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Objectives: Baicalin, a flavonoid, has been shown to have antiviral and anti-inflammatory activities, although the
mechanism of action has been unknown. Therefore, attempts were made to analyse the mechanism behind the
antiviral effects of baicalin using an influenza A virus (IAV) model in vitro and in vivo.

Methods: Baicalin’s anti-influenza activity was elucidated (in vitro and in vivo) utilizing pandemic influenza strain
A/H1N1/Eastern India/66/pdm09 (H1N1-pdm09). Anti-influenza activity was measured by plaque inhibition,
fluorescent focus-forming units (ffu) and quantifying viral transcripts using quantitative real-time PCR following
treatment with baicalin in a dose- and time-dependent manner. The role of the IAV non-structural protein 1 (NS1)
gene in modulating host responses was measured by immunoblotting, co-immunoprecipitation and molecular
docking.

Results: Baicalin treatment following IAV infection revealed up-regulation of interferon (IFN)-induced antiviral
signalling and decreased phosphoinositide 3-kinase/Akt (PI3K/Akt) activation compared with infected, untreated
controls. Baicalin exerts its antiviral effects by modulating the function of the IAV-encoded NS1 protein. NS1 has
been shown to counteract cellular antiviral responses by down-regulating IFN induction and up-regulating PI3K/
Akt signalling. Baicalin disrupted NS1–p85b binding. Molecular docking predicted the binding site of baicalin in
the RNA binding domain (RBD) of NS1. Site-directed mutagenesis within the RBD region of NS1 and the difference
in the fluorescence quenching pattern of full-length NS1 and mutant NS1 proteins in the presence of baicalin
confirmed the interaction of baicalin with the NS1 RBD. Amino acid residues 39–43 of the NS1 RBD were
found to be crucial for the baicalin–NS1 interaction.

Conclusions: Overall, this study highlights that baicalin exerts its anti-influenza virus activity by modulating viral
protein NS1, resulting in up-regulation of IFN-induced antiviral signalling and a decrease in PI3K/Akt signalling
in cells.
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Introduction
Flavonoids derived from vegetables, fruits, seeds, stems, flowers,
tea, wine and honey play a protective role in human life, having
antimicrobial, anti-inflammatory, antioxidant, anticancer, anti-
coagulant, antipyretic, antihypersensitivity and vascular protect-
ive effects.1,2 The flavonoid baicalin, isolated from the dried root
of Scutellaria baicalensis Georgi, has been shown to have antiviral
and anticancer properties.3 – 6 The anti-influenza virus activity of
baicalin has been reported earlier,7 but its mechanism of action
has remained largely unknown.

Influenza A virus (IAV), belonging to the Orthomyxoviridae
family, has vast genetic diversity, consisting of 17 haemagglutinin
subtypes and 10 neuraminidase subtypes.8,9 IAVs are highly con-
tagious and pathogenic, causing annual acute respiratory disease
in humans and different animal species, resulting in mortality,
morbidity and huge economic loss. For the prevention of influ-
enza, seasonal influenza vaccines are developed biannually by
the WHO based on circulating strains; however, due to continuous
change in influenza virus strains, the immunity provided is short-
lived and vaccination of susceptible groups is required every 6
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months. This results in increased vaccine costs, as well as short
supply, making it largely unavailable in the developing world,
where morbidity and mortality is high.10 In addition to the vac-
cines, antivirals targeting the viral matrix protein M2, namely
amantadine and rimantadine, and the viral neuraminidase inhibi-
tors zanamivir and oseltamivir are available. Unfortunately, their
prolonged indiscriminate use has resulted in the emergence of
resistant strains.11,12 There is thus a continued need to develop
new antiviral drugs against IAV to reduce the disease burden in
settings where mass vaccination is not possible.

During viral infection the innate immune response of the host
cell is activated, resulting in the induction of type I interferons
(IFNs), a and b, which are regulated by IFN regulatory factor
7 (IRF-7), IRF-3, NF-kB and retinoic acid inducible gene 1
(RIG-1).13 – 17 The IFNs up-regulate several proteins with antiviral
and pro-apoptotic roles such as signal transducer and activator
of transcription 1 (STAT-1), STAT-3, STAT-5, dsRNA-dependent pro-
tein kinase R (PKR) and 2′5′-oligoadenylate synthetase 1
(OAS-1).18 – 21 The influenza virus counteracts the host IFN-a/b
defence mechanism with its multifunctional non-structural pro-
tein 1 (NS1).22 Viral NS1 has two domains: the N-terminal struc-
tural RNA binding domain (RBD), consisting of three a-helices,
and the C-terminal structural effector domain, consisting of
seven b-strands and three a-helices. NS1 has been shown to
interact with RIG-1 and PKR.23 – 25 It also interacts with the
p-85b subunit of phosphoinositide 3-kinase (PI3K), resulting in
Akt phosphorylation and inhibition of cellular apoptosis to facili-
tate virus replication.26 – 30

In this study we have analysed the antiviral activity of baicalin
against a pandemic IAV strain isolated in Kolkata, India—
H1N1-pdm09.31 We studied the mechanism of antiviral activity
of baicalin against H1N1-pdm09 both in vitro (human lung carcin-
oma epithelial cell line, A549 cells) and in vivo (BALB/c mice). Our
results suggest that baicalin exerts its antiviral activity by modu-
lating the function of viral protein NS1.

