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It has been reported that autophagy is involved in the replication of many viruses. In this study, we screened 89 medicinal plants,
using an assay based on the inhibition of the formation of the Atg12-Atg5/Atg16 heterotrimer, an important regulator of au-
tophagy, and selected Silybum marianum L. for further study. An antiviral assay indicated that silybin (S0), the major active
compound of S. marianum L., can inhibit influenza A virus (IAV) infection. We later synthesized 5 silybin derivatives (S1
through S5) and found that 23-(S)-2-amino-3-phenylpropanoyl-silybin (S3) had the best activity. When we compared the polari-
ties of the substituent groups, we found that the hydrophobicity of the substituent groups was positively correlated with their
activities. We further studied the mechanisms of action of these compounds and determined that S0 and S3 also inhibited both
the formation of the Atg12-Atg5/Atg16 heterotrimer and the elevated autophagy induced by IAV infection. In addition, we found
that S0 and S3 could inhibit several components induced by IAV infection, including oxidative stress, the activation of extracel-
lular signal-regulated kinase (ERK)/p38 mitogen-activated protein kinase (MAPK) and I�B kinase (IKK) pathways, and the ex-
pression of autophagic genes, especially Atg7 and Atg3. All of these components have been reported to be related to the forma-
tion of the Atg12-Atg5/Atg16 heterotrimer, which might validate our screening strategy. Finally, we demonstrated that S3 can
significantly reduce influenza virus replication and the associated mortality in infected mice. In conclusion, we identified 23-(S)-
2-amino-3-phenylpropanoyl-silybin as a promising inhibitor of IAV infection.

Although autophagy is thought to be a component of the host
innate immunity mechanism, many viruses, such as hepatitis

C virus (HCV), human immunodeficiency virus (HIV), coxsacki-
evirus B3 (CVB3), and influenza A virus (IAV), have evolved
mechanisms to evade, subvert, or exploit this machinery for their
own replication. It has been reported that inhibition of autophagy
can efficiently inhibit IAV replication and IAV-induced au-
tophagic cell death; this autophagic cell death ultimately leads to
acute lung injury and high mortality (1–3). Inhibition of au-
tophagy has been proposed as a good target for novel antiviral
drugs (1, 4, 5).

Macroautophagy (here referred to as autophagy) is strictly reg-
ulated. During the elongation of the autophagosome, Atg12 is
covalently conjugated to Atg5 via its C-terminal glycine, and
Atg16L1 is noncovalently conjugated to Atg5 via its N terminus.
These associations ultimately form the Atg12-Atg5/Atg16 hetero-
trimer, which is crucial for the conversion of LC3I to LC3II, which
in turn is necessary for the formation of autophagosomes (6). In
this study, we chose to target the Atg12-Atg5/Atg16 heterotrimer
for drug screening, because the formation of this heterotrimer can
be regulated at several levels. First, the formation of the Atg12-
Atg5/Atg16 heterotrimer is directly regulated by Atg7, Atg10,
Atg3, oxidative signals, and ATP. It is well known that the conju-
gation of Atg12 to Atg5 requires ubiquitin-like reactions involving
Atg7 and Atg10 (6). The formation of the Atg12-Atg5/Atg16 het-
erotrimer can also be regulated by Atg3; Atg3 deficiency causes a
reduction in the conjugation of Atg12 to Atg5 (7). Reactive oxygen
species (ROS) can colocalize with the Atg12-Atg5-positive phago-
phores, and oxidative stress can induce the deacetylation of
FoxO1, which binds to Atg7 and activates Atg12; this process is
required for the formation of the Atg12-Atg5 heterodimer (8). In
addition, ATP is essential for the de novo reconstitution of the
Atg12-Atg5 heterodimer (9). Second, the degradation of the

Atg12-Atg5 complex can be directly regulated by intracellular
Ca2� and calpain 1, which promote the cleavage of Atg5; inhibit-
ing calpain 1 is sufficient to increase the amount of the Atg12-Atg5
conjugate (10). Third, the expression of autophagic genes can be
regulated by different signal pathways. I�B kinase (IKK) is re-
quired for the starvation-induced expression of Atg5 and Beclin 1
(11). The depletion of any IKK subunits limits autophagy, while
constitutively active IKK subunits are sufficient to stimulate au-
tophagy via the TAB2/TAB3-Beclin 1-TAK1 pathway (12). ROS-
mediated JNK activation can upregulate the expression of Atg5,
Atg7, and Beclin 1 (13). Hypoxia can increase the transcription of
LC3B and Atg5 (14). HMGB1 can promote the formation and
accumulation of the Atg12-Atg5/Atg16 complex through the
phosphatidylinositol 3-kinase C3 (PI3KC3)-MEK-extracellular
signal-regulated kinase (ERK) pathway (15). In summary, the for-
mation of the Atg12-Atg5/Atg16 heterotrimer is regulated by
many factors and is an excellent target for drug screening.

