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A polyphenol-rich extract from Geranium sanguineum L. (PC) protected biological membranes due to its
antioxidant capacity. PC caused a dose-dependent decrease of the osmotic hemolysis of human erythrocytes
and increased their resistance against the toxic effect of H2O2; no effect on catalase activity was observed.
While PC reduced the accumulation of TBA-reactive products in rat liver microsomes in inducible lipid
peroxidation (LPO), the non-induced LPO was not affected.

Further the effect of PC on the products of LPO was investigated in the lungs, livers and sera of intact and
influenza virus-infected mice (VIM). The infection enhanced LPO in the lungs and livers. In the group of PC-
treated VIM, malondialdehyde (MDA) in the lungs and livers was brought to control levels. PC-treatment
caused a significant increase of MDA in the lungs of intact mice, a slight one in the livers and did not affect
MDA in the sera. Thus the extract exhibited prooxidant characteristics in intact animals as well as antioxidant
properties in VIM. The reducing ability of PC on LPO could be an alternative mechanism of its protective
effect in experimental influenza infection. Copyright © 2008 John Wiley & Sons, Ltd.
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INTRODUCTION

It has been demonstrated that experimental influenza
virus infection is associated with the development of
oxidative stress and is accompanied by a significant
increase of lipid peroxidation products in the blood,
lungs and livers of infected animals (Chetverikova
and Inozemtseva, 1996; Mileva et al., 2002a, 2002b).
As a free-radical disease, influenza virus infection
can be treated effectively by the application of anti-
oxidants (Chetverikova and Inozemtseva, 1996; Mileva
et al., 2002b). In this respect it has been shown that
plant polyphenols also exhibit protective effects acting
as antioxidants during influenza virus-induced oxidative
stress (Kumar et al., 2005; Raju et al., 2000; Savov et al.,
2006).

The aim of this study was to examine the protective
effect of a polyphenol-rich extract from the medicinal
plant Geranium sanguineum L. (Geraniaceae) in vitro
on erythrocyte resistance and on lipid peroxidation
in rat liver microsomes and to investigate the effect of
the extract on the products of LPO in the lungs, livers
and sera of intact and influenza virus-infected mice.

MATERIALS AND METHODS

Plant material. Geranium sanguineum L. (Geraniaceae)
has been introduced to the experimental field of the
Institute of Botany, Bulgarian Academy of Science,
Sofia and a voucher specimen was deposited in the
Herbarium of the same institute (SOM 5/86). Ground
air-dried aerial roots, collected during the flowering
period, were defatted with petroleum ether and treated
with EtOH to extract fully the polyphenol compounds.
The extract was lyophilized (yield 16%); the obtained
preparation (PC) was a dark red powder, odorless
and soluble in water. The polyphenol content of PC
was controlled by thin layer chromatography and by
the quantitative determination of tannins, flavonoids
and catechins. The extract was prepared and kindly
provided by Dr S. Ivancheva, Institute of Botany,
Bulgarian Academy of Sciences.

Mice. Male and female (16–18 g), inbred ICR mice were
obtained from the Experimental Animal Station,
Bulgarian Academy of Sciences, Sofia. They were quar-
antined 24 h prior to use and maintained on standard
laboratory chow and tap water ad libitum for the
duration of the studies. Experiments with animals
were indispensable in investigations, concerning the
treatment of influenza infection and the evaluation of
their oxidative status. The number of experimental
animals was reduced as much as possible, depending
on statistical significance. Refinement of the tests with
animals was achieved by careful planning of multifactor
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experiments. The animals were bred under standard
conditions, accepted by the Bulgarian Veterinary Health
Service. Specialized personnel took care of their welfare.

Preparation of human erythrocytes. Erythrocytes
were separated from donor blood by centrifugation at
1000 × g for 10 min and washing in a solution, contain-
ing 150 mM NaCl and 5 mM NaH2PO4 (pH 7.4).

Preparation of hepatocyte membranes from liver tissue
of white laboratory rats. Membranes were obtained
according to (Kon’ et al., 2006).

Preparation of lung and liver tissue homogenates from
mice. On days 2, 6, 9 post infection (p.i.) three mice
from each group were anaesthetized with ether and
exsanguinated by section of the subclavian arteries.
Livers and lungs were perfused in situ with ice-cold
1.15% KCl and homogenized at 4 °C in 0.1 M KNa-
phosphate buffer, pH 7.4. The lung and liver
homogenates were centrifuged (9000 rpm, 30 min, 4 °C)
and the supernatants were examined for TBARS
products.