Materials and methods

Cells, virus and reagents
Human lung carcinoma (A549) cells and Madin –Darby canine kidney
(MDCK) cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) and minimal essential medium, respectively, containing 10%
fetal bovine serum and antibiotics (penicillin and streptomycin) at
378C with 5% CO2. For virus infection, cells were washed with PBS and
infected with MDCK cell culture adapted pandemic strain A/H1N1/
Eastern India/66/2009 (H1N1-pdm09) in PBS containing 0.2% BSA,
1 mM MgCl2, 0.9 mM CaCl2, 100 U/mL penicillin and 0.1 mg/mL streptomy-
cin for 60 min at 378C. The inoculum was aspirated and A549 cells were
incubated in infection medium supplemented with DMEM, 0.2% BSA,
0.1% trypsin and antibiotics. Baicalin (7-D-glucuronic acid-5,6-
dihydroxyflavone) was purchased from Sigma –Aldrich, St Louis, MO,
USA, and dissolved in DMSO for in vitro experiments and 0.5% sodium
carboxymethyl cellulose for in vivo tests. The phospho-Akt (Ser 473;
p-Akt; 9271S), Akt (9272S), p-IRF-3 (4947S), IRF-3 (4302S), p-STAT-3
(9167S) and SOCS-3 (2923S) antibodies were from Cell Signaling Inc.,
Danvers, MA, USA, the influenza A virus nucleocapsid protein (NP;
sc-80481), IAV matrix 1 (M1; sc-17588), NS1 (sc-130568) and p-85b
(sc-131325) antibodies were purchased from Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA and the PI3K (610045) antibody from BD
Biosciences, San Diego, CA, USA.

Cell viability and plaque inhibition assay in the presence
of baicalin
To determine cytotoxicity of baicalin in A549 cells, cell viability assays were
performed in 96-well plates with 80%–90% confluent cells (≈5×104 cells/
well). Cells were treated with baicalin (0.5–320 mM) for 4 days followed by
an MTT assay (Sigma–Aldrich). Briefly, 10 mL of MTT solution (5 mg/mL in
PBS) was added and incubated at 378C for 4 h. The formazan was dis-
solved in 200 mL DMSO and the optical density (OD) of the solution was
measured at 570 nm and 630 nm to obtain the sample signal (OD570 –
OD630). The cytotoxicity was measured as loss in cell viability (TD50) com-
pared with untreated cells.

A plaque inhibition assay was carried out by seeding A549 cells into
6-well plates (≈1.2×106 cells per well). An equal volume of virus suspen-
sion was used, from 10-fold serial dilution of multiplicity of infection (moi)
of 0.5 and 1 from virus stock (6×1010 pfu/L). The plates were incubated at
368C for 60 min with frequent shaking. A 0.6% agarose overlay (3 mL) con-
taining DMEM, trypsin (2 mg/mL) and baicalin in a range of concentrations
from 1.0 mM to 120 mM was added. For the negative control, 0.1% DMSO
was added in place of baicalin. Plates were incubated at 368C in a humidi-
fied atmosphere of 5% CO2 in air. After 72 h, plaques were stained over-
night with 0.1% neutral red and plaques were counted.32 The percentage
of plaque inhibition relative to the infected, untreated control was deter-
mined for each drug concentration, and the 50% plaque inhibition concen-
tration (IC50) was determined. This experiment was performed in triplicate.