The bimolecular fluorescence complementation-fluorescence
resonance energy transfer (BiFC-FRET) assay is a recently de-
scribed technology that combines two techniques, BiFC and
FRET. BiFC is based on the principle that two nonfluorescent
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fragments of a fluorescent protein, when brought together by the
interaction of proteins fused to each nonfluorescent fragment, can
reconstitute an intact fluorescent protein. FRET takes advantage
of two fluorescent molecules; in FRET, an excited fluorescent
molecule (donor) transfers its energy to a nearby light-absorbing
molecule (acceptor) and excites it. This transfer is dependent on
the proximity of the two molecules, and the technique is used to
analyze molecular interactions quantitatively with spatial and
temporal resolution (16–19). In our study, we constructed three
plasmids (pMC-atg5, pMN-atg12, and pEGFP-atg16) to form a
BiFC-FRET system in which Atg5 and Atg12 are fused with the N
and C fragments of a red fluorescent protein, respectively. After
the BiFC reaction, the intact fluorescent proteins are reconstituted
through the interaction between Atg5 and Atg12 and are used as
acceptors; Atg16 is fused to enhanced green fluorescent protein
(EGFP) and used as a donor, The BiFC-FRET reaction takes place
when the Atg12-Atg5/Atg16 heterotrimer is fully formed.

Using this BiFC-FRET screening model, we screened 89 me-
dicinal plants and selected Silybum marianum L. for further study.
We further synthesized 5 types of amino acid derivatives (S1
through S5) of silybin (S0) and found 23-(S)-2-amino-3-phenyl-
propanoyl-silybin (S3) had the best activity. Next, we determined
the influences of S0 and S3 on oxidative stress, the activation of the
ERK/p38 and IKK/NF-�B pathways, and the expression of au-
tophagic genes, all of which are reported to be able to regulate the
formation of the Atg12-Atg5/Atg16 complex, and this approach
may validate the design of our screening strategy. In conclusion,
we identified S3 as a promising inhibitor of IAV infection.

MATERIALS AND METHODS
Medicinal plants and compounds. Eighty-nine medicinal plants were
collected from the Yulin medicine market (Guangxi, China). Each speci-
men was deposited in our laboratory. Crude extracts were prepared as
described in the 2005 edition of the Chinese Pharmacopoeia (53). Silybin
(purity, �98%) was purchased from the National Institutes for Food and
Drug Control (Beijing, China). The amino acid derivatives of silybin were
synthesized at Jiangsu University, China. The process of chemical synthe-
sis and 1H-nuclear magnetic resonance (NMR) analysis is shown in Fig. S1
and S2 in the supplemental material.

Cytotoxicity assays. The cytotoxicity of the tested drugs in MDCK,
A549, and Vero cells was measured using the 3-(4,5-dimethyl-2-thia-
zolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) method (20).
Briefly, The cells were seeded in 96-well microplates (1 � 104 cells/well)
for 24 h. After treatment with the different concentrations of the tested
drugs for 48 h, the cell viability was measured using the MTT method. The
50% cytotoxic concentration (CC50) was defined as the compound con-
centration required to reduce by 50% the cell viability, compared with
that of the mock treatment group (0.5% dimethyl sulfoxide [DMSO]).

Plasmid construction. The N and C segments of mCherry, a red flu-
orescent protein (GenBank accession number HQ423140.1), correspond-
ing to amino acids 1 to 159 and 160 to 262, respectively, were inserted into
the pcDNA 3.0 plasmid; these constructs were named pMC and pMN,
respectively. The plasmids were designed as previously reported (21). Hu-
man atg5 (NM_004849.2) and mutant Atg5, in which Lys130 of Atg5 was
changed to Arg, were inserted into the pMC plasmid; these plasmids were
named pMC-atg5 and pMC-mut-atg5, respectively. The human atg12
gene (NM_004707.3) was inserted into pMN, and the construct was
named pMN-atg12. The human atg16L1 (NM_030803.6) and mutant
Atg16L1, in which the Atg5-binding domain in the N terminus of Atg16L1
was deleted, were inserted into pEGFP-C1, and these plasmids were
named pEGFP-atg16 and pEGFP-mut-atg16, respectively. The human
LC3B gene (NM_022818.4) was inserted into the pEGFP-C1 plasmid, and
this construct was named pEGFP-LC3. A linker sequence (RPACKIPND

LKQKVMNH) was inserted into each fusion protein (21). The primers
are listed in Table S1 in the supplemental material. The results of double
enzyme digestions of all constructs are shown in Fig. S3 in the supplemen-
tal material, and the plasmids were verified by DNA sequencing.

Drug-screening assay. A549 cells were seeded in 96-well microplates
for 24 h and then cotransfected with pMC-atg5, pMN-atg12, and pEGFP-
Atg16 plasmids using Lipofectamine 2000 (Invitrogen). After 6 h, the cells
were infected with IAV (multiplicity of infection [MOI] � 2.0) and
treated or not with test drugs for 8 h. After 1 h at 4°C, the fluorescence
intensities (FI) were determined using a microplate reader (Tecan Infinite
M1000). In the BiFC assay, the FI was measured at 610 nm (FI610) after
excitation at 587 nm. In the BiFC-FRET assay, the FI was measured at 610
and 509 nm after excitation at 488 nm, and the BiFC-FRET efficiency
(BiFC-FRETe) was expressed as the ratio of acceptor (610-nm) to donor
(509-nm) emission intensities and calculated as follows:

�FI �
1

N�
i

n

�RFUsmp � RFUback�

BiFC � FRETe � �FI610 � �FI509

Z� � 1 �
3�c� � 3�c�

��c� � �c��
, (3)

where RFUsmp is the FI of the sample group and RFUback is the FI of the
background. The Z= factor is a statistical parameter to quantify the suit-
ability of a particular assay for use in a high-throughput screen; �c� and
�c� are the standard deviations of the negative and blank groups (BG),
respectively; and �c� and �c� are the average values of the negative and
blank groups, respectively (22–24). To visualize this assay, A549 cells were
plated on coverslips and incubated for 1 h at 4°C. After incubation, the
cells were fixed using 3% formaldehyde and then visualized using an up-
right fluorescence microscope (Nikon Eclipse 90i).

