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Aim: To study whether epigallocatechin gallate (EGCG), a green tea-derived polyphenol, exerted anti-influenza A virus activity in vitro 
and in vivo.
Methods: Madin-Darby canine kidney (MDCK) cells were tested.  The antiviral activity of EGCG in the cells was determined using 
hemagglutination assay and qPCR.  Time of addition assay was performed to determine the kinetics of inhibition of influenza A by 
EGCG.  The level of reactive oxygen species (ROS) were determined with confocal microscopy and flow cytometry.  BALB/c mice were 
treated with EGCG (10, 20 or 40 mg·kg-1·d-1, po) for 5 d.  On the 3rd d of the treatment, the mice were infected with influenza A virus.  
Histopathological changes, lung index and virus titers in the lungs were determined.  
Results: Treatment of influenza A-infected MDCK cells with EGCG (1.25–100 nmol/L) inhibited influenza A replication in a concen-
tration-dependent manner (the ED50 value was 8.71±1.11 nmol/L).  Treatment with EGCG (20 nmol/L) significantly suppressed the 
increased ROS level in MDCK cells following influenza A infection.  In BALB/c mice infected with influenza virus, oral administration of 
EGCG (40 mg·kg-1·d-1) dramatically improved the survival rate, decreased the mean virus yields and mitigated viral pneumonia in the 
lungs, which was equivalent to oral administration of oseltamivir (40 mg·kg-1·d-1), a positive control drug.
Conclusion: The results provide a molecular basis for development of EGCG as a novel and safe chemopreventive agent for influenza A 
infection. 
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Introduction
Influenza A virus (FluA) causes seasonal flu epidemics in most 
regions of the world.  The virus leads to substantial mortality 
and economic losses worldwide, with 200 000 annual hospital-
izations in the US[1, 2] and 500 000 additional deaths globally per 
year; the number of deaths reaches millions in some pandemic 
years[3].  The FluA is an enveloped, negative-strand RNA virus 
with an eight-segmented genome.  The genome allows viral 
evasion of prophylactic strategies through mutation or reas-
sortment and subsequent antigenic variation[4].  Significant 
changes occur in the virus over time and sometimes lead to the 
occurrence of lethal strains.  Vaccines have been extensively 
used as the primary prophylactic agents in the prevention and 
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treatment of influenza infection worldwide.  In most people, 
vaccines afford protection only against strains of influenza that 
are genetically similar to those in the vaccine[5].  Thus, vaccines 
must be updated regularly to incorporate the most recent or 
seasonal antigenic strains[6].  In addition to vaccination, other 
strategies involve the use of antiviral compounds in the treat-
ment of influenza infection.  Neuraminidase inhibitors (NAIs), 
such as oseltamivir (Tamiflu) and zanamivir (Relenza) are two 
FDA-approved drugs for the treatment of type A and type B 
influenza infections[7].  However, oseltamivir-resistant mutant 
(H1N1) viruses were detected and found to be quickly trans-
mitted in several countries during the 2007 and 2008 influenza 
seasons, which has brought attention to the unpredictable con-
sequences of mutational resistance to anti-viral compounds in 
the prevention and control of flu pandemics[8–11].

Compounds derived from herbal medicine have been 
broadly used as anti-influenza agents worldwide.  As the 
most abundant catechin, making up more than half of green 
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tea polyphenols, epigallocatechin gallate (EGCG) accounts for 
the majority of the potential health benefits brought about by 
green tea consumption.  Extensive laboratory and community-
based epidemiological studies have described a wide range 
of actions of EGCG, including antioxidant, antiallergic, anti-
bacterial, antitumor and antiviral activities[12].  However, the 
mechanisms of action of EGCG against FluA, such as whether 
EGCG acts directly on molecular components of the virus or 
upon cellular events necessary for the viral life cycle, remain 
incompletely defined.  

Oxidative stress in the form of excessive production of reac-
tive oxygen species (ROS) has been implicated in the patho-
genesis of both acute and chronic inflammatory diseases, 
including viral infection.  Evidence regarding ROS-mediated 
pathogenesis during viral replication has led to increased 
interest in the role of oxidative stress in neuroAIDS, chronic 
hepatitis C virus (HCV)-induced hepatocellular carcinoma, 
respiratory syncytial virus infection, and coxsackievirus B3 
(CVB3)-mediated myocarditis, as well as influenza A virus-
induced lung inflammation[13–15].  Therefore, compounds that 
modulate ROS and free radical formation might successfully 
diminish inflammation and hence viral pathogenesis.