Preparation of sera. Blood samples were harvested
on days 2, 6, 9 p.i. from three mice of each group. Sera
were separated from the blood clot and were stored
frozen at −80 °C until analysed.

Osmotic hemolysis. Osmotic hemolysis was applied
to evaluate the osmotic resistance of erythrocytes
(ORE). The erythrocytes were incubated in a medium
containing different concentrations of PC at 37 °C for
30 min. After centrifugation at 1000 × g for 10 min
the osmotic hemolysis was measured in a hypotonic
solution of NaCl (0.4 g/100 mL) and the optical density
was registered at 540 nm. The level of hemolysis was
presented as the percentage of hemolysis, caused by a
0.1% solution of Na2CO3.

Permeability of erythrocyte membrane (PEM). This
was measured according to Kolmakov and Radchenko
(1982) by the degree of hemolysis in a mixture of
isotonic solutions of urea and NaCl (ratio 60/40). After
an incubation of 3 min, the samples were centrifuged
at 1000 × g for 10 min, the optical density was regis-
tered at 540 nm. The level of hemolysis was presented
as above.

Peroxic hemolysis. Peroxic hemolysis was measured
according to Pokrovski and Abarova (1964) with our
modifications, using 1 M H2O2 solution.

Catalase activity. Catalase activity was assayed accord-
ing to Koroljuk et al. (1998). One mM H2O2 was added
to the erythrocyte suspension. The samples were in-
cubated for 10 min, then 4% solution of ammonium
molybdate was added and the optical density was re-
gistered at 410 nm. The catalase activity was estimated
by the amount of the reduced hydrogen peroxide and
expressed as the percentage of H2O2 in the medium.

Lipid peroxidation in hepatocyte membranes. This was
induced during 60 min with Fe2+ (0.02 mM) + ascorbate
(0.5 mM) system. Hepatic lipid peroxide levels were
assayed according to Ohkawa et al. (1979). The content

of thiobarbituric acid reactive products (TBARS) was
calculated with reference to the coefficient of the molar
extinction of MDA, amounting to 1.56 × 105 M−1 cm.
The optical density was registered at 532 nm.

TBARS. TBARS as a measure of lipid peroxidation
in vivo was determined according to Buege and Aust
(1975). The method evaluates MDA, the last product
of lipid breakdown caused by oxidative stress.

Protein contents. The protein content of the samples
was estimated according to Lowry et al. (1975).

Viral infection. The infection was induced under light
ether anesthesia by intranasal (i.n.) inoculation of A/
Aichi/2/68 (H3N2) (A/Aichi), adapted to mouse lungs
with an infectious titre of 107 TCID50 /mL (50% tissue
culture infectious doses/mL). It was maintained by
passages in mouse lungs; the virus stock was kept at
−80 °C. To induce lethal infection, mice were challenged
with 10 LD50 (50% lethal doses) in a volume of 0.05 mL
phosphate buffered saline (PBS) per mouse.

Experimental design. Mice were separated in four
experimental groups: Group 1, mock-infected and
PBS-treated – control healthy (CH); Group 2, mock-
infected and PC-treated (PC); Group 3, influenza
virus-infected and PBS-treated – virus control (VC);
Group 4, influenza virus-infected and PC-treated (VC
+ PC); PC was inoculated by i.n. instillation 3 h before
infection in a dose of 10 mg/kg in a volume of 0.05 mL
PBS under light ether anesthesia. Two additional groups
of 12 animals each (VC and VC + PC) were observed
for death daily for 14 days post infection (p.i.). After
the end of the experiments surviving mice were killed
by cervical dislocation.

Statistical methods. The results obtained in vitro were
statistically processed using Microsoft Excel program.
Student’s t-test was applied, p < 0.05 was accepted for
statistical significance.

Results from in vivo experiments are given as arith-
metic mean values. Every experimental group was com-
pared with the mean value of CH groups. The results
were analysed statistically by the one-way analysis
of variance (ANOVA). Student’s t-test was used to
evaluate differences in lung scores and lung virus titres.
p < 0.05 was accepted for statistical significance.

RESULTS AND DISCUSSION

As a first approach the in vitro effect of the plant
extract on biological membranes was investigated. The
results from experiments regarding the influence of
PC on the osmotic resistance and the membrane
permeability of human erythrocytes are presented in
Fig. 1. The hemolysis degree in the absence of PC was
provisionally accepted as 100%. As described in the
Materials and Methods section ORE was measured
by the degree of hemolysis in a hypotonic solution of
NaCl (0.4 g/100 mL), whereas PEM was determined
by the degree of hemolysis in a mixture of isotonic
solutions of urea (18 g/L) and NaCl (0.9 g/100 mL),
ratio 60/40. Urea has the ability to penetrate through
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Figure 1. Effect of PC on the osmotic resistance of erythrocytes
(ORE) and on the permeability of the erythrocyte membrane
(PEM).

