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Abstract

Influenza is a highly contagious viral infection of the respiratory system. Many studies provide com-
pelling evidence that the abnormal production of reactive oxygen species is a crucial mediator of acute
lung injury in influenza A virus infection. Therefore, antioxidants are potentially useful against this ongo-
ing clinical problem. Our studies showed that S-adenosyl-L-methionine (SAM) has a protective effect in a
model of influenza infection in mice. This substance converts into glutathione - the main antioxidant in the
body, through a multistep biochemical cycle. In the present study, we report the effect of combined treat-
ment with SAM and the antiviral agent oseltamivir in infected with influenza A virus mice. SAM was given
as a single daily dose of 50 and 100 mg/kg in different mice groups, starting from 5 days before infection
until day 4 after infection. Oseltamivir was given in a dose of 2.5 mg/kg daily in two intakes for 5 days,
starting from 4 h before infection. End-point evaluation was 14 - day survival. Survival was 70% in the
treatment with oseltamivir and rose to 90% in the treatment with oseltamivir and SAM in both doses. SAM
alone did not show any antiviral activity. The present findings suggest that therapy with molecules convert-
ed into antioxidants in the body increases survival by modulating the host defense mechanisms and by a
direct antioxidant effect against oxidative stress associated with viral infections. This study demonstrated
the effectiveness of combining agents that act through different mechanisms - antiviral drug oseltamivir as
a specific neuraminidase inhibitor of influenza virus, and SAM as a precursor of the most important anti-
oxidant - glutathione.
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Pesrome

I'punbT € ocTpa MH(pEKINO3Ha BUPYCHA MH(EKIMS HA AUXATEIHUTE MIbTUIA. MHOrO M3CieBaHMs
IpeOoCTaBAT yOeAUTENHN 10Ka3aTeNICTBa, 4Ye aOHOpMHATa TeHepalys Ha aKTUBHU (OPMH Ha KHUCIOPOAA
¢ (aKTOp OT U3KIIOYUTEIHA BKHOCT KaTO MEIUATOP HAa OCTPOTO OeI0ApOoOHO YBpEXkKaaHe pU IPUITHATA
uHpeKus. 3aToBa AaHTHOKCUIAHTUTE Ca IOTEHLUAJIHO IOJE3HM MPU TO3M KIMHUYEH MpoOIeM.
Hamumre u3cnensanus mokassar, 4e S-ageHo3ui-L-mernonnH (SAM) uMa mpOTEKTHBHO JeHcCTBUE MpPU
eKCTIEpUMEHTAJICH MOJIEJ Ha TPUIHA MH(EKIUs B MUIIKA. Ype3 MHOroeTarneH OMoXuMHuYeH Kb SAM
ce MPEeBPBIIA B IITyTaTHOH - OCHOBHUS AaHTUOKCHUJIAHT B )KMBaTa. B HaCTOAIIOTO MpOyYBaHe HUE OTYUTAXME
edexTa Ha KOMOMHUPAHOTO AelcTBUEe HA SAM U aHTHBUPYCHUS IpenapaT OCeNITaMUBUP B UH(EKTUPAHU
Cc rpureH Bupyc Tun A mumiku. SAM ce npunaranie noa ¢gopMara Ha €TUHUYHN AHEBHU 71031 oT 50 1 100
MI/KT, 3alI0YBaliKM 5 JHU MPEeaU 3apa3siBAHETO U MPOAbIDKaBaliku 4 1HU ciel Hero. OceaTaMuBUp ce MpH-
Jaraiie B JIHEBHa /1032 OT 2.5 MIV/KT, pa3ziefieHa B 2 IpreMa, B IPOAb/DKEHUE Ha 5 THH, KaTo ce 3anoysarue 4
yaca npeau 3apa3siBaneto. PegepeHTeH myHKT B orieHKaTa Oemie 14 qHeBHATa IPEKUBAEMOCT HA MUIIIKHUTE,
kosiTo 6ente 70% npu MHIMBUAYAIHOTO IIPUIIAraHe Ha OceITaMUBUD U focturame 10 90% npu komOuHanus
Ha ocentamuBup U SAM u B 1Bete n03u. SAM He nokas3a aHTUBUpYCHa akTUBHOCT. [lomydyenure peszynratu
MOJICKa3BaT, Y€ JIEUEHUETO C MOJIEKYJIH, KOUTO Ce MPEBPbHILAT B aHTUOKCHIAHTU B OpraHU3Ma, yBeJIndaBa
NPEXHUBSIEMOCTTa 4Ype3 MOJYyJUpaHE Ha 3alUTHUTE MEXaHU3MH Ha TOCTONpHeMHHKa. M3cienBaHeTro
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JeMOHCTpHpa e(EeKTUBHOCTTa HA KOMOMHUPAHETO HA CPEJICTBA, KOUTO JIEHCTBAT Ype3 pa3IMyHU MEXaHH-
3MH — aHTHBHPYCHUS TIpemapaT OCENTaAMHUBHDP KaTo crenu(uueH MHXHOWTOpP Ha HEBpaMHHHIAa3aTa Ha
TPUIHUSA BUPYC, U SAM KaTo MpeKypcop Ha Hal-BaKHUS AaHTUOKCUJIAHT - TJIyTaTHOH.