In the present study, we systematically investigated the anti-
influenza A activity of EGCG in vitro and in a mouse model 
of influenza infection.  We demonstrated that EGCG inhibits 
influenza A replication in a concentration- and time-depen-
dent manner.  We further determined that the observed anti-
influenza activity of EGCG might correlate with its antioxidant 
properties.  Moreover, oral administration of EGCG to mice 
significantly mitigated influenza A-induced viral pneumonia 
and reduced viral titers in the lungs.  These findings may pave 
the way for the use of EGCG as a therapeutically effective anti-
viral that combats influenza A virus infection.

Materials and methods
Cells, chemicals and virus stocks
Madin-Darby canine kidney (MDCK) cells were propagated in 
Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10% fetal calf serum (Gibco), penicillin (100 IU/mL), 
streptomycin (100 μg/mL) and 0.1% L-glutamine.  EGCG 
was purchased from Sigma-Aldrich (St Louis, MO, USA) and 
was >98.0% pure.  The compound was initially dissolved in 
0.05% dimethyl sulfoxide (DMSO) and stored at 4 °C until 
use.  DMSO at 0.05% was used as a negative control.  Osel-
tamivir capsules were purchased from Roche and used as a 
positive control for in vivo experiments.  Influenza A virus (A/
Yamagata/120/86 [H1N1]) was kindly provided by Prof Shiro 
SHIGETA from the Department of Microbiology, Fukushima 
Medical University, School of Medicine (Japan).  The virus 
was propagated in the allantoic cavity of 10-d-old embryonic 
chicken eggs three times, with a hemagglutination titer above 
1:320, as tested by hemagglutination of guinea pig red blood 
cells, and then stored at -80 °C.  

Assessment of cytotoxicity
MDCK cell viability in the presence of various concentrations 

of EGCG was evaluated using the MTT assay as described 
previously[16].  Briefly, cells were treated with doses of EGCG 
ranging from 1.25–100 nmol/L for 30 h, and cytotoxicity was 
quantitated in a conventional microplate reader at 490 nm 
according to the manufacturer’s protocol.  The toxic dose for 
50% cell death (TD50) of EGCG was calculated.  

Virus growth inhibition assay 
Measurement of virus growth inhibition was performed to 
determine the cytoprotective effect of EGCG, as described 
elsewhere[17].  Cell culture plates with 96-wells were used, and 
monolayers of one-day-old MDCK cells were infected with 
100 median tissue culture infective dose (TCID50) of influenza 
A virus.  After 2 h of adsorption at 4 °C, the cells were overlaid 
with 0.2 mL of serum-free DMEM containing EGCG at various 
concentrations (two-fold dilutions starting from 20 nmol/L) 
and returned to 37 °C.  Every 28 h after infection, the antiviral 
activity was measured with the MTT assay by evaluation of 
the therapeutic index [TI=toxic dose for 50% cell death (TD50)/ 
effective dose for 50% reduction on viral replication (ED50)][16].  

Time of addition assay
Time of addition assay was performed according to the 
method described previously[18].  Briefly, MDCK cell monolay-
ers in 24-well plates were infected with 100 TCID50 of FluA 
at 4 °C for 2 h to allow viral adsorption.  Unbound virus was 
removed from the monolayers with three washes of PBS.  The 
cells were overlaid with fresh medium for further incuba-
tion.  Twenty micromolar EGCG was added to the infected 
cells immediately or at 2, 4, 6, 8, 10, 14, 18, 22, and 26 h post-
infection.  Culture supernatants were collected to determine 
the virus yields by hemagglutination.  The infected cells were 
harvested for quantification of vRNA by qPCR.

Quantification of viral RNA by real-time quantitative PCR (qPCR)
Total intracellular RNA was isolated with TRIzol reagent 
(Invitrogen) from 24-well plates.  Quantification of influenza 
A viral RNA within virus-infected and EGCG-treated cells 
was performed by qPCR as described by Chidlow et al[19].  
Primers were specific for M segments of FluA.  Canine and 
mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
were used as reference genes in vitro and in vivo, respec-
tively.  The primer sequences were as follows: influenza A M 
forward 5’-ACCCAGAAGACTGTGGATGG-3’, reverse 5’- 
ACACATTGGGGGTAGGAACA-3’; canine GAPDH forward 
5’-GGTGGTCCTCTGACTTCAACA-3’, reverse 5’-GTTGCT-
GTAGCCAAATTCGTTGT-3’; mouse GAPDH forward 5’- 
AGGGCATTTTGGACAAATCGTCTA-3’, and reverse 5’-GAC-
CAATCCTGTCACCTCTGAC-3’.  qPCRs were performed in 
triplicate for each sample, and the fluorescence emission of 
each cycle was monitored and analyzed using Bio-Rad CFX 
manager software.