TCID50 and antiviral assay using the sulforhodamine B (SRB)
method. A stock solution of IAV subtype A/ShanTou/169/06 (H1N1) was
diluted with Dulbecco’s modified Eagle’s medium (DMEM) E0 contain-
ing 2.5 �g/ml trypsin and 3.2% bovine serum albumin (BSA) in serial
dilutions and then incubated with MDCK cells for 48 h; the 50% tissue
culture infective dose (TCID50) was calculated according to the method of
Reed and Muench.

Antiviral activities were evaluated by the SRB method using cytopathic
effect (CPE) reduction (25). Briefly, MDCK cells (1 � 104 cells/well) were
seeded in 96-well plates for 24 h. Exactly 0.09 ml of virus suspension (50
TCID50) and 0.01 ml medium containing various concentrations of test
compounds were added to the wells. At 48 h, the cells were washed and 100
�l �20°C 70% acetone was added. After removing the acetone, the plates
were dried and 100 �l 0.4% (wt/vol) SRB was added. After another wash,
the plates were dried and 100 �l 10 mM Tris base solution was added. The
optical density (OD) was read at 562 nm. Three wells were included as
negative (virus-infected non-drug-treated) and mock (noninfected non-
drug-treated) controls. DMSO (0.5%) was used as the solvent in each
group. The percent protection of a test compound (cell viability) was
calculated as follows:

Protection of test compound� % � �
ODtest � ODNegative

ODMock � ODNegative

	 100%

The concentration providing 50% protection was defined as the 50% ef-
fective concentration (EC50). The selective index (SI) was defined as the
CC50 divided by the EC50.

Plaque formation, plaque inhibition, and time course assays. The
viral titers of various supernatants were also determined by plaque forma-
tion assays, as described in our previous report (26), and the plaques
(diameter � 1 mm) were counted. Plaque inhibition assays of test com-
pounds were also performed as previously reported (26). Briefly, MDCK
cells were incubated with IAV (MOI � 0.001) with or without test com-
pounds for 1 h; after washing, E0 medium with or without test com-
pounds was added. After 48 h, the supernatant was collected and the viral
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titer was determined by a plaque formation assay. The time course assay
comprised four tests: (i) before infection, the virus was incubated with a
medium containing test compounds for 3 h; (ii) before infection, MDCK
cells were incubated with a medium containing test compounds for 3 h;
(iii) test compounds were added during viral adsorption; and (iv) test
compounds were added at different postinfection (p.i.) time points. The
MOI for the time course assay was 2.0. After 8 h, the supernatants were
collected and the viral titer was determined by a plaque formation assay.
Ribavirin and 0.5% DMSO were used as the positive control (PC) and
negative control (NC), respectively.

Indirect immunofluorescence assay. MDCK cells were infected
(MOI�5.0) and treated or not with test compounds. At 4 h p.i., the cells were
fixed and blocked and then reacted with anti-NP primary antibody. After
washing, the cells were incubated with a Cy3-conjugated anti-rabbit antibody
(Santa Cruz), stained with DAPI (4=,6-diamidino-2-phenylindole), and ob-
served using an upright fluorescence microscope (Nikon Eclipse 90i).

RT-PCR and qRT-PCR. Real-time (RT)-PCR was performed using
A549 cells, an MOI of 0.001, and an incubation time of 24 h. Quantitative

RT-PCR (qRT-PCR) was performed using MDCK cells. After IAV infec-
tion (MOI � 5.0), the MDCK cells were treated with S0, S3, or ribavirin at
�1 to 0 (adsorption), 0 to 2, 2 to 4, and 4 to 6 h p.i. qRT-PCR was
performed in a 20-�l reaction mixture containing forward and reverse
primers (50 nM each), 1� SYBR green master mix (Invitrogen), and
various templates. The NP and GAPDH primers are shown in Table S1 in
the supplemental material.

Western blotting and co-IP assays. Anti-LC3B, anti-Atg3, anti-Atg5,
anti-Atg7, anti-Atg12, anti-Atg16, anti-IKK	, anti-p65, anti-p-JNK, anti-
JNK, anti-p-ERK, anti-ERK, anti-p-p38, anti-p38, anti-NP, and anti-	-
actin antibodies were purchased from Cell Signaling Technology Inc. To
detect NF-�B p65, the nuclear protein was extracted. Western blotting
was performed as previously reported (26). The formation of the Atg12-
Atg5/Atg16 complex was detected by a coimmunoprecipitation (co-IP)
assay, following the protocol of the Co-Immunoprecipitation Kit
(Thermo Scientific 23600). Normal rabbit IgG was used as a control.

