INTERNATIONAL JOURNAL OF IMMUNOPATHOLOGY AND PHARMACOLOGY Vol. 20, no. 2, 0-0 (2007)

N-ACETYLCYSTEINE SYNERGIZES WITH OSELTAMIVIR IN PROTECTING MICE FROM
LETHAL INFLUENZA INFECTION
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Many studies have shown that oxidative stress is important in the pathogenesis of pulmonary damage
during influenza virus infections. Antioxidant molecules are therefore potentially useful against viral
infection. Our previous studies show that N-acetylcysteine (NAC) has a protective effect in a model
of lethal influenza infection in mice. NAC administration significantly decreased the mortality in
infected mice. Further studies have demonstrated that NAC enhanced survival in combination with the
antiviral agent ribavirin. In the present study, we report the effect of combined treatment with NAC
and Oseltamivir, clinically used in the treatment and prevention of influenza virus infection, in a murine
model of lethal influenza infection. NAC was given as a single daily dose of 1000 mg/Kg starting from 4 h
before infection and until day 4 after infection; Oseltamivir was given twice daily at dose of 1 mg/Kg/die
for 5 days, starting from 4 h before infection. End-point evaluation was 21-days’ survival. NAC alone
was slightly effective (20%), since a suboptimal treatment was used. Survival increased to 60% with
Oseltamivir and to 100% with Oseltamivir and NAC used in combination. Since NAC alone does not
show any antiviral action, the present findings suggest that antioxidant therapy increase survival by an
improvement in host defense mechanisms, and/or by a direct antioxidant effect against oxidative stress
associated with viral infection. Our studies demonstrate the effectiveness of combining agents acting
through different mechanisms, such as antiviral drugs oseltamivir and the antioxidant NAC, indicating
a possible advantage of combining the two treatments.

Various mediators contribute to the pathogenesis
of pulmonary inflammation induced by infectious
agents. In particular, cytokines, chemokines and
reactive oxygen species (ROS) have been implicated.
Cytokines and chemokines, which are both produced
as part of the host immune response to bacteria (1-
2), contribute to the pathogenesis of tissue damage
(3-4). ROS contributes to the antibacterial response,
even if overproduction can result in oxidative stress
that amplifies the inflammatory response.

Many studies have shown that oxidative stress is

important in the pathogenesis of pulmonary damage
during infections, in organ failure and in acute
respiratory distress syndrome (ARDS) associated
with bacterial sepsis. Antioxidant molecules are
therefore potentially useful against both viral
infection and infection-associated symptoms.
Oxidative stress and its role in the pathogenesis
of various infections has been documented in
experimental models both in vitro and in vivo using
a variety of pathogens: e.g. Chlamydia pneumoniae
(5), Helicobacter pylori (6), different Gram-
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Table 1. Effects of Oseltamivir and NAC on 21-days’ survival.

Treatment® Dosage N° of survivors/total® Survival rate (%)
(mg/Kg/die)

Oseltamivir 1.0 6/10 60
Vehicle (control) 0 0/10 0

NAC 1000 2/10 20
Vehicle (control) 0 1/10 10
Oseltamivir + NAC 1.0 plus 1000 10/10 100
Vehicle (control) 0 0/10 0

“ Treatment, per os, started 4 h before infection and for the subsequent 4 days

b Mice were observed daily for 21 days for survival

Table I1. Effects of Oseltamivir and NAC on the lethality of influenza infection in mice.

Treatment® MST ( N° of days)"
Oseltamivir (n=10) 21.7

NAC (n=10) 8.8

Oseltamivir + NAC (n=10) >21*

Vehicle (n=30) 8.7

“ Treatment, per os, started 4 h before infection and for the subsequent 4 days
b Results are reported as mean survival time (MST) in days, estimated by the Kaplan-

Meier method
* p<0.05 compared to Oseltamivir alone

negative bacteria (7), Streptococcus pneumoniae
in an animal model of pneumococcal meningitis
(8-9), HIV (10-12) and Hepatitis C virus (HCV)
(13-16). ROS, through the induction of several
inflammatory cytokines, have also been implicated
in the pathogenesis of SARS (17).

The possible involvement of oxidative
mechanisms in the pathogenesis of influenza virus
infection has also been investigated. Intranasal
instillation of influenza virus HIN1 in mice
resulted in a significant decrease in the pulmonary

by Wilcoxon test

concentrations of catalase, reduced glutathione
and superoxide dismutase. Furthermore, the H5N1
virus (A/Hong Kong/483/97), when compared with
human influenza virus subtype HINI, is a more
potent inducer of pro-inflammatory cytokines (e.g.
tumor necrosis factor-a) and chemokines (e.g. IP-
10) from primary human macrophages in vitro. This
characteristic may contribute to the unusual severity
of human H5NT1 disease (18-19).

Previous studies have shown that N-acetylcysteine
(NAC), a thiol antioxidant and precursor of GSH
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synthesis, has a protective effect in a model of lethal
influenza infection in mice. NAC administration
significantly decreaseds the mortality in infected
mice, presumably by limiting tissue damage (20).
Further studies, using the same in vivo model, have
demonstrated that NAC, at doses that do not improve
survival of mice when given alone, enhance survival
in combination with the antiviral agent ribavirin
(21).