Hemagglutination assay
All supernatants from the virus growth inhibition assay were 
collected and used for titration of infectious virus by hemag-
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glutination of guinea pig red blood cells.  Briefly, supernatants 
were serially diluted 10-fold and incubated with an equal vol-
ume of 1% guinea pig red blood cell suspension.  After incuba-
tion, viral titers were calculated as previously described[17].  

Reactive oxygen species (ROS) detection
Following infection with FluA, MDCK cells were either left 
untreated or treated with 20 nmol/L EGCG over a period 
of 28 h.  ROS generated in MDCK cells were measured by 
using an intracellular ROS indicator, 2’,7’-dichlorofluorescin-
diacetate (H2DCF-DA, Sigma-Aldrich, St Louis, MO, USA), 
according to the manufacturer’s protocols.  Detection of 
2’,7’-dichlorofluorescein (DCF) was carried out by flow cytom-
etry on an EPICS ALTRA II (Beckman).

MDCK cells were cultured on a glass-bottom culture dish 
(MatTek, USA).  To visualize ROS formation, we microscopi-
cally examined DCF fluorescence.  Mitochondria were live-
stained with 100 nmol/L Mitotracker Red CMXRos (Invitro-
gen).  The cells were then washed with PBS twice and fixed 
in a 4% paraformaldehyde (PFA) solution for 20 min before 
examination under a confocal microscope (Leica TCS SP5).  

Animals and viral titration
Specific pathogen-free BALB/c mice aged between 4 and 
6 weeks were purchased from Animal Research Center of 
Wuhan University (Certificate No SCXK 2008-0004, Wuhan, 
China).  The welfare of all animals used in the experiments 
was in compliance with the relevant guidelines and interna-
tionally accepted principles of the Institutional Animal Care 
and Use Committee (Wuhan, China).  Mice were anesthetized 
intraperitoneally by ketamine (100 mg/kg) and inoculated 
intranasally with 50 µL serial ten-fold dilutions (1:1 to 1:10-4) of 
the FluA (FM1 strain).  The median lethal dose (LD50) of virus 
was determined based on the mortality rate of animals accord-
ing to the Reed-Muench method[20].

Influenza virus infections and EGCG treatment in mice 
The mice were randomly divided into 6 groups: mice treated 
with EGCG at doses of 40, 20, and 10 mg·kg-1·d-1 were des-
ignated as high, middle and low-dose groups, respectively; 
the positive controls received 40 mg·kg-1·d-1 oseltamivir; the 
virus controls and the normal controls without viral infection 
received no treatment.  BALB/c mice were infected intra-
nasally with 25 μL viral suspension per nostril containing 
10LD50 of influenza A (FM1 strain).  The treatment of EGCG 
was begun 2 d before virus inoculation.  After 2 h, EGCG at 
designated concentrations was orally administered to each 
group for 5 consecutive days.  Individual mouse weights 
were recorded for 15 d, and surviving mice were sacrificed by 
exsanguination at the end of the experiment.  The lungs were 
harvested, weighed and used to determine the viral titers.  The 
lung index was calculated as the ratio of mean lung weight to 
mean body weight.  

Histopathology
The right lung lobes were removed from the thorax and fixed 

in 10% buffered formaldehyde.  After embedding in low-melt-
ing-point paraffin wax, 3–4 mm sections were cut and stained 
with hematoxylin and eosin (H&E) to assess general histopa-
thology as described elsewhere.

Statistical analysis
Each set of experiments was repeated at least three times with 
consistent results.  The data were analyzed with the SPSS 17.0 
software package (SPSS Inc, Chicago, IL, USA).  The results 
were presented as the mean±standard deviation (SD) and 
examined by the two-sample test or one-way analysis of vari-
ance.  Student’s t test for paired samples was used to deter-
mine significance.  P values <0.05 were considered significant.