Introduction

Influenza virus infection is a major public
health problem, occurring typically in the Northern
Hemisphere between the months of December and
April. Epidemics of influenza are characterized by
an increased morbidity and mortality in the com-
munity (Monto ef al., 2000). Influenza viruses en-
compass a major group of human and animal path-
ogens belonging to enveloped, segmented, nega-
tive-strand RNA viruses (Biswas et al., 1998). They
have a multipartite, negative-sense, single-strand-
ed RNA genome and a lipid envelope (Beigel and
Bray, 2008) and are one of the rare RNA viruses to
replicate in the nucleus (Boulo ef al., 2007). Cur-
rent pharmacological strategies to control influen-
za A virus - induced lung disease are problematic
owing to antiviral resistance and the requirement
for strain-specific vaccination. The production of
reactive oxygen species (ROS), particularly super-
oxide, is an important host defense mechanism for
killing invading pathogens. However, excessive su-
peroxide may be detrimental following influenza A
virus infection (Vlahos, 2012).

Oseltamivir is a potent and selective inhibi-
tor of the neuraminidase enzyme of the influenza
viruses A and B. The neuraminidase enzyme is re-
sponsible for cleaving sialic acid residues on new-
ly formed virions and plays an essential role in the
release and spread of progeny virions (Kamps and
Hoffman, 2006).

S-Adenosyl-L-methionine ~ (SAM,  also
known as AdoMet and SAMe) is an important mol-
ecule that is found in all living organisms. The im-
portance of SAM stems from the fact that SAM is
the principal biological methyl donor, the precursor
of aminopropyl groups utilized in polyamine bio-
synthesis and, in the liver, SAM is also a precur-
sor of glutathione (GSH) through its conversion
to cysteine via the transsulfuration pathway (Lu,
2000). The tripeptide glutathione is the most abun-
dant thiol present in mammalian cells. GSH has im-
portant functions as an antioxidant. The glutathione
system is especially important for cellular defense
against ROS. GSH reacts directly with radicals in
nonenzymatic reactions and is the electron donor
in the reduction of peroxides catalyzed by glu-
tathione peroxidase (GPx) (Dringen et al., 2000).
Glutathione serves as the major scavenger of reac-
tive oxygen species. Certain lymphocyte functions,
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such as the DNA synthetic response, are exquisitely
sensitive to reactive oxygen species and, therefore,
are favored by relatively high levels of glutathione.
Even a moderate depletion of the intracellular
glutathione pool has dramatic consequences for a
variety of lymphocyte functions (Droge and Breit-
kreutz, 2000).