Figure 2. Effect of PC on the peroxic hemolysis of erythrocytes.

the cell membrane and to create inside the erythrocyte
a hyperosmotic medium, which leads to swelling of
the erythrocyte, infringement of the integrity of the
cell membrane and leakage of hemoglobin. Hence,
the degree of hemolysis is increased parallel to the
permeability of the erythrocyte membrane. It is visible
from the figure that the concentrations of PC caused
a significant dose-dependent reduction of erythrocyte
osmotic hemolysis. It was decreased two-fold after
pre-incubation with 25 μg of the extract and went down
to 20% with increase of the extract concentrations.
A sharp decrease of the permeability of erythrocyte
membranes was observed with the increase of PC
concentrations up to 50 μg/mL. It is evident that there
exists a correlation between the permeability of eryth-
rocyte membranes and their osmotic resistance.

The results from the experiments on the effect of
PC on peroxic resistance of erythrocytes are presented
in Fig. 2. Hemolysis sharply decreased down to 30% in
the presence of 25 μg/mL of the extract; the augmenta-
tion of PC concentrations caused a smooth reduction
of hemolysis down to 20%. Thus in doses up to 50 μg/
mL, PC raised erythrocyte resistance against the harm-
ful effect of hydrogen peroxide.

Further the effect of the extract on catalase activity
in the erythrocyte suspension was determined. It was
found that the increase of PC concentrations up to
250 μg/mL did not cause any changes in the enzyme
activity (Fig. 3). Catalase is widely spread in human
and animal organisms; the greater part of the enzyme

Figure 3. Effect of PC on the catalase activity of erythrocytes.
Ten measurements were made for each sample. * p < 0.01.

Figure 4. Effect of PC on the lipid peroxidation in liver microsomes.

is found in the erythrocytes, the liver and the kidneys
(Young and Woodside, 2001). The enzyme function
consists of preventing the accumulation of hydrogen
peroxide, which damages cell membranes, by its con-
version into water and oxygen.

In connection with the obtained results regarding
the effect of PC on the osmotic resistance and the
membrane permeability of human erythrocytes, it was
considered interesting to examine the influence of
the extract on the accumulation of LPO products in
hepatocyte membranes (Fig. 4). Rat liver microsomes
were pretreated with PC for 15 min at 37 °C. While the
non-induced LPO was not affected, during Fe2+ +
ascorbate induced LPO, the extract (5–25 μg/mL)
reduced four-fold, in a dose-related manner, the accu-
mulation of TBARS in the microsomes. The level of
malondialdehyde (MDA) as one of the intermediate
products was used as a measure of LPO; it was reduced
from 6.6 in the control to 1.5 nm/Mg protein in the
presence of 25 μg/mL of PC. Robak and Gryglewski
(1988) suggested that one of the most plausible expla-
nations for the inhibitory action of flavonoids on the
formation of MDA is their scavenging action towards
superoxide anions. No further decrease of TBARS was
observed when doses of PC were increased addition-
ally (Fig. 4).

Thus the results from the above experiments in
model systems in vitro demonstrated clearly that the
investigated plant extract exhibited antioxidant prop-
erties: it augmented the resistance of erythrocyte
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membranes and defended hepatocytes against lipid
peroxidation.

These results are in accordance with our previous
findings on the antioxidant potential of PC (Sokmen
et al., 2005). Using three separate and complementary
methods – DPPH assay, β-carotene-linoleic acid assay
and NBT-reduction assay it has been shown that PC
possessed antioxidant and radical scavenging capacities.

The results are in agreement with the accumulating
evidence that a great number of aromatic, spicy,
medicinal and other plants contain chemical compounds
exhibiting antioxidant properties and some of their
physiological effects are actually due to their anti-
oxidative activities. In this respect particular interest
has been given to plant polyphenols. The natural
polyphenols have an ideal structure for capturing free
radicals (Haslam, 1996) and it was found that their
antioxidant activity surpasses the effect of known anti-
oxidants, such as vitamins A and E (Rice-Evans et al.,
1997). There are data about the antioxidant effects of
plant extracts (Kahkonen et al., 1999; Parejo et al., 2003;
Rakotoarison et al., 1997) and diverse groups of plant
polyphenol compounds – flavonoids (Habtemariam,
1997; Rice-Evans et al., 1997), tannins (Haslam, 1996;
Yokozawa et al., 1998), catechins and proantocyanidins
(Plumb et al., 1998) and polyphenolic acids (Rice-Evans
et al., 1997).