Quantifying viral transcripts and cellular genes
by quantitative RT–PCR
The change in viral RNA transcripts within 24 h of virus infection was ana-
lysed. A549 cells (�2.5×106) were infected with H1N1-pdm09 virus as
described previously (1.0 moi).33 The inoculum was aspirated and infec-
tion medium containing 10 mM baicalin or DMSO was added. Uninfected
cells treated with baicalin were used as controls. At predetermined
times [4, 8, 12, 18 and 24 h post-infection (hpi)], cells were washed with
PBS followed by total RNA extraction using Trizol reagent (Invitrogen,
Carlsbad, CA, USA). Quantitative PCR was carried out for viral RNA quanti-
fication using a TaqMan Influenza Assay Kit (Applied Biosystems, Foster
City, CA, USA) and an AgPath-ID One-Step RT–PCR Kit (Ambion, Austin, TX,
USA). In order to prepare a standard curve, total RNA from 64×1010 pfu/L of
H1N1-pdm09 was extracted. Total RNA was serially diluted (1:10) and each
dilution was used as a template for real-time RT–PCR. The standard curves
for viral RNA concentration were generated by plotting cycle threshold (Ct)
values against 10-fold serially diluted RNA as described previously.34 A simi-
lar method was employed for influenza virus A/Puerto Rico/8/34 (PR8) strain
(80×1010 pfu/L of viral stock). The same set of RNA was used to estimate
IFN-a, IFN-b, RIG-1, interleukin-8 (IL-8), tumour necrosis factor a (TNF-a),
PKR, IRF-3, OAS-1, ribonuclease L (RNase L) and 18S rRNA using TaqMan
Gene Expression assays (Applied Biosystems) according to the manufac-
turer’s protocol. The change in amplification of the target gene was normal-
ized to the 18S rRNA. The fold expression in the target host gene was
calculated by using 2–DDCt formula.35

Western blot analysis
The A549 cells were infected with H1N1-pdm09 virus as mentioned earlier
(1.0 moi and 5.0 moi)33 and treated with baicalin at 10 mM or DMSO. At the
indicated time post-infection, A549 cell monolayers were washed with PBS
and whole-cell lysates were prepared, and immunoblotting was done as
per standard protocols described previously.36 The membrane was probed
with the primary antibodies against NP, p-Akt, p-IRF-3, p-PKR, RIG-1,
p-STAT-3 and NS1. Blots were reprobed with IRF-3, glyceraldehyde
3-phosphate dehydrogenase (GAPDH) or Akt antibody to confirm equal
protein loading. All immunoblots were done at least three times to confirm
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results. The band intensity was measured by using Quantity One version
4.6.3 software (Bio-Rad, Hercules, CA, USA).

Antiviral activity of baicalin in an in vivo mouse model
Male BALB/c mice (18 –22 g) aged 6 weeks were obtained from the
National Centre for Laboratory Animal Sciences, National Institute of
Nutrition, Jamai-Osmania, Hyderabad, India and maintained in the animal
care facility of the University of Calcutta, Kolkata. The experiments with
animals were conducted in accordance with the Institutional Animal
Ethics Committee guidelines, University of Calcutta (Registration #885/
ac/05/CPCSEA), Kolkata, registered under ‘Committee for the Purpose of
Control and Supervision of Experiments on Laboratory Animals’, Ministry
of Environment and Forests, Government of India and conformed with
the Guide for the Care and Use of Laboratory Animals published by the
US NIH (Publication No. 85-23, revised 1996). The mice were anaesthetized
by inhalation of diethyl ether and intranasally infected with 50 mL of
4×50% murine lethal dose (MLD50) of H1N1-pdm09 strain in PBS.
Twenty-four hours after virus inoculation, the mice (n¼3 per dose) were
treated with increasing concentrations of baicalin (10–120 mg/kg/day)
by oral gavage twice daily for 3 days, as described previously.7 On the
fourth day the mice were sacrificed, and lung homogenates were analysed
for infective virus titre using a haemagglutination assay using 1% (v/v)
guinea-pig red blood cells with a detection limit of 10 TCID50/mL.37 The
decrease in virus titre relative to the infected untreated control mice
was determined for each drug concentration, and the 50% inhibitory con-
centration for mice (MIC50) was determined. The viral titres were further
confirmed using the fluorescent focus-forming unit (ffu) assay in MDCK
cells following infection with 10-fold serial dilutions of the supernatant
of lung homogenates according to the method described by Moriyama
and Sorokin.38 NP antibody and Goat anti-Mouse IgG (H+L) Secondary
Antibody DyLight 488 conjugate (35502; Thermo Fisher Scientific Inc.,
Pierce Antibody, Rockford, IL USA) were used for staining and ffu were
counted under a fluorescent microscope (Carl Zeiss, Axio Imager). A
fresh group of BALB/c mice (n¼12) were infected with H1N1-pdm09 strain
followed by treatment with either baicalin (40 mg/kg/day; n¼6) or DMSO
(vehicle control; n¼6) as described earlier. As control, uninfected mice
(n¼6) were treated with baicalin (40 mg/kg/day). After 24 h of baicalin
treatment, the mice were sacrificed and lungs were homogenized in modi-
fied radioimmunoprecipitation buffer (phenylmethylsulfonyl fluoride, pro-
tease inhibitor and phosphatase inhibitor cocktail) for western blotting to
determine the relative amounts of p-Akt and M1 protein in respective
treatment groups (virus infected; DMSO treated, virus infected; baicalin
treated and uninfected; baicalin treated). This experiment was performed
in triplicate.