Analysis of EGFP-LC3 puncta. A549 cells were transfected with the
pEGFP-LC3 plasmid using Lipofectamine 2000 (Invitrogen). After 6 h,

FIG 1 Design of our drug-screening model. (A) Construction of plasmids and schematic representation of the BiFC-FRET technique. The human Atg5 and
Atg12 genes were fused to the N and C fragments, respectively, of a red fluorescent protein (mCherry). Atg16 was fused to EGFP. After cotransfection, the BiFC
reaction took place between the Atg5 and Atg12 fusion proteins, and the FI was measured at 610 nm after excitation at 587 nm; subsequently, the FRET reaction
took place between the Atg5-Atg12 heterodimer and the Atg16 fusion protein, and the FI was measured at 509 and 610 nm after excitation at 488 nm, and
BiFC-FRETe was expressed as the ratio of 
FI610 to 
FI509. (B) Influences of 0.5% DMSO, mut-Atg5, mut-Atg16, and IAV infection (MOI � 2.0; infection time,
8 h) on the BiFC reaction between the Atg5 and Atg12 fusion proteins. (C) Influences of DMSO, mut-Atg5, mut-Atg16, and IAV infection on the BiFC-FRET
reaction between the Atg5-Atg12 heterodimer and the Atg16 fusion protein. (D) Influences of DMSO, mut-Atg5, mut-Atg16, and IAV infection on cell viability,
as determined by the MTT method. (E) Influences of DMSO, mut-Atg5, mut-Atg16, and IAV infection on the transcriptional activity of the plasmids determined
by Western blotting using anti-Flag antibody. After cotransfection for 6 h, only the IAV-plus-DMSO group was infected with IAV, and each group was incubated
for another 8 h. The zones and average gray values of each band were detected and quantified with BandScan 5.0 software. The multiplication product of the zone
area and the average gray value was calculated, and the results are expressed as the ratio of Flag to 	-actin. The data are expressed as the means � SD of two
independent experiments with three replicates each. *, P � 0.05, and **, P � 0.01 versus the untreated group; ##, P � 0.01 versus the IAV-plus-DMSO group.
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the cells were infected (MOI � 2.0) and treated or not with test com-
pounds; after 8 h, the cells were visualized using an upright fluorescence
microscope (1,000�). The ratio of cells containing EGFP-LC3 dots to
cells expressing EGFP was calculated in 10 fields chosen at random from
three independent experiments.

Antioxidant assay. Levels of reduced glutathione (GSH), malondial-
dehyde (MDA), NO, OH�, total superoxide dismutase (T-SOD), gluta-
thione reductase (GR), catalase (CAT), and glutathione peroxidase (GSH-
Px) were determined using commercially available kits (Jiancheng
Bioengineering Institute, Nanjing, China).

RNA interference. Atg7 small interfering RNA (siRNA) (sc-41447),
Atg3 siRNA (sc-72582), and control siRNA were purchased from Santa
Cruz Biotechnology and used according to the manufacturer’s siRNA
transfection protocol.

In vivo efficacy study. BALB/c mice (20 � 2 g) were housed for 5 days
for acclimation and maintained on standard rodent chow with water ad
libitum. The mice were anesthetized by intraperitoneal injection of ket-
amine (100 mg/kg of body weight) and then infected intranasally with five
50% mouse lethal doses (MLD50) of A/PR8 virus in a 50-�l volume to
achieve 100% lethality. DMSO-PBS (10% [vol/vol]), S0 (25 mg/kg/day),
S3 (25 mg/kg/day), and ribavirin (75 mg/kg/day) were given twice a day
(at 12-hour intervals) for 10 days to the infected animals by oral gavage,
starting 24 h before virus exposure (27). The mice were weighed daily for
21 days. Three mice per group were euthanized at day 6, when the virus
titers in the lungs reached the maximum (28), and the viral titers in their
lungs were analyzed. Briefly, each lung was removed, weighed, and ho-
mogenized in minimal essential medium (MEM), and the viral titer was
determined by the TCID50 assay with MDCK cells. The number of wells
showing a positive cytopathic effect was scored, and the titer (TCID50) per
milligram of lung tissue was calculated by standard procedures (28–30).
All experimental procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) of Shantou University.

Statistical analysis. The statistical significance of the comparisons be-
tween treated groups was assessed by one-way analysis of variance
(ANOVA) with least significant difference (LSD) and Waller-Duncan
multiple-comparison methods using SPSS13.0 software. All values are
expressed as means � standard deviations (SD). Each experiment was
repeated at least three times. P values below 0.05 were considered

statistically significant. Statistical analysis of the survival curve by a log
rank (Mantel-Cox) 2 test was conducted using GraphPad Prism 5
software.

RESULTS
Rationale and design of our screening model and results of a
drug-screening assay. Our drug-screening model consisted of
three plasmids, pMC-atg5, pMN-atg12, and pEGFP-atg16. The
human Atg5 and Atg12 genes were fused with the N and C seg-
ments of a red fluorescent protein (RFP), mCherry, correspond-
ing to amino acids 1 to 159 and 160 to 262, respectively. The
splitting of the red fluorescent protein mCherry was done as pre-
viously reported (21). Atg16 was fused to EGFP. After cotransfec-
tion, red fluorescent proteins would first reconstitute by the BiFC
reaction, due to the interaction of Atg5 and Atg12; to measure the
BiFC reaction, the FI was determined at 610 nm after excitation
at 587 nm. Subsequently, the FRET reaction would take place,
due to the interaction between the Atg12-Atg5 heterodimer
and the Atg16 protein; to evaluate this FRET reaction, the FI
was determined at 509 and 610 nm after excitation at 488 nm,
and the BiFC-FRETe was expressed as the ratio of 
FI610 to

FI509 (Fig. 1A).