Further it was thought appropriate to investigate
the effect of the extract on the products of LPO in the
lungs, livers and sera of intact and influenza virus-
infected mice (VIM).

Influenza is a highly contagious, acute respiratory
disease that affects all age groups, can occur repeatedly
in any particular individual and remains one of the
most serious problems of public health. The major symp-
toms of influenza infection include extensive haemor-
rhage, epithelial damage, infiltration of mononuclear
cells and oedema of the alveolar space. Several studies
have suggested that an overreaction of the host immune
system might be responsible for these pathological
effects. It has been shown that experimental influenza
virus infection is accompanied by profound changes in
cell/tissue metabolism, which lead to intensive genera-
tion of reactive oxygen species, which may cause aggra-
vation in the pathogenesis of the infection. A significant
increase of lipid peroxidation products in the blood,
lungs and livers of infected animals has been observed
(Chetverikova and Inozemtseva, 1996; Mileva et al.,
2002a, 2002b). Thus treatment with antioxidants could
be beneficial for the control of influenza virus infec-
tion (Chetverikova and Inozemtseva, 1996; Mileva
et al., 2002b). Plant polyphenols, acting as antioxidants,
also demonstrated protective effects during influenza
virus-induced oxidative stress (Kumar et al., 2005; Raju
et al., 2000; Savov et al., 2006).

Earlier research proved that the polyphenol extract
from Geranium sanguineum inhibited the reproduction
of influenza viruses types A and B in vitro and in ovo
and protected mice from mortality in experimental
influenza virus infection (Serkedjieva and Manolova,
1992). It was presumed that the protective effect of
the preparation might be attributed to a combina-
tion of more than one biological activity – selective
antiviral effect, non-selective immunomodulating
activity and some non-specific biological and pharma-
cological interactions, known for natural polyphenols,

Figure 5. TBARS in the lungs of PC-treated influenza virus-
infected mice. Experimental groups: PC, mock-infected and
PC-treated; VC, virus control – virus-infected and PBS-treated;
VC + PC, virus-infected and PC-treated. Three lung homogenates
were pooled for every sample, 5–7 measurements were made
for every sample. * p < 0.01.

Figure 6. TBARS in the livers of PC-treated influenza virus-
infected mice. Experimental groups: as in Fig. 1. Three liver
homogenates were pooled for every sample, 5–7 measurements
were made for every sample. * p < 0.01.

such as protein binding, radical scavenging and anti-
oxidant activities.

Here the effects of PC on the products of the lipid
peroxidation in the lungs, livers and sera of the in-
fluenza virus-infected animals were investigated. The
levels of LPO were reported based on the content of
total MDA used as a biomarker of the process.

The level of MDA in the lungs of intact mice was
increased after the application (a.a.) of PC and on days
6 and 9 a.a. represented 131% and 127% of CH respec-
tively, CH being 0.64 ± 0.15 (Fig. 5). MDA in the lungs
of virus-infected mice was increased significantly with a
maximum on day 6 p.i. – 139%, 197% and 172% deter-
mined on days 2, 6 and 9 p.i., respectively. In the group
of PC-treated virus-infected mice MDA in the lungs
was brought to normal levels (Fig. 1). MDA in the
livers of intact mice did not change significantly with
respect to CH after the application of PC except for
on day 6 a.a. (Fig. 6). In the group of virus-infected
mice the level of MDA was increased markedly on days
6 and 9 p.i. and was 160% and 184%, respectively, CH
being 0.25 ± 0.04. The treatment with PC reduced MDA
in the livers of virus-infected mice at each time-point of
observation (Fig. 6).
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The present results demonstrated invariably the anti-
oxidant activity of PC on LPO in the lungs and livers of
experimental animals in the course of the influenza
virus infection. However, prooxidant effects were found
in some previous studies: PC stimulated the production
of O2 on days 2 and 6 p.i. by 210% and 28.3% respec-
tively, of NO by 39% on day 2 (29), the TAOA in
the serum was decreased by 60% on day 2 p.i. It is
tempting to speculate that the prooxidant capacity of
the plant extract in the early stages of infection could
be part of the nonspecific defensive reaction of the
organism before the development of the specific
immune response.