Plasmid, transfection and baicalin treatment
The NS1 gene (accession no. GU983274)31 of H1N1-pdm09 was cloned in
pcDNA 6/V5 (Invitrogen). The pcD-NS1 (1 mg) or pcDNA6 vector was trans-
fected in A549 cells in a 35 mm dish with Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. Four hours after transfection, cells
were either treated with baicalin (0.5–16 mM) or left untreated for 24 h.
Whole-cell lysates were prepared and immunoblotting was performed to
detect p-Akt and NS1 protein quantity, as described previously.36

Co-immunoprecipitation
A549 cells either transfected with pcD-NS1 or infected with H1N1-pdm09
(at 1.0 moi) and treated with 10 mM baicalin or DMSO for 24 h were lysed in
a solution containing 10 mM Tris (pH 8.0), 170 mM NaCl, 0.5% NP-40 and
protease inhibitors for 30 min on ice. Cell debris was removed by centrifu-
gation, and the supernatants were clarified by incubation (2 h at 48C) with
protein A-Sepharose beads (Sigma–Aldrich) followed by centrifugation.

Beads were discarded and supernatants were incubated with anti-NS1
antibody overnight at 48C followed by protein A-Sepharose for a further
4 h. Beads were washed four times with 1 mL of wash buffer (200 mM Tris
pH 8.0, 100 mM NaCl and 0.5% Nonidet P-40), and bound proteins were
eluted with SDS sample buffer and separated on 12% SDS-polyacrylamide
gels. Blots were immunoblotted with anti-p-85b antibody as described pre-
viously.39 All experiments were performed three times.

Protein–ligand docking and sequence alignment
The amino acid sequence of A/H1N1/Eastern India/66/pdm09
(ADD85869) strain (RBD amino acids 1–81 and effector domain amino
acids 82–205) was used in the study. The full-length NS1 protein structure
was generated by combination of the three-dimensional (3D) coordinates
of the N-terminus (PDB ID: 3M8A) and C-terminus (PDB ID: 3M5R) of the
H1N1 NS1 protein using MODELLER software.40 The model was filtered
based on the lowest energy parameters (MOLPDF and DOPE scores) and
were further validated using PROCHECK41 and Verify 3D42 structural valid-
ation tools. The validated model structure of the full-length NS1 protein
was further refined by molecular dynamics simulation using GROMOS96
53a6 force field of the GROMACS v4.5.3 package.43 The simulation protocol
involved energy minimization of the system using steepest descent fol-
lowed by conjugate gradient algorithms. The production run was per-
formed with an NPT ensemble [at physiological temperature (300 K) and
pressure (1 bar)]. The system, comprising the whole protein and the solv-
ent, was separately coupled to the temperature bath to ensure minimal
fluctuations in the simulation temperature. The total production run of
100 ns took 170 CPU hours using four nodes (each having six Intel Zeon
X5675 processors) of a high performance computing (HPC) machine
cluster. The refined and equilibrated structure of the NS1 protein was
used for docking analysis. Molecular docking of baicalin with NS1 proteins
was performed using PatchDock44,45 and GOLD v5.146 docking software
using default parameters. The sequence alignment was carried by using
BioEdit version 7.0.9.0. software.47

In vitro transcription, translation and purification
The vectors pcD-NS1, pcD-NS1-RBD (nucleotides 1 –234) and pcD-
NS1-effector domain (nucleotides 235–657) were subjected to in vitro
coupled transcription and translation using the TNT Quick Coupled
Transcription/Translation system (Promega, Madison, WI, USA) according
to the manufacturer’s protocol. Recombinant proteins were purified
using a Ni-NTA Spin Kit (Qiagen, Hilden, Germany) under native conditions
according to the kit protocol.

Fluorescence spectroscopy
Purified full-length NS1, NS1-RBD and NS1-effector domain were incu-
bated with baicalin to form complexes between protein and ligand as
described previously.48 The fluorescence emission spectra of the complex
at different concentrations of baicalin and NS1 protein were recorded
in the wavelength range 300–450 nm, with the excitation wavelength
at 290 nm, using a fluorescence spectroscope (Photon Technology Inter-
national). Buffer was used as a corresponding blank to correct the back-
ground fluorescence.

Site-directed mutagenesis
Four individual nucleotide substitution mutations (C103G, A120C, T124C
and A136G) in the pcD-NS1 vector were created using the QuickChange
II Site-Directed Mutagenesis kit (Agilent Technologies, Inc., Santa Clara,
CA, USA) following the manufacturer’s protocol. Mutant proteins were
purified on an Ni-NTA Spin Kit (Qiagen) following the kit protocol. To
analyse the baicalin binding properties of these mutants, mutant
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protein–baicalin complexes were generated and fluorescence spectros-
copy carried out as described earlier. The full-length NS1 protein–baicalin
complex was taken as a positive control.