Our previous research confirmed that using
S-adenosyl-L-methionine (SAM) did not have a
positive response in influenza infected mice.

The combined therapy of influenza is a ques-
tion of particular interest. Garozzo et al. (2007)
achieved up to 100% survival rate in mice infected
with influenza virus and treated with a combination
of N-acetylcysteine as a precursor of glutathione in
a dose of 1000 mg/kg and oseltamivir in a dose of
1 mg/kg.

Hence, the present study focuses on the anal-
ysis of the positive effect when combining oseltam-
ivir as a specific neuraminidase inhibitor of the
influenza virus replication with S-adenosyl-L-me-
thionine as a precursor of glutathione - the most
abundant antioxidant in the body. This is a new ap-
proach which needs to be studied in details.

Materials and Methods

White male mice of the ICR line with body
weight 14-16 g, obtained from Slivnitza Animal
Pharm (Bulgarian Academy of Sciences (BAS),
Bulgaria), were placed in specially designed,
well-ventilated acrylic cage containers, with free
access to water and food, and maintained in the Ani-
mal House facility of the Stephan Angeloff Institute
of Microbiology, BAS. During a 3-day acclimation
period (prior to experimental onset), they were ob-
served for any signs of diseases and/or physical
abnormalities. Animal husbandry and experiments
were conducted in accordance with the guidelines
of Bulgaria’s Directorate of Health Prevention and
Humane Behaviour toward Animals.

For the purpose of the experiment they were
anaesthetized with ether and infected intranasally
with 10xLD_, of an influenza virus strain adapted
for mice: A/Aichi/2/68 (H3N2). The experimental
groups were designed as follows:

I. Healthy, non-infected animals;

II. Mice infected with influenza virus,
non-treated;



III. Mice infected with influenza virus and
treated with oseltamivir in a dose of 2.5 mg/kg dai-
ly in two intakes, per os, for 5 days, starting 4 h
before infection and for the subsequent 4 days;

IV. Mice infected with influenza virus and
treated with SAM in a dose of 50 mg/kg, i.p, once
a day starting 5 days before infection and for the
subsequent 4 days after infection;

V. Mice infected with influenza virus and
treated with SAM in a dose of 100 mg/kg, i.p, once
a day starting 5 days before infection and for the
subsequent 4 days after infection;

VI. Mice infected with influenza virus and
treated with oseltamivir in a dose of 2.5 mg/kg dai-
ly in two intakes, per os, for 5 days, starting 4 h
before infection and for the subsequent 4 days and
SAM in a dose of 50 mg/kg, i.p, once a day start-
ing 5 days before infection and for the subsequent 4
days after infection;

VII. Mice infected with influenza virus and
treated with oseltamivir in a dose of 2.5 mg/kg dai-
ly in two intakes, per os, for 5 days, starting 4 h
before infection and for the subsequent 4 days and
SAM in a dose of 100 mg/kg, i.p, once a day start-
ing 5 days before infection and for the subsequent 4
days after infection.

Mice were observed daily for 14 days for sur-
vival after infection.

Results and Discussion

Experimental data on the effect of the com-
bination of oseltamivir plus SAM were compared
against control uninfected and untreated animals of
group I, and also compared to infected with influ-
enza virus and non-treated animals of group II. The
effect of treatment of influenza-infected mice with
oseltamivir and SAM used alone and in combina-
tion is shown in Table 1.