To detect the stability and suitability of this model, we first
determined the influence of DMSO (0.5%) on the model, because
all drugs were dissolved in 0.5% DMSO. This experiment showed
that the BiFC signal and BiFC-FRETe in DMSO-treated samples
were not significantly different from those in the untreated group.
Second, we determined the effects of the mutations in Atg5 and
Atg16 on the model. The mutation in Atg5 (mut-Atg5) changed
Lys130 to Arg, which disrupted the interaction between Atg5 and
Atg12. The mutation in Atg16 (mut-Atg16) deleted the Atg5-
binding domain in the N terminus of Atg16, which disrupted the
interaction between Atg5 and Atg16. The results showed that, af-
ter cotransfection with pMC-mut-atg5, pMN-atg12, and pEGFP-
atg16, the BiFC signal and BiFC-FRETe were significantly de-

FIG 2 Anti-IAV activities of silybin and its derivatives. (A) Results of the cytotoxicity assay of MDCK cells as determined by the MTT method. (B) Results of the
antiviral assay determined using the SRB method. The CC50, EC50, and SI (CC50/EC50) values are shown below the graphs; The data are expressed as means � SD
of two independent experiments with three replicates each.
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creased compared to the untreated group; after cotransfection
with pMC-atg5, pMN-atg12, and pEGFP-mut-atg16, the BiFC
signal showed no significant change, but BiFC-FRETe was signif-
icantly decreased. These results matched our predictions. Finally,
we determined the influence of IAV infection (MOI � 2.0; 8 h;
plus 0.5% DMSO) on the model. After IAV infection, the BiFC
signal and BiFC-FRETe were significantly increased compared to
the DMSO group, which meant that IAV infection could promote
the formation of the Atg12-Atg5 and Atg12-Atg5/Atg16 com-
plexes (Fig. 1B and C). In addition, we determined the cell viability
of each group; these results showed there was no significant
change between the groups (Fig. 1D). We also determined the
transcriptional activity of the plasmids, in which all fusion pro-
teins were under the cytomegalovirus (CMV) promoter, by West-
ern blotting using anti-Flag antibody, and no significant differ-
ences could be observed between the constructs (Fig. 1E).

Using this model, we analyzed 89 medicinal plants, and we
observed that S. marianum L. possessed excellent activity in the
assay. Recently, Song and Choi have also reported that silymarin,
the crude extract of S. marianum L., has excellent anti-IAV activity
that is even stronger than that of oseltamivir (31). In our study, we
purchased silybin (purity, �98%), the major active component of
S. marianum L., and chemically synthesized 5 types of amino acid
derivatives (see Fig. S1 and S2 in the supplemental material). In
our study, the Z= factor was 0.5699. The Z= factor is a statistical
parameter that is used to quantify the suitability of a particular
assay for use in a high-throughput screen. According to a previous
report (24), our screening model was valid (Z= � 0.5).

Anti-IAV activities of silybin and its derivatives. The cytotox-
icities of S0 and its derivatives (S1 to S5) are shown in Fig. 2A; S0
and its derivatives did not show any significant cytotoxicity in
MDCK cells at concentrations up to 400 �M. Rather, all of them
significantly elevated the viability of cells at concentrations rang-
ing from 6.25 to 100 �M. The estimated CC50 was greater than
400 �M. These results were similar to those in previous reports
(32–34).

The anti-IAV activities of S0 and its derivatives were deter-
mined using the SRB method (Fig. 2B). The EC50s of S0, S1, S2, S3,
S4, S5, and ribavirin were 70.73, 13.83, 5.32, 2.36, 3.81, 25.71, and
43.44 �M, respectively. The order of anti-IAV efficacy was S3 �
S4 � S2 � S1 � S5 � ribavirin � S0. We compared the polarities
of the substituent groups and found that the hydrophobicities of
the substituent groups were positively correlated with their activ-
ities. Among these derivatives, S3 showed the best activity. We also
estimated the anti-IAV activities of S0 and S3 by the classical
plaque inhibition assay; S3 showed stronger activity than S0, and
at a concentration of 80 �M, S3 showed stronger activity even
than ribavirin (200 �M) (see Fig. S4 in the supplemental mate-
rial). The anti-IAV efficacy of S0 was similar to the anti-HCV and
anti-HIV efficacies reported by researchers. Ahmed-Belkacem et
al. showed that silybin could inhibit the replication of HCV with a
50% inhibitory concentration of �100 �M in cell culture (35).
McClure et al. showed that silybin could suppress HIV-1 infection
in TZM-bl cells at concentrations ranging from 40 to 324 �M
(36).