Statistical analysis
The data are expressed as mean+SD of at least three independent experi-
ments. Statistical analysis was performed using Student’s t-test. In all
tests, P,0.05 was considered statistically significant.

Results

Baicalin shows potent anti-influenza activity both in vitro
and in vivo in mice

To assess the biological function of any potential drug candidate,
its effect on cellular homeostasis needs to be evaluated. Thus,

the effect of baicalin on cell viability was assessed by the MTT
assay. Briefly, A549 cells were treated with increasing concen-
trations of baicalin (0.5–320 mM) and incubated for 96 h. Cell via-
bility was measured with respect to vehicle-treated (DMSO)
controls by the MTT assay. As shown in Figure S1 (available
as Supplementary data at JAC Online), 50% cell viability (TD50)
was observed at 220 mM+10 mM of baicalin. The IC50 (50%
virus reduction) of H1N1-pdm09 strain (0.5 moi) in vitro in A549
cells by the pfu method was observed at ≈18 mM baicalin after
72 h (Figure 1a). In vivo, BALB/c mice were infected intranasally
with the H1N1-pdm09 strain, followed by treatment with increas-
ing concentrations of baicalin (10–120 mg/kg/day) twice daily for
3 days. Lung homogenates were analysed for viral titre by both
the haemagglutination assay and ffu in MDCK cells. MIC50 by
the ffu assay was calculated to be ≈80 mg/kg/day (Figure 1b).
To rule out any non-specific toxic effects, 10 mM and 40 mg/kg/day
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Figure 1. Baicalin inhibits virus growth. (a) Baicalin IC50 was assessed by plaque assay in A549 cells infected with the H1N1-pdm09 virus at 10-fold serial
dilution of 0.5 moi in the presence and absence of baicalin (1.0–120 mM). After 72 h, the numbers of plaques were counted and are presented as the
percentage decrease with respect to untreated cells. (b) Antiviral activity of baicalin in mice. Viral titre in lungs of mice infected with H1N1-pdm09 (50 mL
of 4×MLD50) for 72 h in the presence of baicalin (10–120 mg/kg/day) or DMSO vehicle as determined using the ffu assay. (c and d) Expression of viral
transcripts of the NP gene was quantified by real-time RT–PCR in A549 cells infected with H1N1-pdm09 (1.0 moi) (c) or H1N1/PR8 (1.0 moi) (d) in the
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of baicalin were used in vitro and in vivo, respectively, since a sig-
nificant decrease (40%) in virus titre was observed (Figure 1a and
b). Inhibition of virus growth was assessed indirectly by measuring
transcript levels of NP (viral RNA) by quantitative PCR in the pres-
ence or absence of baicalin. At 24 hpi with H1N1-pdm09 (at
1.0 moi) an ≈100-fold reduction in viral NP transcript was
observed in the presence of baicalin (10 mM) (Figure 1c), while a
≈60-fold reduction was observed in A549 cells infected with
the IAV PR8 strain (Figure 1d). Antiviral effects of baicalin were
also observed in cells infected with higher moi (5 moi) (data
not shown).

Effect of baicalin on IFN-induced signalling
in IAV-infected cells

Cells recognize virus infection and trigger innate immunity as the
first line of defence. Induction of the innate immune response was
assessed by analysing the expression levels of cytokines such as
type I IFNs (a and b) and representative genes, namely RIG-1,
IRF-3 and PKR in the presence or absence of baicalin in a post-
infection time-course study. In uninfected A549 cells, no change
in the expression level of IFNs was observed following treatment
with baicalin. A549 cells infected with H1N1-pdm09 (1.0 moi) in
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Figure 2. Effect of baicalin on IAV-induced IFN signalling in cells. The change in expression of (a) IFN-a, (b) IFN-b, (c) IRF-3, (d) OAS-1, (e) RNase L, (f)
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change compared with mock-treated cells. (h) Immunoblot analysis was done in cell lysates of A549 cells infected with the H1N1-pdm09 strain
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the presence or absence of baicalin (10 mM), revealed a time-
dependent increase in expression of IFN-a and IFN-b in the pres-
ence of baicalin compared with uninfected cells (Figure 2a and b).
By contrast, the expression of antiviral genes RIG-1 and PKR was
significantly lower in cells treated with baicalin (Figure 2f and g),
whereas that of IRF-3, a regulator of IFN, OAS-1 and RNase L, was
significantly higher in the presence of baicalin (Figure 2c–e).
Furthermore, to assess IFN-induced signalling, cell lysates of
A549 cells infected with H1N1-pdm09 (1.0 moi) in the presence
or absence of baicalin were subjected to western blotting to ana-
lyse the expression of NS1, p-IRF3, RIG-1, p-PKR and p-STAT3.
Consistent with previous results, expression of the viral protein
NS1 was significantly lower in the presence of baicalin, confirming
reduced viral replication. By contrast, transcription factor IRF-3
and STAT3 were phosphorylated in cells treated with baicalin
compared with untreated cells (Figure 2h and Figure S2, available
as Supplementary data at JAC Online). Total IRF-3 and GAPDH
expression remained unchanged in the presence or absence of
baicalin. Consistent with the transcript levels, RIG-1 and p-PKR
protein were down-regulated in virus-infected cells treated
with baicalin compared with untreated cells (Figure 2h and
Figure S2, available as Supplementary data at JAC Online). The
pro-inflammatory cytokines TNF-a and IL-8 were also signifi-
cantly lower in the presence of baicalin compared with untreated
virus-infected cells (Figure 3a and b). Overall results suggest that
baicalin modulates IFN activation in cells, resulting in inhibition of
virus replication and a subsequent decrease in pro-inflammatory
or antiviral genes.

