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Abstract

Favipiravir (T-705) is a small molecule obtained through chemical modification of a pyrazine analogue originally developed in

Japan against influenza virus. It is a potent inhibitor of influenza viral RNA polymerase and is effective against all subtypes and strains

of influenza viruses. However, there is a risk of teratogenicity and embryotoxicity of favipiravir and therefore its use is approved un-

der limited conditions. Therefore, the aim of this study was to determine the effects of favipiravir on kidney and liver during embry-
onic development based on genetic analyses. The mRNA levels of TLR4, NFKB1, TRPM2, IL-6, IL-1 and TNFa genes expressed in rat

fetal kidney and liver tissues exposed to favipiravir at different doses were determined by Real-Time PCR method using Rotor-Gene Q.

There were obvious changes in inflammatory processes and tissue damage in the liver and kidney tissues of the foetuses of pregnant

rats treated with favipiravir compared to the control. We suggest that favipiravir may adversely affect the processes in the embryonic

period, since there are significant changes in the expression levels of the related genes compared to the control, and different expres-

sion levels are observed in the kidney and liver tissues due to the nature of the tissue.
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Introduction

The rapid global spread of COVID-19 and the surge in patient
numbers created an urgent need for effective antiviral drugs. How-
ever, as the disease was novel, no clinically approved antiviral ther-
apies or vaccines were initially available. Consequently, various
treatments, including ribavirin, remdesivir, hydroxychloroquine,
ivermectin, favipiravir, monoclonal antibodies, antisense RNA, cor-
ticosteroids, and convalescent plasma have been tried in the treat-
ment of COVID-19 [1-6]. Also Hanna,, et al. [7] suggested that that
favipiravir is a more effective treatment for COVID-19 infection in
patients who have early stage disease, compared to current stan-

dard of care.

Favipiravir (T-705), a chemically modified pyrazine analog, was
originally developed and approved for influenza treatment in Japan
[8,9]. It acts as a selective and potent inhibitor of influenza viral
RNA polymerase and is effective against all subtypes and strains
of influenza, including those resistant to neuraminidase and M2
inhibitors. Favipiravir has also demonstrated antiviral activity
against other RNA viruses, making it a promising drug for treating

various RNA virus infections [10].

There is a known risk of teratogenicity and embryotoxicity as-

sociated with favipiravir, which led the Japanese Ministry of Health,
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Labor, and Welfare to grant its conditional approval under strict
regulations [8]. Favipiravir is currently used for COVID-19 treat-
ment in Turkey and is recommended for severe pediatric cases,
although there is limited evidence-based data on its use during
pregnancy [11]. Available data mainly stem from unplanned preg-
nancies, highlighting concerns about its embryotoxic and terato-
genic potential [7, 8, 12-14]. Due to these contradictions, more
research is needed to understand the potential side effects and

contraindications of favipiravir in pregnancy [4].

Transient receptor potential melastatin 2 (TRPM2) is a calcium
(Ca2+) permeable, non-selective cation channel belonging to the
TRP ion channel family. Oxidative stress-induced TRPM2 activa-
tion causes abnormal intracellular Ca2+ accumulation and cell
death in various cell types [6]. Toll-like receptors (TLRs) belong
to the pattern recognition receptor (PRR) family, an important
component of the innate immune system. TLRs detect invading
pathogens and initiate an immediate immune response against
them, followed by a prolonged adaptive immune response. Activa-
tion of TLRs leads to the synthesis of pro-inflammatory cytokines
and chemokines and the expression of co-stimulatory molecules
[17]. Nuclear factor-kB (NF-xB), first identified in 1986, acts as
an essential transcription factor associated with cell survival, cell
growth, cell replication and cell apoptosis [18-20]. The importance
of Nfkb1 function can be observed in mouse models where Nfkb1(-
/-) mice show increased inflammation and susceptibility to cer-
tain types of DNA damage, leading to cancer and exhibiting a rapid
ageing phenotype [21,22]. Cytokines play an important role in the
development and differentiation of T cells, B cells and haematopoi-
etic cells and in the stimulation or suppression of inflammation.
While some cytokines have regional effects, systemic effects of

some cytokines are more prominent. TNF is a pleiotropic cytokine
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with important functions in homeostasis and disease pathogen-
esis. The TNF receptor signalling model has been extended to in-
clude linear ubiquitination and the formation of different signalling
complexes linked to different functional outcomes such as inflam-
mation, apoptosis and necroptosis. The identification of different
homeostatic or pathogenic TNF-induced signalling pathways has
led to the concept of selectively inhibiting the deleterious effects
of TNF while preserving its homeostatic bioactivities for thera-
peutic purposes [23]. The IL-1 family of cytokines includes seven
molecules with agonist functions, including IL-1B and IL-1A4, three
receptor antagonists and one anti-inflammatory cytokine. IL-1 cy-
tokines bind to IL-1R receptors. There are eleven IL-1R receptors.
IL-1B and IL-1A are encoded by different genes and bind to both IL-
1R1 and IL-1R2, which are present in almost every cell. IL-1B plays
its main role as the ‘gatekeeper’ of inflammation. IL-1B is mainly
produced by blood monocytes, tissue macrophages, skin dendritic

cells and brain microglia [24].