To determine which stage(s) of the IAV replication cycle was
affected by S0 and S3, we performed a time course assay. Pretreat-
ment of virus suspensions or cells with S0 or S3 before infection
had no significant influence on the virus yield (Fig. 3A and B), and
S0 and S3 did not significantly influence the adsorption of virus

(Fig. 3C). The anti-IAV activities of S0 and S3 occurred at 1 to 4 h
p.i. (Fig. 3D and E). We then investigated whether S0 and S3
inhibited viral protein and mRNA synthesis at this stage (1 to 4 h
p.i.) by Western blotting and qRT-PCR analysis. As Fig. S5A and B
in the supplemental material shows, S0 and S3 could significantly
inhibit NP production at 0 to 2 and 2 to 4 h p.i., whereas at �1 to
0 (adsorption) and 4 to 6 h p.i., there was no significant difference
between the groups. We also used indirect immunofluorescence
assays to confirm this result. As shown in the supplemental mate-
rial, S0 and S3 significantly reduced the expression of IAV NP.
These experiments showed that S0 and S3 inhibited IAV replica-
tion at 1 to 4 h p.i.

S0 and S3 can inhibit the formation of the Atg12-Atg5/Atg16
heterotrimer induced by IAV infection. Because our screening

FIG 3 S0 and S3 inhibited IAV proliferation at 1 to 4 h p.i., as determined
by a time course assay. (A) Before infection, virus was incubated with
medium containing S0 or S3 for 3 h. (B) Before infection, MDCK cells were
incubated with medium containing S0 or S3 for 3 h. (C) S0 or S3 was added
during virus adsorption. (D and E) S0 or S3 was added at different time
points after virus challenge, and the titer was determined at 8 h p.i. The
concentrations of S0 and S3 were 100 and 80 �M, respectively. DMSO
(0.5%) was used as an NC (virus-only group). The data are expressed as
means � SD of 3 experiments, each performed in duplicate. *, P � 0.05,
and **, P � 0.01 versus the NC.
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assay was based on inhibition of the formation of the Atg12-Atg5/
Atg16 heterotrimer, we determined the influence of S0 and S3 on
the formation of the heterotrimer. The results showed that after
infection, the BiFC signal and BiFC-FRETe (Fig. 4B, E, and F) were
significantly enhanced compared to the control group (Fig. 4A).
S0 and S3 significantly decreased this elevated BiFC signal and
BiFC-FRETe induced by IAV infection (Fig. 4C, D, E and F). A
co-IP assay also showed the same result (Fig. 4G). These experi-
ments showed that S0 and S3 can inhibit the formation of the
Atg12-Atg5/Atg16 heterotrimer after IAV infection.

S0 and S3 can inhibit the accumulation of autophagosomes
induced by IAV infection. As discussed previously, S0 and S3 can
inhibit the formation of the Atg12-Atg5/Atg16 heterotrimer and
can inhibit IAV replication at 1 to 4 h p.i., which is the period when
IAV-induced autophagy took place (1). In this study, we deter-
mined the effects of S0 and S3 on IAV-induced autophagy. We
investigated the levels of LC3II using Western blot analysis. At 8,
16, and 24 h p.i., the ratio of LC3II to 	-actin in the NC (virus-only
group) was significantly increased compared to that of the BG
(no-IAV-infection group); ribavirin (PC), S0, and S3 significantly
decreased these ratios compared to the NC group (Fig. 5A). Ad-

ditionally, LC3II could accumulate on autophagosomes, and we
constructed a plasmid that expressed the fusion protein EGFP-
LC3. As shown in Fig. 5B, the ratio of cells containing EGFP-LC3
dots to cells expressing EGFP in the NC group was significantly
higher than that of the BG group, whereas the ratios in the ribavi-
rin-, S0-, and S3-treated groups were significantly decreased.
These findings indicated that S0 and S3 could inhibit the accumu-
lation of autophagosomes induced by IAV infection.

S0 and S3 can inhibit oxidative stress, and the activation of
the ERK/p38 mitogen-activated protein kinase (MAPK) and
IKK pathways induced by IAV infection. As discussed above, ox-
idative stress can regulate the formation of the Atg12-Atg5/Atg16
heterotrimer; we speculated that the ability of S0 and S3 to inhibit
the formation of the Atg12-Atg5/Atg16 heterotrimer was related
to their antioxidant activities, because S0 had been reported to
possess antioxidant activity (37, 38). In our study, we investigated
the effects of S0 and S3 on IAV-induced oxidative stress and found
that after IAV infection, MDA, NO, and OH� were significantly
increased, whereas GSH, T-SOD, GR, and CAT were significantly
decreased, but S0 and S3 could significantly inhibit the oxidative
stress induced by IAV infection (Table 1).