Collectively, these results suggest that PC may act
not only as an antioxidant, but also a prooxidant. Both
prooxidant and antioxidant effects could be an impor-
tant mechanism of the host response modulation in
experimental influenza virus infection.

It has been reported that plant polyphenols are
naturally occurring antioxidants but they also exhibit
prooxidant properties under certain conditions. For
instance the prooxidant action of plant polyphenols
could contribute to their anticancer properties (Lahouel
et al., 2006; Sakihama et al., 2002). Although known for
their antioxidant activities, rutin and quercetin exhibit
prooxidant effects in healthy animals (Raju et al., 2000).

Phytochemical analysis of PC showed that the total
polyphenolic content of the extract was 167.8 μg/mL; it
contained tannins (34%), flavonoids (0.17%), catechins
and proanthocyanidins (2 mg/kg). The identification of
individual compounds showed that flavonoids – aglycones
and glycosides (quercetin, quercetin 3-O-galactoside,
morin, myricetin, kaempferol, rhamnasin, retusin, apigenin),
phenolic acids (caffeic, ellagic, quinic, chlorogenic),
gallotannins and catechins were present. The chemical
composition was confirmed by HPLC analysis (Pantev
et al., 2006). Most of the biologically active compounds,
identified in the preparation, belong to chemical groups,
known both as inhibitors of viral growth (Serkedjieva
and Manolova, 1992) and as antioxidants (Rice-Evans
et al., 1997). The presence of a variety of biologically
active compounds as well as possible synergistic inter-
actions between the constituents may be decisive for
the overall antioxidant and virus-inhibitory effects.

The results confirmed clearly the free-radical charac-
ter of influenza viral infection and the data of others
for the considerable role of lipid peroxidation in its
pathogenesis. High LPO concentrations as markers
of oxidative stress were observed during the whole
period of observation in the lungs – the primary target
of infection and in the livers of virus-infected animals
on days 6 and 9 p.i. Pretreatment with the plant
polyphenol-rich extract obtained from Geranium
sanguineum L. led to a significant reduction of increased
LPO levels. It is suggested that this significant anti-
oxidant activity of PC is an important mechanism of
its preventive effect against the lethal experimental
influenza A/Aichi infection and contributes to the over-
all protective effect.
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Figure 7. TBARS in the sera of PC-treated influenza virus-
infected mice. Experimental groups: as in Fig. 1. Three sera
were pooled and 5–7 measurements were made for every
sample. * p < 0.01.

The content of MDA in the sera of intact mice was
not altered significantly after the application of PC in
comparison with CH, CH being 0.31 ± 0.07 (Fig. 7).
The viral infection also did not produce changes in
serum MDA. In the group of PC-treated virus-infected
mice MDA remained at normal levels (Fig. 7).

It could be summarized that the level of malon-
dialdehyde as a measure of lipid peroxidation was
increased significantly in the lungs and slightly in
the livers of intact mice and remained unaltered in
the sera. The antioxidant effect of PC in the lungs
is of special interest since lungs are the target organs
of influenza virus infection. From the other side the
lungs of adult animals are highly vulnerable to oxidative
stress because of their inability to augment antioxidant
enzyme activity (Sobocance et al., 2006).

The decrease in the oxidative stress response as a
result of the preventive treatment with PC in influenza
virus infection has been observed before in different
models of oxidative stress: an increase of the total anti-
oxidant activity (TAOA) in the livers and lungs of VIM
(data not presented), a decreased generation of O2, H2O2

and NO from the alveolar macrophages from infected
mice (Toshkova et al., 2006).

The effect of the intranasal application of PC on the
level of LPO products was studied in parallel with its
protective activity on mortality rates and lung virological
parameters. The antioxidant effects were consistent with
a prolongation of the mean survival time and reduc-
tion of mortality rate, infectious lung virus titer and
lung consolidation. Thus the reducing the ability of PC
on LPO could be an alternative mechanism of action,
which explains the achieved protection against influ-
enza virus-induced pneumonia and might contribute
to the overall protective effect in the murine experi-
mental influenza infection.

It was found that PC also showed prooxidant
characteristics. In the intact animals the level of MDA
was increased by 30% in the lungs on days 6 and
9 a.a. (Fig. 1) and in the livers on day 6 a.a. Similar
results have been observed in alternative assays:
PC caused an increase of the generation of H2O2 on
day 2 and of O2 on day 6 a.a. (Toshkova et al., 2006)
and a transitory decrease of the lung TAOA on day
2 a.a.
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