Table 1. Results of treatment with oseltamivir and SAM on 14 days survival of influenza virus infected

mice.
No . ) Survival
Experimental groups Number of survivals/ total o
Group rate (%)
| Healthy, non-infected animals 10/10 100
11 Mice infected with influenza virus 3/10 30
Mice infected with influenza virus and treated with
II1 . 7/10 70
oseltamivir 2.5 mg/kg per os
Mice infected with influenza virus and treated with
v . ) 1/10 10
SAM in a dose of 50 mg/kg,i.p
Mice infected with influenza virus and treated with
AV . . 2/10 20
SAM in a dose of 100 mg/kg, i.p
Mice infected with influenza virus and treated with
VI oseltamivir 1.25 mg/kg, per os, and SAM in a dose of 9/10 90
50 mg/kg, i.p.
Mice infected with influenza virus and treated with
VII oseltamivir 1.25 mg/kg, per os and SAM in a dose of 9/10 90
100 mg/kg, i.p

The survival rate was estimated from the
number of mice who survived till day 14 of the
experiment calculated as a percentage of the total
number of mice in the experimental group. The
number of survivals shows the total number of mice
who survived till day 14 of the experiment out of 10
in the experimental group. SAM was applied once a
day intraperitoneally in doses of 50 and 100 mg/kg,
starting 5 consecutive days before virus inoculation
up to day 5 after infection. Oseltamivir was applied
per os for 5 days after viral infection in a dose of
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2.5 mg/kg daily in two intakes.

For statistical analysis of the results one-way
ANOVA tests with Bonferroni’s post-test were
used.

The survival rate of the animals from the
non-treated control group II, infected with influenza
virus ina dose of 10 LD, was 30%. Treatment with
oseltamivir in a dose of 2.5 mg/kg increased the
survival rate of the infected mice from 30% to 70%.
SAM alone did not have any positive effect. SAM
in a dose of 50 mg/kg showed a very low survival



rate - 10%, and in a dose of 100 mg/kg the survival
rate slightly increased to 20%. The combination of
oseltamivir and SAM showed significantly better
protection in mice infected with influenza virus. In
both groups — the combinations of oseltamivir in a
dose of 2.5 mg/kg and SAM in a dose of 50 mg/kg;
and oseltamivir in a dose of 2.5 mg kg and SAM in
a dose of 100 mg/kg, 90% of the animals survived
till day 14 of the experiment (Fig. 1).

The present study shows the positive effect
of combining oseltamivir as a specific neuramin-
idase inhibitor of the influenza virus replication
with S-adenosyl-L-methionine as a precursor of
glutathione - the most abundant antioxidant in the
body. As our previous research confirmed, SAM
alone does not have a positive effect in influenza
infected mice. The good results of the combina-
tion could be explained by modulation of host de-
fense mechanisms and by direct antioxidant effect
of increased glutathione against oxidative stress
associated with influenza infection. Many authors
indicate that glutathione plays a key role in airway
function (Rahman and MacNee, 1995; Cai et al,

2003; Fitzpatrick et al., 2011; Kettle ef al., 2014).
It is also important for the normal function of the
T-cell mediated immunity (Droge and Breitkreutz,
2000).

Oseltamivir (Tamiflu®, F. Hoffmann-La Ro-
che Ltd.) is an orally administered antiviral drug
that is approved for the treatment of influenza A
and B in adults and children (including full term
neonates) who present with symptoms typical of
influenza when influenza virus is circulating in the
community, and for the prophylaxis of influenza
in patients aged 1 year or older. Oseltamivir is a
prodrug that is administered as a phosphate salt
(oseltamivir phosphate; OP). It is then converted
by hepatic carboxylesterases to the active metabo-
lite oseltamivir carboxylate (OC). In humans, OP is
readily absorbed and converted to OC, which is de-
tectable in plasma within 30 min, and the absolute
bioavailability for OC is 80%. Peak plasma con-
centrations of OC are attained in about 3—4 h, and
the apparent half-life is 6-10 h, with elimination
primarily through renal excretion of OC (Reddy et
al., 2015). When exposed to oseltamivir, the influ-
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Fig. 1. Survival rate on day 14th after infection. Experimental groups are as follow:

I - Healthy, non-infected animals
II - Mice infected with influenza virus

IIT - Mice infected with influenza virus and treated with oseltamivir 2.5 mg/kg per os,
IV - Mice infected with influenza virus and treated with SAM in a dose of 50 mg/kg, i.p.
V - Mice infected with influenza virus and treated with SAM in a dose of 100 mg/kg, i.p.
VI - Mice infected with influenza virus and treated with oseltamivir 1,25 mg/kg, per os,

and SAM in a dose of 50 mg/kg, i.p.