FIG 4 S0 and S3 inhibited the formation of the Atg12-Atg5/Atg16 heterotrimer after IAV infection. (A to D) A549 cells were cotransfected with the pMC-atg5,
pMN-atg12, and pEGFP-atg16 plasmids for 6 h, and then A549 cells were treated with 0.5% DMSO only (A), infected with IAV (MOI � 2.0; 8 h) (B), and infected
with IAV (MOI � 2.0) and treated with S0 (100 �M) (C) and S3 (80 �M) (D). After incubation for 8 h, each group was visualized using an upright fluorescence
microscope. Ex, excitation. (E) Results of the BiFC assay. The fluorescence intensity was measured at 610 nm after excitation at 587 nm. RLU, relative light units.
(F) Results of the BiFC-FRET assay. The fluorescence intensity was measured at 509 and 610 nm after excitation at 488 nm, and BiFC-FRETe was expressed as the
ratio of 
FI610 to 
FI509. (G) Coimmunoprecipitation assay to detect the influence of S0 and S3 on the formation of the Atg5-Atg12/Atg16 heterotrimer. After
IAV infection, cells were collected and subjected to a coimmunoprecipitation assay. The data are expressed as means � SD of two independent experiments with
three replicates each. *, P � 0.05, and **, P � 0.01 versus the virus-only group.
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Additionally, the IKK/NF-�B and ERK/JNK/p38 MAPK
pathways are oxidant-sensitive signal pathways and are in-
volved in the regulation of autophagy. IKK is required for the
expression of Atg5 and Beclin 1 (11). ROS-mediated JNK acti-
vation can upregulate the expression of Atg5, Atg7, and Beclin
1 (39). The PI3KC3-MEK-ERK pathway can enhance the accu-
mulation of the Atg12-Atg5/Atg16 heterotrimer (15). p38
MAPK is reported to link oxidative stress to autophagic gene

expression (40). As shown in Fig. 6A, IAV infection activated
the IKK/NF-�B and ERK/JNK/p38 MAPK signal pathways, and
S0 and S3 significantly inhibited the activation of the IKK/
NF-�B and ERK/p38 MAPK pathways induced by IAV infec-
tion but had little effect on the activation of the JNK pathway.
Correspondingly, an oxidant (H2O2; 100 �M), an IKK activa-
tor (lipopolysaccharide [LPS]; 10 �M), an ERK activator (epi-
dermal growth factor [EGF]; 100 ng/ml) and a p38 activator

FIG 5 S0 and S3 inhibit the elevation of autophagy induced by IAV. (A) Effects of S0 and S3 on the conversion of LC3I to LC3II determined by Western blotting.
A549 cells were infected or not with IAV (MOI � 0.001) and treated or not with ribavirin, S0, or S3. At 8, 16, or 24 h p.i., the cells were collected and subjected
to Western blotting using a human LC3 antibody. The zones and average gray values of each band were detected and quantified with BandScan 5.0 software, the
multiplication product of the zone area and the average gray value was calculated, and the results are expressed as the ratio of LC3II to 	-actin. (B) S0 and S3
inhibited the dot-like aggregation of EGFP-LC3II. A549 cells were transfected with pEGFP-LC3 plasmid and infected with IAV (MOI � 2.0), and at 8 h p.i., the
percentages of cells containing EGFP-LC3 dots compared to cells expressing EGFP were calculated. (f) The concentrations of S0, S3, and ribavirin were 100, 80,
and 200 �M, respectively. The data are expressed as means � SD of three independent experiments. *, P � 0.05, and **, P � 0.01 versus the NC group (virus-only
group).

TABLE 1 S0 and S3 inhibit the oxidative stress induced by IAVa

Groupb

GSH (nmol/g
tissue)

MDA (nmol/
mg protein)

NO (nmol/
mg protein)

OH� (U/mg
protein)

T-SOD (U/
mg protein)

GR (nmol
NADPH
oxidized)

CAT (nmol H2O2

consumed/min/
mg protein)

GSH-Px (103 U/mg
protein)

BG 29.33 � 2.53c 0.073 � 0.022c 32.67 � 2.78c 90.41 � 8.76c 7.06 � 0.96c 97.33 � 8.74c 59.67 � 6.74c 2.03 � 0.33
NC 13.33 � 2.73 0.277 � 0.032 78.77 � 8.83 268.62 � 21.83 2.57 � 0.36 36.67 � 6.84 27.77 � 7.31 2.13 � 0.29
PC 21.67 � 2.28d 0.157 � 0.036c 62.67 � 5.79d 209.47 � 26.65c 4.35 � 0.78 79.83 � 3.45c 35.33 � 4.02d 2.57 � 0.33d

S0 22.67 � 6.01c 0.091 � 0.021c 52.67 � 7.01c 120.33 � 14.06c 5.76 � 0.92d 87.67 � 8.36c 47.33 � 3.86c 3.04 � 0.43c

S3 26.67 � 6.96c 0.087 � 0.026c 48.33 � 8.83c 106.67 � 13.08c 6.73 � 0.93d 90.33 � 9.59c 50.67 � 4.73c 3.21 � 0.73c

a Data are expressed as the means � SD of two independent experiments with three replicates each.
b In noninfected or infected A549 cells, 0.5% DMSO was used as a BG or NC, respectively, and ribavirin was used as a PC. The concentrations of S0, S3, and ribavirin were 100, 80,
and 200 �M, respectively. MOI � 0.001; incubation time, 24 h.
c P � 0.01 versus the NC group.
d P � 0.05 versus the NC group.
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(anisomycin; 10 �M) all significantly antagonized the anti-IAV
activities of S0 and S3 (Fig. 6B).