This study aimed to reveal the effects of favipiravir on the ex-
pressions of TLR4-4, NFKB1, TRPM2, IL-6, IL-1f8 and TNFa genes in

kidney and liver during embryonic development.

Material and Methods
Ethics committee approval and study groups

Within the scope of the study, kidney and liver tissues of the
fetuses obtained from the study titled “Investigation of develop-
mental toxicity of favipiravir on fetal bone and embryonic deve-
lopment” [25]. Our study ethically approved in the Afyon Kocatepe
University Experimental Animals Application and Research Centre
as numbered 2022/155. Related tissues were obtained from the
following groups (Table 1). At the end of the experimental protocol,
the kidney and liver tissues of the sacrificed pups belonging to the

groups were stored in -80°C.

Table 1: Chemical/biological substances and pharmacological agents used in the experiment

Agent Dose a dm‘ic,n?zt:afltion Volume | Frequency of administration Exg(:::re
Group A: Favipiravir 50 mg/kg x 5 days Oral gavaj 1ml 2 times 10-14. days
Group B: Favipiravir 50 mg/ k](ggxxl4d;§,y: 20 mg/ Oral gavaj 1ml 2 times 10-14. days
Group C: Favipiravir 20 mg/kg x 5 glin Oral gavaj 1ml 2 times 10-14. days
Control Serum phsiologic x 5 days Oral gavaj 1ml 2 times 10-14. days
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RNA extractions and Real time PCR analysis

Total RNA was isolated from liver and kidney tissues using
PureZOL RNA isolation kit (Biorad, USA, Cat. No: 732-6890). The
obtained RNAs were measured by NanoDrop ND-1000 Spectro-
photometer and the microgram values in microlitre were deter-
mined. cDNA was obtained from total RNA using iScript Reverse
Trancription Supermix cDNA synthesis kit (Biorad, USA, Cat. No:
1708841). The mRNA levels of TLR4, NFKB1, TRPM2, IL-6, IL-1f3
and TNFa genes expressed in fetal liver and kidney tissues of A,
B, C and control groups were determined by Real-Time PCR us-
ing Rotor-Gene-Q (Qiagen, Hilden, Germany). Amplifications were
performed in 20 pL total reaction volume using cDNA, site-specific
primers (Oligomer, Ankara) (Table 2), Sso Advanced Universal
SYBR Green Supermix (Biorad, USA, Cat. No: 1725272) and nucle-
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ase free water. For the analyses of each gene, Real-Time PCR reac-
tion mixtures were prepared and distributed into 0.1 ml PCR tubes,
the relevant cDNAs were added. Real time PCR reactions were per-
formed using the amplification programmes specified in Tables 3
and 4. As a result of the reactions, treshold Cycle (Ct) values show-
ing the mRNA levels of TLR4, NFKB1, TRPM2, IL-6, IL-1f8 and TNF«a
genes were determined. Primer sequences were designed as men-
tioned in Iwashita,, et al. [26] for TNF-a, IL-1$, and IL-6, Le Man-
dat Schultz,, et al. [27] for TLR4, Kermanian., et al. [28] for Nf-kB,
Cook, et al. [29] for TRPMZ2. Gene expression levels of each tissues
were normalised according to GAPDH gene expression levels. Each
analysis was performed as both intraassay and inter assay with 3

replicates.

Gene Base sequences 5> 3’
Rat-TLR4 F AATCCCTGCATAGAGGTACTTCCTAAT
Rat -TLR4 R CTCAGATCTAGGTTCTTGGTTGAATAAG
Rat- NFKB1 F GCAAACCTGGGAATACTTCATGTGACTAAG
Rat-NFKBI1 R ATAGGCAAGGTCAGAATGCACCAGAAGTCC
Rat-TNF-a F AAATGGGCTCCCTCTCATCAGTTC
Rat-TNF-a R TCTGCTTGGTGGTTTGCTACGAC
Rat-IL-1B F CACCTCTCAAGCAGAGCACAG
Rat-IL-18 R GGGTTCCATGGTGAAGTCAAC
Rat-IL-6 F TCCTACCCCAACTTCCAATGCTC
Rat-IL-6 R TTGGATGGTCTTGGTCCTTAGCC
TRPM2-F GAAGGAAAGAGGGGGTGTG
TRPM2-R CATTGGTGATGGCGTTGTAG
Rat-GAPDH F GAGGACCAGGTTGTCTCCTG
Rat-GAPDH R GGATGGAATTGTGAGGGAGA
Table 2: Base sequences of target and reference genes.
Stage Time Temperature
Enzyme Activation/Denaturation 3m 98°C
40 cycle Denaturation 15s 98°C
Annealing/Extension 30s 58°C
(Data Collection)
+Melt Curve Analysis 65-95°C, 0.5°C/5 s
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Statistical analysis

In order to calculate the relative fold changes between the
treatments and the control groups, the amplification efficiency val-
ue and average Ct values of each gene were entered into the REST

2009 software programme Pfaffl., et al. [30].