Role of baicalin in down-regulating a negative regulator of
cytokine signalling and virus-induced PI3K/Akt pathways

Viruses also modulate cellular apoptosis, by activating the survival
pathway during the early stages of infection.49 The effect of bai-
calin on the IAV-induced SOCS-3 and PI3K/Akt pathway in A549
cells was therefore assessed following H1N1-pdm09 infection.
Cell lysates prepared in a time-dependent manner were subjected
to western blotting using an antibody specific for SOCS-3 and
p-Akt (Ser 473). Unlike IFN, relative fold decreases in SOCS-3
(5.61-fold) and p-Akt (5.36-fold) expression were detected in
baicalin-treated cells compared with untreated cells at 24 hpi
(Figures 3c and 4a). The decrease in p-Akt correlated with reduced
IAV protein (NP) expression in cells, suggesting overall inhibition of
viral replication (Figure 4a). No change in expression of total Akt
was observed during IAV infection in the presence or absence of
baicalin. To further confirm the effect of baicalin on PI3K activity,
cell lysates prepared from mouse lung infected with H1N1-pdm09
(50 mL of 4×MLD50) (24 hpi) followed by treatment with baicalin
(40 mg/kg/day) or DMSO were subjected to western blotting to
assess the expression of viral protein M1 and p-Akt. Consistent
with in vitro results, the expression of M1 and p-Akt was signifi-
cantly decreased in baicalin-treated mice compared with
untreated mice (Figure 4b). Overall results suggest that reduced
virus replication in the presence of baicalin results in inhibition
of virus-induced pro-survival pathways.

Baicalin modulates the function of IAV NS1 protein

IAV NS1 protein has been shown to regulate virus-induced Akt/
PI3K and IFN signalling.26 – 29 Here, we observed that baicalin

modulates both virus-induced Akt phosphorylation and IFN
expression, and therefore the effect of baicalin on NS1 protein
was analysed. The NS1 gene of H1N1-pdm09 was cloned in
pcDNA6 (pcD-NS1) and transfected in A549 cells. Only vector
(pcDNA6) or pcD-NS1 transfected cells were either treated with
baicalin or left untreated. After 24 h, cell lysates were prepared
and immunoblot analysis was done to assess p-Akt. In the
absence of baicalin, increased Akt phosphorylation was observed
in NS1-expressing cells, whereas in the presence of baicalin it was
significantly lower, suggesting disruption of NS1 protein function
(Figure 4c).

Whole-cell lysates of A/H1N1/2009-infected cells (treated
or untreated with baicalin) were immunoprecipitated with
anti-NS1 antibody followed by immunoblotting with the
antibody-specific p-85b subunit of PI3K. As shown in Figure 4d,
a significantly lower amount of p-85b immunoprecipitated with
NS1 in the presence of baicalin compared with untreated cells.
This was further confirmed in pcD-NS1-expressing A549 cells,
where p-85b co-immunoprecipitated with NS1 in the absence of
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Figure 3. Effect of baicalin on pro-inflammatory cytokines and cytokine
suppressors. A549 cells were infected with the H1N1-pdm09 strain at
1.0 moi and incubated with or without baicalin (10 mM). The transcripts
encoding human (a) TNF-a and (b) IL-8 were measured by real-time PCR
using TaqMan probes and expressed as the fold change after normalizing
with respect to 18S rRNA. (c) The cell lysates prepared at specific times
post-infection were subjected to western blotting using SOCS-3 and
GAPDH antibodies. Results are representative of three independent
experiments. P,0.05 was considered statistically significant.
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baicalin, but reduced interaction was observed in the pre-
sence of baicalin (Figure 4e). Overall results thus suggest that bai-
calin inhibits p-85b– NS1 binding, resulting in reduced Akt
phosphorylation.