Results
Dose-dependent effects of EGCG on viral titer and replication in 
vitro
To evaluate the antiviral effect of EGCG on FluA, we tested 
its ability to inhibit the production of infectious progeny virus 
in MDCK cells.  The chemical structure and cytotoxicity of 
EGCG is shown in Figure 1A.  Following EGCG treatment 
with the TD50 of approximately 81.18±9.90 nmol/L, the influ-
enza A-induced cytopathic effect (CPE), normally apparent 
at 20–26 h post-infection, was dramatically delayed com-
pared to virus-only controls.  Treatment with 20 nmol/L and 
10 nmol/L EGCG induced dramatic decreases in infectious 
virions as assayed by hemagglutination, without any visible 
changes in cell morphology or cell density, and in the absence 
of CPE (Figure 1B, 1C).  In addition, qPCR analysis showed a 
dose-dependent decrease in viral RNA level in EGCG-treated 
groups from 20 to 1.25 nmol/L (R2=0.9500, P<0.0001) (Figure 
1D).  The effective dose for 50% reduction of viral replication 
(ED50) by EGCG was 8.71±1.11 nmol/L.  The in vitro value of 
the therapeutic index (TI=TD50/ED50) of EGCG was 9.32.

Kinetics of inhibition of influenza A by EGCG in vitro 
As described above, EGCG treatment caused a dose-de-
pendent reduction of both viral RNA levels and infectious 
progeny in the supernatant.  To determine whether inhibi-
tion of influenza A replication and production of infectious 
progeny by EGCG was time-dependent, the compound was 
added immediately after virus inoculation or at the indicated 
time.  The growth of FluA on MDCK cells was measured 
over time by hemagglutination and qPCR.  The influenza A 
virus replicated efficiently in cultured MDCK cells, and virus 
levels peaked at 28–30 h post-infection (Figure 2A).  MDCK 
cells were inoculated with 100TCID50 FluA and treated with 
20 nmol/L EGCG immediately or 2, 4, 6, 8, 10, 14, 18, 22, and 
26 h post-infection at 37 °C.  The production of viral RNA was 
analyzed by qPCR, and infectious particles in the supernatant 
were quantitated by hemagglutination at 28 h post-infection.  
We found that EGCG significantly inhibited influenza A rep-
lication when added 0–4 h after virus inoculation (Figure 2B, 
2C).  Maximum inhibition, corresponding to an approximately 
130-fold decrease in hemagglutination titers, was observed 
when EGCG was added immediately after virus inoculation 
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when the cells were placed at 37 °C.  However, pre-treatment 
of MDCK cells with EGCG for 2 h had no direct effect on the 
reduction of influenza A replication (data not shown).  Nota-
bly, inhibition of influenza A by EGCG was significant when 
added at 2, 4, and 6 h post-infection, with reductions in infec-
tious virus of 100-, 57-, and 45-fold, respectively (Figure 2B).  
The decrease of viral RNAs in the cell lysates and reduction of 
infectious virus in the supernatants show similar temporal pat-
terns.  These results demonstrate that the main effect of EGCG 
may occur at an early stage in the virus replication cycle, after 
virus adsorption to the host cell.

Effects of EGCG treatment on virus-induced changes in redox 
potential in vitro
Elevated mitochondrial superoxide and ROS production 
were previously observed in both human airways and MDCK 
cells following influenza infection.  To assess the relationship 

between antioxidant properties of EGCG and its antiviral 
activity, intracellular ROS levels were quantitated in H2DCF-
DA-loaded, influenza-infected MDCK cells in the presence 
or absence of 20 nmol/L EGCG.  An increased accumulation 
of intracellular ROS level in cells infected with FluA was 
observed, which is consistent with previous studies[21].  ROS 
production appeared to be mitochondrial in origin, and 20 
nmol/L EGCG treatment could efficiently quench virus-
induced ROS generation (Figure 3A).  Flow cytometry and 
confocal microscopy showed a substantial 54% decrease in 
the density of DCF fluorescence in the influenza A-infected, 
EGCG-treated cells (Figure 3B, 3C).  Similar ROS reduction 
occurred in mock-infected MDCK cells following EGCG treat-
ment (mean fluorescence intensity (MFI) decreased from 71.43 
to 19.81%) (Figure 3C).  These results collectively suggest that 
EGCG, which is a potent ROS scavenger, may slowly reduce 
ROS levels in MDCK cells, which could in turn diminish effi-