Results
mRNA analyses of TLR4, NFKB1, TRPM2, IL-6, IL-1 and TNF«a
genes

Changes in mRNA levels of TLR4, NFKB1, TRPM2, IL-6, IL-1f3 and
TNFa genes expressed in fetal liver and kidney tissues of A, B, C
and control groups were determined compared to the related con-

trol groups.

When relative gene expression was evaluated according to each
treatment; TLR4 gene expression decreased in fetal liver in groups
A, B and C compared to control (0.71; 0.47; 0.96, respectively; P
> 0.05). NFKB1 gene expressions were significantly decreased in
groups A, B and C compared to the control (0.33; 0.38; 0.35, re-
spectively; P < 0.001). TRPMZ2 gene expressions decreased in A, B
and C groups compared to control (0.26; 0.002*; 0.31, respective-
ly; *P < 0.001). IL-6 gene expressions increased in groups A and B
(1.44; 1.11, respectively; P > 0.05) and decreased in group C (0.89;
P > 0.05). IL-1f gene expression was significantly increased in
group A (23.43; P < 0.001) and decreased in groups B and C (0.76;
0.67; respectively; P > 0.05). TNFa gene expressions decreased in
groups A, B and C compared to the control (0.33; 0.01*; 0.19*, re-
spectively; *P < 0.001) (Figure 1).

In fetal kidney, TLR4 gene expression increased in groups A, B
and C compared to control (11.04*; 2.83*; 1.08; respectively, *P <
0.001). The increase in group C was similar to the control. NFKB1
gene expression increased in groups A and B compared to cont-
rol (1.295; 1.422, respectively, P > 0.05) and decreased in group
C (0.446; P > 0.05). TRPMZ2 gene expression increased in groups
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Figure 1: Changes in TLR4, NFKB1, TRPM2, IL-6, IL-1$ and TNF«

gene expression in fetal liver tissues in treatments compared to

control (Group A: 50 mg/kg x 5 days, Group B: 50 mg/kg x 1 day

+ 20 mg/kg x 4 days, Group C: 20 mg/kg x 5 days, Control: Physi-

ological serum x 5 days). GAPDH was used as the reference gene.
*P<0.001.

A and B compared to control (13.88; 2.58, respectively; P > 0.05).
The mRNA level was undetectable in group C. IL-6 gene expres-
sions decreased in groups A, B and C compared to control (0.22;
0.03%*; 0.79; respectively, *P < 0.05). IL-1f3 gene expression was
undetectable in group A, but decreased in groups B and C (0.006;
0.24; respectively, P > 0.05). TNFa gene expression was undete-
ctable in group A, but decreased in groups B and C compared to
control (0.002; 0.01; *P < 0.002) (Figure 2).
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Figure 2: Changes in TLR4, NFKB1, TRPM2, IL-6, IL-13 and TNFa

gene expression in fetal kidney tissues in treatments compared to

TNFa mRNA level in kidney

Felatve fold change Log(10)

control (Group A: 50 mg/kg x 5 days, Group B: 50 mg/kg x 1 day

+ 20 mg/kg x 4 days, Group C: 20 mg/kg x 5 days, Control: Physi-

ological serum x 5 days). GAPDH was used as the reference gene.
*P<0.001,**P<0.002, **P < 0.05.

Discussion and Conclusion

Favipiravir is an antiviral drug that, once ribosylated and phos-
phorylated intracellularly, acts as a purine nucleoside analogue
that functions as a competitive substrate inhibitor of viral RNA-de-
pendent RNA polymerase [13,14]. The major route of elimination is
the kidney, and inactive metabolites produced by aldehyde oxidase
and xanthine oxidase are excreted in the urine. Side effects have
been reported to have a safer profile than most antiviral agents
[11]. However, its use is contraindicated in patients with severe

hepatic and renal failure, hypersensitivity and hyperuricaemia. In
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addition, it has been stated that it should be classified as contrain-
dicated in pregnant women and women suspected to be pregnant
due to the observation of teratogenic potential in animal studies
[8,9,13,14,31].