Prediction of the binding site of baicalin with
NS1 protein

Since baicalin inhibited the NS1– p-85b interaction, it was
hypothesized that baicalin may bind to the same region of NS1
to out-compete p-85b. A computational simulation study
was therefore carried out to predict the interacting region within
NS1. Since the crystal structure of the whole NS1 protein is
not available, the structure of the full-length NS1 protein was gen-
erated by combination of the 3D coordinates of the N-terminus

(PDB ID: 3M8A) and C-terminus (PDB ID: 3M5R) of the H1N1
NS1 protein using MODELLER40 software (Figure 5a) followed
by molecular dynamics simulation-based refinement using
the GROMACS v4.5.3 package.43 The ligand baicalin was docked
to the full-length NS1 protein, NS1 effector domain and
the RBD independently. A blind or naive docking approach
employed by PatchDock44,45 software suggested that baicalin
has a relatively higher binding probability for the RBD than the
effector domain (Figure 5b). Further, a residue-specific docking
approach employed by the GOLD v5.1 program46 suggested
that region 35–46 of helix 2 within the NS1-RBD covers the bind-
ing region. Involvement of amino acids R35, R38, D39, Q40, S42
and R46 in the interaction with baicalin was predicted
(Figure 5c). The docking study also suggested the probability of
hydrogen bond formation between baicalin and three arginine
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residues of the NS1 full-length protein at positions 35, 38 and 46,
respectively.

Baicalin interacts with amino acid region 39–43 of the
RBD of NS1

Spectroscopy was used to confirm the possible binding between
NS1 and baicalin, as predicted by the molecular docking experi-
ment. Purified full-length NS1 protein, NS1-RBD and NS1-effector
domain revealed strong fluorescence emission peaks at 331,
339 and 330 nm, respectively, after excitation at 290 nm. When
a fixed concentration of NS1 protein was incubated with increas-
ing amounts of baicalin, a remarkable decrease in the intrinsic
fluorescence of the NS1–baicalin and NS1-RBD–baicalin com-
plexes was observed (Figure 6a and b). Furthermore, a slight
shift in the maximum wavelength of whole NS1 protein and
NS1-RBD fluorescence emission was observed in the presence
of baicalin. The interaction between the effector domain of
NS1 and baicalin did not show any significant change compared
with the NS1-effector domain alone (Figure 6c). Once it was
confirmed that baicalin interacted with NS1-RBD, four mutants
of NS1 (namely R35G, Q40H, S42P and R46G) were constructed
by site-directed mutagenesis. Spectral emission profiles of the
mutants compared with NS1 were analysed in the presence or

absence of baicalin. NS1 mutants Q40H and S42P did not
show any significant changes in fluorescence intensity in the
presence or absence of baicalin, unlike full-length NS1 or
NS1-RBD, where quenching of fluorescence was observed in the
presence of baicalin. This suggests that amino acids Q40 and
S42 are crucial for NS1 –baicalin binding (Figure 7a and b).
The R35G and R46G mutants showed quenching of fluorescence
intensity in the presence of baicalin similar to full-length NS1 pro-
tein (data not shown). To further confirm this within the cell, A549
cells were transfected with constructs encoding NS1 mutants
(namely pcD-Q40H-NS1, pcD-S42P-NS1 and pcD-R46G-NS1) in
the presence of 10 mM baicalin. After 24 h, cell lysates were
co-immunoprecipitated with NS1 antibody followed by immuno-
blotting with p-85b subunit antibody. As an internal control,
p-85b–NS1 interaction in cells transfected with full-length
pcD-NS1 was analysed. In the presence of baicalin, NS1 mutants
pcD-Q40H-NS1 and pcD-S42P-NS1 showed strong interaction
with p-85b, whereas NS1 mutant pcD-R46G-NS1 revealed a sig-
nificantly lower interaction with p-85b, which is consistent with
the spectroscopy data (Figure 7c), suggesting that mutation in
the 39–43 amino acid region of NS1 reduces the NS1–baicalin
interaction. Overall, the results confirmed the interaction of baica-
lin with NS1 in the 39–43 amino acid region, which disrupts the
NS1–p85b interaction.
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domain (orange). The model structure became significantly compact (right side) after it was subjected to 100 ns of molecular dynamic simulation using
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Discussion

The plant extract baicalin has been shown to have anti-influenza
viral activity both in vivo and in vitro.7,50 Its antiviral effects on
hepatitis B virus, HIV-1 and herpes simplex virus-1 (HSV-1) in
vitro have also been reported,3,51 – 53 although the mechanism
of action has been relatively unknown. Consistent with previous
results, the present study also showed antiviral effects of baicalin
against human IAV (H1N1-pdm09) both in vitro and in vivo
(Figure 1a–c).