Figure 1.  EGCG suppresses influenza A replication and cellular toxicity.  (A) Cellular toxicity of EGCG.  MTT assay was performed to determined 
cellular toxicity of EGCG on MDCK cells.  (B) Dose-response curves showing the yield of infectious virus in the supernatants following EGCG treatment. 
Hemagglutination titers were determined as described in Material and methods.  (C) Anti-influenza A effect of EGCG.  Cell viability of influenza-infected, 
EGCG-treated cells was determined.  Each data point represents the mean±standard deviation (SD) from three independent experiments.  (D) Dose-
response curves showing influenza vRNAs following EGCG treatment.  After inoculation with 100 TCID50 influenza A virus, MDCK cells were either left 
untreated (control) or treated with EGCG at several concentrations over a period of 28 h.  Cell lysates were measured for vRNAs level.  bP<0.05 as 
determined by the treatment vs viral control (VC).
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cient viral production.

Oral administration of EGCG ameliorates the clinical signs of 
influenza infection in a murine model
After death rates were evaluated for 14 d post-infection, LD50 
was determined to be 102.33 by the Reed-Muench method.  Mice 

infected intranasally with the LD50 of FluA were treated with 
different concentrations of EGCG: high dose 40 mg·kg-1·d-1; 
middle dose 20 mg·kg-1·d-1; low dose 10 mg·kg-1·d-1.  Clinical 
signs of murine influenza-induced pneumonia, which were 
initially observed at d 3 post-inoculation, were sluggishness, 
ruffled fur, and anorexia as well as the tendency to huddle.  

Figure 2.  EGCG inhibits influenza A infection at the initial stage of viral replication.  (A) Single kinetic growth curves of influenza A virus on MDCK cells.  
MDCK cells were infected with 100 TCID50 influenza A virus for 2 h at 4 ºC.  After removing unbound virus, cells were replaced with serum-free medium. 
Supernatants and cell lysates were collected at the indicated times (at 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, and 30 h post-adsorption).  Viral 
RNAs were extracted and quantified by qPCR.  Supernatants were used to determine virus titers by hemaglutination assay.  (B) Time-of-addition assay.  
After 2 h at 4 ºC to allow virus binding but not virus entry, the infected cells were treated with 20 nmol/L EGCG at the indicated times (immediately or at 2, 4, 
6, 8, 10, 14, 18, 22, and 26 h post-adsorption) until supernatants and cell lysates were collected at 28 h post-infection.  Total viral RNAs were extracted 
from cell lysates, reverse transcribed and assayed by qPCR as described in Materials and methods. Supernatants were used for hemagglutination 
assay.  Data are presented as mean±SD of results from three independent experiments.  (C) Cytoprotection effect of EGCG by time-of-addition assay.  
Light microscopy images were captured at an original magnification of ×200.  VC indicates viral controls.
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These signs were especially evident in untreated control mice.  
By d 10 following influenza infection, all untreated mice suc-
cumbed to illness with dramatic losses of body weight and 
decreased vitality.  In contrast, significant numbers of mice 
survived in groups treated with the high and middle doses of 
EGCG, with only 33.3% and 50% of mice, respectively, suc-
cumbing to infection.  The antiviral effect of the high dose 
EGCG was equivalent to 40 mg·kg-1·d-1 Oseltamivir adminis-
tration (Table 1).  Except in the case of the low-dose treatment 

of EGCG, differences between treated and untreated groups 
were significant (all P<0.05).  The lung index was used to 
monitor lung inflammation after viral challenge, as described 
in Materials and methods.  The lung indexes in the high-, mid-
dle-, and low-dose groups were 0.757±0.067, 0.875±0.123, and 
0.897±0.121, respectively, while the lung index in the untreated 
group was 1.235±0.373 (Figure 4A).  The results clearly indi-
cate that EGCG treatment could mitigate viral pneumonia 
induced by influenza infection.

EGCG reduces lung viral titers in influenza-infected mice
The differences in lung viral titers and viral M gene replica-
tion in the influenza-infected mice from different groups are 
shown in Figure 4.  Oral administration of 40 mg·kg-1·d-1 and 
20 mg·kg-1·d-1 EGCG significantly decreased viral titers in the 
lung by 74-fold and 35-fold, respectively, compared to the 
untreated controls (P<0.05) (Figure 4B, 4C).  The viral titer 
results were confirmed by real-time PCR, which showed that 
viral M gene RNA levels were decreased by approximately 
56-fold and 41-fold in the groups treated with EGCG at 40 and 
20 mg·kg-1·d-1, respectively, compared to the untreated con-
trols (Figure 4C).  The groups treated with 40 mg·kg-1·d-1 and 

Table 1.  Oral administration of EGCG alleviates influenza-induced lethality 
in BALB/c mice.