In the study of Tirmikcioglu,, et al. [12] 29 pregnant women with
favipiravir exposure were evaluated. It was reported that stillbirth
and spontaneous abortion were not observed. However, the pres-
ence of patent foramen ovale was detected in one child. As a result
of these results, they reported that favipiravir is unlikely to be an
important human teratogen, but the experience for a robust risk as-
sessment is still limited [12]. In addition, it was also reported that
high doses of favipiravir caused abnormalities in muscle structure
and death during long-term administration of favipiravir in young
animals [2]. According to the results of other studies available in
the literature, pregnant women were excluded from clinical trials
and most pregnant women diagnosed with COVID-19 terminated
their pregnancies due to possible malformations or preferred to

give birth prematurely [4,8].

There are not many studies that can be evaluated regarding the
expression levels of TLR4, NFKB1, TRPM2, IL-6, IL-1f3 and TNFa
genes that we analyzed depending on favipravir administration.

When we evaluated with the available information.

Kara,, et al. reported that NF-xB-p65 and IL-6 immune reactiv-
ity increased with favipiravir administration in liver and kidney
tissues [32]. It was revealed that oxidative stress (NF-kB-p65)
and inflammation (IL-6) increased in rat liver and kidney tissues
with favipiravir administration [33]. In our study, /L-6 expression
decreased in kidney tissues at all administration doses, whereas
it increased in liver tissues at high doses. Although decreased IL-6
levels in the kidneys are generally associated with decreased in-
flammation, in patients with advanced renal failure, decreased
overall function of the kidney tissue may also decrease the IL-6
production capacity and this may mean suppression of the over-
all inflammatory response. In our study; it is possible that the IL-6
level was low due to the damage that high dose may have caused in

the kidney during the embryonic period. Interleukin 1 beta (IL-1)
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is a potent proinflammatory cytokine and an important regulator
of various inflammatory processes and immune responses. The
cytokine interleukin-18 (IL-1f) is a key mediator of the inflam-
matory response. It is essential for host response and resistance
against pathogens, but also exacerbates damage during chronic
disease and acute tissue damage [34]. High levels of IL-1f in the
liver generally indicate increased inflammation and immune re-
sponse. High IL-1f levels increase inflammation in liver tissue and
may cause cellular damage. In our study, while IL-1f levels were
low in kidney tissues, there was a significant increase in the liver

after high dose favipravir administration.

Low levels of TNFa in the liver and kidneys usually indicate low
inflammation or suppression of the inflammatory response. This
may be a sign of healthy organ functions or it may indicate that the
treatment of inflammatory diseases is effective, but gene expres-
sions may also be affected by tissue damage. In our study, TNFa
gene expression levels were found to be low in both tissues. NF-kB
plays a critical role in the regulation of inflammatory responses
[35]. Decreased NF-xB gene expression in the liver may indicate
that inflammatory responses and cellular stress responses are
suppressed or at a low level. NF-xB is associated with metabolic
stress and inflammation [36]. Low NF-kB activity may indicate that
the liver is under low metabolic stress. In our study, NF-kB gene ex-
pression levels in the liver were significantly lower in all dose ad-
ministrations. However, NF-kB gene expression levels in the kidney
increased at high doses. Increased oxidative stress in kidney cells
may trigger NF-kB activation. Oxidative stress may have increased
inflammation by damaging kidney cells. TLR4 plays an important
role in the initiation of inflammatory responses after contact with
pathogens [37]. The antiviral effect of favipiravir may reduce TLR4
gene expression by inhibiting the replication of viruses and reduc-
ing inflammatory responses. TLR4 has an important role in the
initiation of inflammatory responses. The anti-inflammatory ef-
fect of favipiravir may reduce signalling through TLR4, which may
result in decreased gene expression. In our study, TLR4 gene ex-
pression levels were decreased in both liver and kidney tissues.
Recent scientific investigations have revealed that TRPM2 channel
plays a pivotal role in modulating autophagy by influencing the in-
tracellular calcium levels and subsequent downstream signaling

pathways [38,39]. Recent scientific investigations have revealed
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that reduced expression or activity of TRPM2 channel leads to im-
paired autophagic flux, resulting in accumulation of damaged cel-
lular components and disruption of cellular balance [40]. In our
study, TRPMZ2 gene expression levels were increased in kidney but
decreased in the liver. This may be due to impaired liver function

and increased organ damage.

In conclusion, there are obvious changes in inflammatory pro-
cesses and tissue damage in the liver and kidney tissues of the fe-
tuses of pregnant rats administered favipiravir compared to the
control. In addition to significant changes in the expression levels
of the relevant genes compared to the control, we think that favipi-
ravir may negatively affect the processes in the embryonic period
due to the different expression levels observed in the kidney and

liver tissues due to the nature of the tissue.
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