VII - Mice infected with influenza virus and treated with oseltamivir 1,25 mg/kg, per os

and SAM in a dose of 100 mg/kg, i.p.
*#% p<0.001 vs group I; ** p < 0.01 vs group I;

+++ p< 0.001 vs group II;++p < 0.01 vs group II; +p < 0.05 vs group 11

n.s. - non significant vs group I



enza virions aggregate on the surface of the host
cell, thereby limiting the extent of infection within
the mucosal secretions and reducing viral infectivi-
ty (Kamps and Hoffman, 2006).

SAM is synthesized in the cytosol of every
cell, but the liver plays the central role in the ho-
meostasis of SAM as the major site of its synthe-
sis and degradation (Lu, 2000). SAM contains a
high-energy sulfonium ion, which activates each of
the attached carbons toward nucleophilic attack and
confers on SAM the ability to participate in 3 major
types of reactions: transmethylation, transsulfura-
tion, and aminopropylation (Lieber and Packer,
2002). The methylation cycle involves the conver-
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Finally, it recycles 5-methyltetrahydrofolate
into tetrahydrofolate, a necessary cofactor for the
synthesis of DNA and RNA. SAM plays a central
role in the methylation cycle by controlling both the
remethylation of homocysteine to methionine and
its catabolism through the transsulfuration path-
way. A normal adult makes about 8 g of SAM per
day, the majority of it in the liver, where it is also
mainly consumed (Mato et al., 1997). It is the sec-
ond most widely used enzyme substrate after ATP.
SAM is biosynthesized during the reaction of me-
thionine with ATP, which is catalyzed by SAM syn-
thetase or methionine adenosyltransferase. SAM is
recognized as the major methyl-donor reagent for
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Fig. 2. Hepatic methionine metabolism and GSH synthesis. The transsul-
furation pathway converts methionine to cysteine, which is then converted
to GSH via the GSH synthetic pathway (Lu, 1999).

sion of methionine via S-adenosylmethionine and
S-adenosylhomocysteine into homocysteine, fol-
lowed by reconversion of homocysteine into me-
thionine. This cycle has three major cellular func-
tions. First, it provides SAM, necessary for polyam-
ine synthesis and for the methylation of numerous
essential cell constituents, such as phospholipids,
methyl-accepting proteins, CpG islands in DNA,
adrenergic, dopaminergic and serotoninergic mol-
ecules. Second, it feeds the transsulphuration path-
way that leads to the formation from homocysteine
of glutathione, the main cellular antioxidant, re-
quired for the detoxification of various compounds
and for the scavenging of free radicals (Fig. 2).
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essential methylation reactions that occur in all liv-
ing organisms (Fontecave ef al., 2004).

Conclusion

In our experimental mice model of influen-
za, the virus infection with 10 LD, causes 70% le-
thality. The monotherapy with oseltamivir in a dose
of 2.5 mg/kg increases the survival rate from 30 to
70%. The monotherapy with SAM in a dose of 50
mg/kg and 100 mg/kg does not increase the surviv-
al rate. It is a matter of interest that the combined
therapy - SAM in both doses applied i.p. combined
with oseltamivir in a dose of 2.5 mg/kg daily in two
intakes applied per os achieve 90% survival rate



in mice infected with influenza virus. Our study
demonstrates the advantage of combining agents
acting through different mechanisms — the antivi-
ral drug oseltamivir and SAM as a precursor of the
main antioxidant - glutathione. Further experiments
are necessary to clarify this statement.
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