   
Group

                         Dose       No of      No of      Death         Mean days 
                                     (mg·kg-1·d-1)  mice      death     rate (%)           death  
 
High 40 12 4 33.3 12.0±2.67
Middle 20 12 6 50 11.0±3.00
Low 10 12 9 75 9.83±2.33
Oseltamivir capsule 40 12 4 33.3 12.9±1.24
VC - 12 10 83.3 9.08±1.94
NC - 12 0   0         –

Figure 3.  Analysis of reactive oxygen species (ROS) production in EGCG treated MDCK cells.  (A) EGCG treatment ameliorates ROS overproduction 
in influenza infected cells.  MDCK cells were double stained with Mitotracker Red CMXRos and dichlorofluorescein (H2DCF-DA) and microscopically 
visualized under confocal microscope (Scale bar, 30 μm).  (B) MDCK cells were uninfected or infected with 100 TCID50 influenza A virus and untreated or 
treated with 20 nmol/L EGCG.  Mean fluorescence intensity (MFI %) of each group was determined.  The results are presented as the mean±SD of three 
experiments.  (C) Flow cytometry analysis of ROS levels.  Cells were washed with serum-free DMEM and incubated in serum-free medium containing 10 
μmol/L H2DCF-DA for 30 min at 37 ºC.  DCF-intensity was determined by flow cytometry.  Each bar represents the mean±SD of the three independent 
experiments.  bP<0.05 as determined by the treatment vs viral control. 
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20 mg·kg-1·d-1 EGCG showed lower lung viral titers and vRNA 
than the EGCG group receiving only 10 mg·kg-1·d-1 (P<0.05).  

Pathological evaluation
Microscopic evaluation demonstrated that the lungs from 
the uninfected groups had no changes in the pulmonary 
alveoli and epithelial cells.  In contrast, infected lungs showed 
thickened alveolar walls due to the edema of alveolar epi-
thelia, interstitial lymphocyte infiltration, and hemorrhage, 
indicating severe interstitial viral pneumonia.  Edema of the 
lungs decreased significantly in the EGCG high-dose group 
compared to the untreated controls.  The group treated with 

EGCG at 20 mg·kg-1·d-1 had moderate lung edema and intersti-
tial lymphocyte infiltration compared to the untreated group 
(Figure 5).  Taken together, these data reveal that EGCG could 
decrease mortality and viral pneumonia following influenza A 
infection.

Discussion
As one of the most abundant components in green tea-
derived polyphenols, the biological activities of EGCG have 
been extensively investigated.  Several studies have demon-
strated the effect of EGCG on the yield of infectious FluA and 
determined an ED50 of 8 μmol/L; however, the mechanism of 

Figure 4.  Mortality after influenza A infection and EGCG treatment in mice.  (A) Reduction of lung index following EGCG administration in influenza 
A-infected mice.  Mice were either treated with EGCG orally at different concentration each day or administered with 40 mg·kg-1·d-1 Oseltamivir capsule 
as positive control.  Lung index was expressed as the ratio of mean lung weight (LW) to mean body weight (BW), which served as an indicator for lung 
inflammation.  Oseltamivir 40 mg·kg-1·d-1 was used as positive control.  (B) Lung viral titers reduction following EGCG treatment. Mice were sacrificed and 
lungs were homogenized in ice-cold test medium.  Lung virus titer was determined by plaque assay.  (C) Lung viral RNAs were determined by the qPCR 
following the protocol described in Materials and methods.  Statistical significance from viral control is determined by One-way ANOVA with Bonferroni’s 
multiple comparison-test, bP<0.05. 

