxidative phosphorylation in the mitochondria pro-
vides ATP synthesis therefore evaluating the electron transport chain
enzymes activities may help to explain the inhibition of the ATP levels
observed after favipiravir treatment. Complex V (ATP-synthase, the
primary enzyme responsible for synthesizing ATP) was observed to be
inhibited in the highest favipiravir concentration, while complex I was
seen to be inhibited starting from 100 pM.

The molecular docking study of the interaction between favipiravir-
RTP and DNA polymerase gamma (POLG1), an enzyme responsible for
mitochondrial DNA replication, which is susceptible to inhibition by
dideoxynucleoside-based inhibitors such as zalcitabine (Szymanski
et al.,, 2015). In the conducted molecular docking study to evaluate
favipiravir-RTP’s interaction with POLG1, it was seen that favipiravir
has notable interactions giving a high docking score which is close to the
docking score of the positive control zalcitabine-TP. These results may
be useful to evaluate further drug-induced mitochondrial toxicity and
examining heart mitochondria after favipiravir treatment in vivo could
be a reasonable approach for it. The mitochondrial cardiotoxicity of
nucleoside analogue reverse transcriptase inhibitors has been studied in
detail and such studies reveal that these antiviral drugs cause oxidative
stress and mitochondrial DNA damage potentially leading to car-
diotoxicity (Lewis et al., 2003). The mechanism of action of favipiravir is
similar to these drugs and oxidative stress is an important parameter to
evaluate.

The antioxidant GSH levels of the cells were observed to decrease
after favipiravir treatment. GSH is an antioxidant and oxidative stress
occurs with the deterioration of the balance between the free radicals
formed in the organism and the antioxidant defense mechanism, to-
wards the increase of free radicals (Lobo et al., 2010). In cases where this
balanced function is disturbed, a series of pathological events may occur
due to oxidative stress (Uttara et al., 2009). The protein carbonylation
levels which are bioindicators of oxidative stress (Suzuki et al., 2010)
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Fig. 8. Chemical structures of favipiravir (left) and pyrazinamide (right).

were observed significantly higher in favipiravir treated cells. Zalcita-
bine was previously shown to increase protein carbonyl levels and lipid
peroxidation indicating oxidative stress (Opii et al., 2007). Taking these
results into account, favipiravir seems to induce oxidative stress in the
cells.

This may also be an underlying factor of the drug’s unknown po-
tential genotoxic profile since an important consequence of oxidative
stress is DNA damage (Gonzalez-Hunt et al., 2018). In nuclear and
mitochondrial DNA, 8-hydroxy-2' -deoxyguanosine (8-OHdG) is one of
the predominant forms of free radical-induced oxidative lesions which is
used as a biomarker for oxidative stress-induced DNA damage (Vala-
vanidis et al., 2009). A concentration-dependent increase was observed
in the quantitative analysis of 8-OHdG after favipiravir treatment in our
study indicating possible oxidative DNA damage. A comprehensive
meta-analysis to explore the relationship between 8-OHdG levels and
heart failure revealed that patients with heart failure had higher levels of
8-OHdG compared to the controls (Di Minno et al., 2017).

Although studies on the genotoxic effects of favipiravir is lacking, it
has been reported that the drug pyrazinamide, which is structurally
similar to favipiravir and used in the treatment of tuberculosis, causes
chromosomal abnormalities and DNA damage, and that it may be toxic
at the genetic level (Sharma & Sharma, 2017). In a genotoxicity evalu-
ation study, DNA damage was detected in the liver, kidney and blood
samples taken from rats given pyrazinamide for 90 days orally by the
Comet assay (Arslan et al., 2015). The molecular structure of favipiravir
similar to pyrazinamide brings to mind that favipiravir may also cause
DNA damage (Fig. 8). Similar to these results, our study results indicated
DNA damage in the 400 pM concentration groups in both cell lines.

5. Conclusions

The aim of this study was to examine whether favipiravir induced
cytotoxicity, genotoxicity, and/or oxidative damage in the H9c2 and
CCD-1079Sk cell lines. The protein carbonyl and Comet assay results
showed that oxidative stress and genotoxicity were evident in both cell
lines. Favipiravir has an estimated Cpax of 328 uM which is close to the
concentrations in the present study. For this reason, it is important to
carry out further studies to evaluate favipiravir in terms of genotoxicity
and oxidative damage which are the two interrelated underlying
mechanisms of drug-induced toxicity. Considering the wide use of
favipiravir against RNA virus infections especially in the past three
years, and the lack of studies examining the drug’s effects at the mo-
lecular level, such detailed molecular studies are important to be pro-
moted for further evaluations.
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