Host cells induce type I IFN as a first line of defence against
virus infection, but most viruses have evolved strategies to block
the IFN response as a means to increase their replication effi-
ciency.54 The IAV inhibits IFN production through the NS1

protein.55 The NS1 protein has two domains: the RBD and the
effector domain. A number of amino acids, including Arg 38, Lys
41, Thr 5, Pro 31, Asp 34, Arg 35, Gly 45, Arg 46 and Thr 49 in
the RBD region have been predicted to interact with RNA.56,57

The NS1-RBD binds to RIG-1/interferon-b promoter stimulator
1 (IPS-1)23,58,59 and blocks downstream signalling,60,61 resulting
in attenuation of type I IFN and inflammatory cytokine expres-
sion. It also binds to dsRNA and prevents activation of IRF-3, IFN
synthesis62 and the OAS-1-dependent RNase L pathway.63 The
IAV has been shown to inhibit cellular pro-inflammatory
responses such as TNF-a, IL-8 and IFNs.64 – 69 Consistent with pre-
vious reports, induction of IFN-a, IFN-b and IRF-3 was attenuated
in A549 cells at 8–12 hpi with IAV-pdm09 (Figure 2a–c and h, and
Figure S2, available as Supplementary data at JAC Online);
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however, in the presence of baicalin, the expression of IFN-a,
IFN-b and IRF-3 was high even at 24 hpi. IFN activates RNase L,
which degrades viral RNA and results in inhibition of viral replica-
tion.70 – 72 The activation of RIG-1/IPS-1 is dependent on cytosolic
viral RNA, IFN-inducible laboratory of genetics and physiology
2 (LGP2) and IFN-induced 15 kDa protein (ISG15), which controls
RIG-1 function and synthesis to maintain a balance between innate
defence and hypersensitivity during antiviral responses.17,73 – 75

Thus in baicalin-treated cells, IFN and RNase L levels were high,
whereas RIG-1 was inhibited (Figure 2f and h, and Figure S2,

available as Supplementary data at JAC Online). Owing to the
induction of IFN in the presence of baicalin, IAV replication was
attenuated, resulting in decreased viral transcripts (Figure 1c
and d) and low levels of pro-inflammatory cytokines TNF-a and
IL-8 (Figure 3a and b). Similarly, PKR expression was low, which
could be due to both increased p-STAT3 activity, which suppresses
autophagy through PKR, as well as reduced viral replication.76 In
addition to the IRF-3/RNase L pathway, NS1 also modulates IFN
induction through activation of the SOCS-3 protein,77,78 which is
consistent with our results in which reduced SOCS-3 expression
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was observed in the presence of baicalin. Other than IFN regula-
tion, NS1 interacts with p-85b through its Src homology 3 (SH3)
binding motif 1 to activate the PI3K/Akt pathway.79 Baicalin was
shown to inhibit NS1–p-85b interaction, as well as Akt phosphor-
ylation, suggesting that baicalin may exert its anti-influenza activity
by disrupting NS1 functions (Figure 4a–e).

Since NS1–PI3K binding was inhibited in the presence of baica-
lin, molecular docking was carried out to identify the binding
domain of NS1, which may interact with baicalin. The results
suggested direct interaction between the NS1-RBD and bai-
calin through hydrogen bonding at second helical structure
(Figure 5c). Site-directed mutagenesis of residues in the predicted
domain (35, 40, 42 and 46 amino acid) followed by fluorescence
spectroscopy and co-immunoprecipitation confirmed the import-
ance of the 39–43 amino acid region within NS1-RBD for this
interaction (Figure 7a–c). Binding with NS1 in the RBD region
might possibly disrupt the RNA binding function of NS1, which
may result in dsRNA-mediated induction of IRF-3, IFNs and
RNase L in cells to create an antiviral state. In addition, binding
of baicalin to the RBD may modulate the structure of NS1 so
that the SH3 region within the effector domain of NS1 is not freely
available for interaction with p-85b. The importance of the RBD
was further confirmed by alignment of NS1 protein sequences
of H1N1-pdm09, H1N1, H5N1, H6N1, H9N2 and PR8 influenza
virus strains, which revealed the highly conserved nature of a
region comprising amino acids 37–47 in all subtypes except
H5N1, where only one amino acid substitution (at 41) was
observed (Figure S3, available as Supplementary data at JAC
Online).

The antiviral effects of baicalin have been reported previously
in many RNA viruses,3,7,52 suggesting it has broad antiviral activity.
The present study highlights the mechanism of the anti-influenza
virus effect of baicalin during IAV infection. Baicalin induces
its antiviral effects by modulating the function of multi-
function protein NS1, which regulates host innate immune
responses.21 – 28,57 – 62 Since NS1 is a relatively conserved protein
in IAV, antiviral drugs targeting NS1 will probably have a lower
risk of generating drug-resistant mutants, unlike exisiting drugs
targeting surface antigens. Although further studies are required
to analyse the structure–function relationship between baicalin
and the NS1 protein, baicalin can be developed as a potential anti-
influenza drug based on the results from a previous study7 as well
as the current study.
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