Figure 5.  EGCG treatment alleviates influenza virus-induced lung lesion in mice.  Photomicrographs of Hematoxylin & Eosin-stained paraffin sections 
generated from infected lung treated with high dose of EGCG (40 mg·kg-1·d-1); middle dose (20 mg·kg-1·d-1); low dose (10 mg·kg-1·d-1); Viral controls (VC) 
and normal controls (NC).  The EGCG treated group showed a dose-dependent reduction of influenza virus A-induced lung lesion in mice.  Oseltamivir 
capsule 40 mg·kg-1·d-1 was used as positive control.
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EGCG’s antiviral action needs elucidation[22].  In the current 
study, a dramatic reduction in infectious progeny particles 
at 28 h post-infection, which coincided with the pattern of 
vRNA synthesis, was found in influenza-infected MDCK cells 
treated with EGCG.  To gain more insight into the mechanism 
by which EGCG interrupts influenza virus replication, time of 
addition experiments were performed to determine the time 
point of maximum inhibition by EGCG.  The maximum inhibi-
tory effect of EGCG, which was 80% inhibition of influenza 
replication, was observed when EGCG was added immedi-
ately after adsorption and rapidly decreased to 29% inhibition 
when EGCG was added 8 h post-infection.  No significant 
inhibition of infection was observed if EGCG was added 10 h 
after viral inoculation.  As previously reported by Kim[18], our 
data demonstrate that EGCG may interrupt the early stages of 
the viral replication cycle.  

Elevated ROS production and oxidative stress play a 
pivotal role in exacerbation of various clinical conditions, 
such as those associated with malignant diseases, chronic 
inflammation, angiogenesis, and viral infection[14, 23, 24].  As 
intracellular free radicals, ROS may induce transient or per-
manent cellular alterations[25].  Accumulating evidence sup-
ports the association of virus-induced ROS production and 
increased pathogenesis following infections[24, 26, 27].  HCV 
core protein could induce oxidative stress through calcium 
signaling pathways, which may act directly and indirectly to 
promote liver fibrosis and carcinogenesis[28].  Previous studies 
have identified several antioxidants with anti-influenza virus 
activity, including pyrrolidine dithiocarbamate (PDTC) and 
N-acetyl-L-cysteine (NAC)[29].  In addition, compounds that 
act as ROS-generating agents, such as phorbol 12-myristate 
13-acetate (PMA), enhance influenza proliferation in MDCK 
cells.  As a free radical scavenger, EGCG acts as an antioxi-
dant through alterations in ROS metabolism.  Suppression of 
enterovirus 71 (EV71) replication by EGCG via modulation of 
cellular redox milieu was also reported recently[30].  Culture of 
influenza-infected MDCK cells in the presence of 20 nmol/L 
EGCG for 28 h post-infection resulted in a significant reduc-
tion in ROS levels compared to untreated MDCK cells.  These 
results were corroborated by the evaluation of overproduction 
of ROS in MDCK cells infected with influenza virus by confo-
cal microscopy.  As has been previously suggested, ROS and/
or ERK phosphorylation are crucial for the nuclear export of 
influenza virus ribonucleoprotein (RNP), and diminished ROS 
formation can in turn inhibit influenza virus proliferation[29].  

Guided by our in vitro data, we performed a mouse study to 
determine the in vivo effects of EGCG on mouse-adapted FluA.  
EGCG administration at 40 mg·kg-1·d-1 significantly reduced 
lung vRNA levels and viral titers and resulted in better sur-
vival than the untreated mice.  Quercetin and other forms 
of polyphenols, such as isoquercetin, have been reported to 
decrease free radical production during ischemic tissue dam-
age and to reduce lung inflammation in murine pneumonia 
induced by influenza virus[24].  Mortality reduction in mice 
infected with influenza virus and treated with antioxidants 
has also been reported previously[18].  Our findings are in line 

with other studies that described suppression of viral replica-
tion and reduction of viral lung inflammation by EGCG.

In summary, we explored the possible effect of EGCG on 
influenza A infection to gain more insight into FluA pathogen-
esis and to possibly obtain new targets for antiviral therapy.  
The activity of EGCG is different from existing antivirals such 
as neuraminidase or proton pump inhibitors, suggesting that 
EGCG could be developed into a new class of antiviral com-
pounds that may be effective against current drug-resistant 
influenza strains.  Many EGCG-based commercial products 
have been developed for daily use against malignant or benign 
cancer.  The excellent antiviral and anti-inflammatory activities 
observed in our study add further appeal to the medicinal use 
of EGCG or other green tea polyphenol-rich products.  Green 
tea is one of the most widely consumed beverages across the 
globe.  Daily consumption of green tea, alone or in combina-
tion with other antiviral therapies, is most likely beneficial for 
health because of its antimicrobial properties.  
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