In the present study we report the effect of
combined treatment with NAC and Oseltamivir,
a neuroaminidase inhibitor clinically used in the
treatment and prevention of influenza virus infection,
in a murine model of lethal influenza infection.

MATERIALS AND METHODS

BALB/c mice (18-20 g), 10 per treatment group,
were anaesthetized with ether/chloroform and infected
intranasally with 2-3 x LD, of an influenza virus strain
adapted in mice (A/PR8/HINT1). Animals were treated as
follows:

1) Oseltamivir alone, 1 mg/Kg/die, per os, twice daily
for 5 days, starting from 4 h before infection and for
the subsequent 4 days;

2) NAC alone, 1000 mg/Kg/die, per os, starting from 4
h before infection and for the subsequent 4 days;

3) Combined treatment with Oseltamivir and NAC as
described above.

Each experimental group was associated to a respective
control group, receiving only the vehicle. Mice were
observed daily for 21 days for survival. Mean survival
time (MST) was calculated as previously described (22).

RESULTS

The effect of treatment of influenza-infected
mice with Oseltamivir and NAC used alone and in
combination at 21-days’ survival is shown in Table .
A control group, receiving only the vehicle, was used
for each treatment.

Treatment with Oseltamivir increased the
survival of infected mice from 0 to 60%. NAC alone
was slightly effective (20%), since a suboptimal
treatment was used, but it significantly increased
survival in combination with Oseltamivir (average,
100% vs. vehicle-treated control mice).

Table II shows the estimated mean duration
of survival. All control animals died 7 to 11 days
after infection with influenza virus. Although NAC

used alone did not increase survival, when used in
combination with Oseltamivir it improved antiviral
efficacy and enhanced survival time.

The difference between treatment with
Oseltamivir used alone and in combination with
NAC is statistically significant.

DISCUSSION

The present study confirms our previous report
of a positive effect of NAC administration in
combination with an antiviral drug in a murine
model of influenza infection. In this report we used a
neuraminidase inhibitor, Oseltamivir, clinically used
in the treatment and prevention of influenza virus
infection.

Since our previous paper reported that NAC alone
does not show any antiviral action (20), the present
finding could be explained by an improvement
in host defense mechanisms, and/or by a direct
antioxidant effect against oxidative stress associated
with viral infection.

Since NAC is a precursor of GSH synthesis,
the data indicate that GSH could play a key role in
the host response to infections. Many authors have
demonstrated that GSH prevents pulmonary damage
induced by sepsis or bacterial endotoxins, suggesting
a protective role on the pathogenesis of pulmonary
damage (23-27). This is also in agreement with
previous reports indicating that influenza infection
decreased pulmonary antioxidants, including
catalase, glutathione and superoxide dismutase
(28), while increasing the activity of the superoxide-
generating enzyme xanthine oxidase (XO) (29).
Therefore, various antioxidant substances might
prevent lung injury in a mouse model of influenza
infection (20, 30).

Glutathione and NAC, might also increase the
host defense against influenza infection. Our studies
demonstrate no direct antiviral effect of NAC on
influenza infection in vitro, while other authors (31)
report that GSH has a dose-dependent anti-influenza
effect in cultured cells. Protection was also observed
with an in vivo mouse model. Moreover, GSH
prevented apoptosis of infected cells via inhibition
of viral induced caspase activation.

On the contrary, oxidative stress, induced by
exposure to diesel exhaust (DE), enhanced the
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susceptibility to influenza virus infection in all cell
models and the addition of the antioxidant GSH
reversed the effects of DE on influenza infections (32).

Studies on virus (HIV)-infected patients have
shown that GSH is important for T cell-mediated
immunity; in fact, the treatment with anti-oxidants
caused a significant increase in all immunological
functions, including an almost complete restoration
of natural killer cell activity (33). In a model of
peritoneal sepsis in mice, GSH depletion caused
increased infection and ARDS, while NAC
augmented antibacterial functions in the peritoneum,
decreased infection and improved survival (34).
Overproduction of ROS can be toxic to cells of
the immune system and suppress the immune
response. For instance, phagocyte-generated ROS
suppress natural killer (NK) T cells (35), can impair
phagocytic functions and bactericidal activity of
macrophages through de novo synthesis of actin or
actin oxidation in patients with inflammatory lung
diseases (36).

A clinical study shows that NAC administration
to influenza-infected patients reduced both local and
systemic symptoms and increased cell-mediated
immunity (37).

In conclusion, we are constantly exposed to ROS
generated from endogenous and some exogenous
sources (e.g. viral infection). These ROS react
with biological molecules causing structural and
functional damage.

Antioxidants limit oxidative damage to biological
molecules by various mechanisms and contribute to
antioxidant defense systems in humans, and may
help to protect against degenerative diseases. Our
studies demonstrate the effectiveness of combining
agents acting through different mechanisms, such as
antiviral drugs including ribavirin and oseltamivir
and the antioxidant NAC, indicating a possible
advantage of combining the two treatments. Further
experiments and clinical studies are necessary to
confirm this hypothesis.
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