S0 and S3 can inhibit the expression of autophagic genes in-
duced by IAV infection. It has been reported that IAV infection
can upregulate the levels of Beclin 1, Atg16, and the Atg5-Atg12
heterodimer (41). In this study, as shown in Fig. 7A and B, the
expression levels of Atg7, Beclin 1, Atg5, Atg3, and Atg12 in the
NC group were significantly increased compared to those in
the BG group. S0 and S3 significantly inhibited the expression of
Atg7, Beclin 1, Atg5, and Atg3 at both the mRNA and protein
levels compared to the NC group, but the effect on the expression
of Atg12 was not significant (P � 0.05).

In addition, as mentioned above, the formation of the Atg12-
Atg5/Atg16 complex is regulated by Atg7 and Atg3. Here, we also
determined the effects of Atg7 and Atg3 depletion by siRNA on the
level of the Atg12-Atg5/Atg16 heterotrimer and viral yield. As
shown in Fig. 7C, the depletion of Atg7 and Atg3 by siRNA de-
creased the formation of the Atg12-Atg5/Atg16 complex and re-
duced the viral yield. Therefore, we speculated that the decreased
expression of Atg7 and Atg3 induced by S0 and S3 might inhibit
the formation of the Atg12-Atg5/Atg16 complex and reduce the
viral yield.

Antiviral activity of S0 and S3 in vivo. To evaluate whether S0
and S3 could also be effective in controlling influenza A virus
infection in vivo, we performed an experiment using BALB/c mice
as recipients for the PR8 virus. The mice were infected with a lethal
dose of influenza virus A/PR8 and then treated with DMSO-PBS,
S0, S3, or ribavirin for 10 days. As expected, the mice treated with
the DMSO-PBS vehicle control all succumbed to infection within
8 days, with 100% mortality. In contrast, 40% and 60% of the mice
in the S0 and S3 treatment groups, respectively, survived (Fig. 8A);
this survival rate is significantly higher than that of the control
group. To further verify the antiviral activity of S0 and S3 in vivo,
we quantified viral titers in the lungs at day 6. The mice treated
with the 25-mg/kg/day dose of S3 had at least a 100-fold decrease
in virus titers in their lungs (Fig. 8B). In summary, we have shown
that S3 can significantly reduce influenza virus replication and its
associated mortality in infected animals.

DISCUSSION

Autophagy is an evolutionarily conserved process, and its dys-
function leads to many diseases. It has become a novel therapeutic
target for treatment of neurodegenerative diseases, cancers, car-
diovascular disease, kidney diseases, and osteoarthritis (42). Au-
tophagy is also involved in the replication of many viruses, such as
IAV, HCV, herpes simplex virus (HSV), and CVB3/B4 (1, 4, 5).
Therefore, a drug-screening model targeting autophagy is very
useful for the treatment of these diseases. In addition, there are
two anti-IAV drug-screening strategies: virus-based and cell-
based drug-screening models. The virus-based drug-screening
model targets IAV proteins, such as neuraminidase and the M2
ion channel. Due to the fact that the RNA-dependent RNA poly-
merase of IAV lacks a proofreading function, IAV possesses high
genetic variability; thus, virus-based drug-screening models often
lead to the inevitable selection of drug-resistant viral mutants, and
drug-resistant variants can rapidly generate. However, human ge-
netic variability is very low, so cell-based drug-screening models
targeting cell components that are essential for virus replication
often decrease the emergence of drug-resistant strains (43). We
believe that our screening model is very useful for the develop-

FIG 6 S0 and S3 inhibited the activation of the IKK and ERK/p38 MAPK
pathways, and an oxidant and IKK, ERK, and p38 activators antagonized the
anti-IAV activities of S0 and S3. (A) S0 and S3 inhibited the activation of the
IKK and ERK/p38 MAPK pathways after IAV infection, as determined by
Western blotting. A549 cells were infected and treated or not with ribavirin, S0,
and S3. After 24 h, the cells were collected and subjected to Western blotting. In
noninfected or infected A549 cells, 0.5% DMSO was used as a BG or NC,
respectively, and ribavirin was used as a PC (MOI � 0.001; incubation time, 24
h). The zones and average gray values of each band were detected and quanti-
fied with BandScan 5.0 software, the multiplication product of the zone area
and the average gray value was calculated, and the results were expressed as the
ratios of the target genes to 	-actin. (B) An oxidant and IKK, ERK, and p38
activators antagonized the anti-IAV activities of S0 and S3. A549 cells were
infected (MOI � 0.001) and treated or not with ribavirin, S0, or S3; the cells
were simultaneously treated or not with H2O2 (100 �M), LPS (10 �M), EGF
(100 ng/ml), and anisomycin (10 �M). After 24 h, the antiviral activity (cell
viability) was determined by the SRB method. The concentrations of S0, S3,
and ribavirin were 100, 80, and 200 �M, respectively. The data are expressed as
the means � SD of three independent experiments. *, P � 0.05, and **, P �
0.01 versus the NC (A) or virus (V)-plus-drug control (B).
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ment of novel drugs that can be used to treat autophagy-related
diseases and different viral infections.

There are many crucial regulatory mechanisms in the au-
tophagy signaling pathway, such as the mTOR and Beclin 1 com-
plexes. The regulation of mTOR is achieved through phosphory-
lation and dephosphorylation reactions (44). Western blotting is
the usual method used to detect the activation of mTOR, but this
technique is not amenable to large-scale, high-throughput drug
screening. Though the Beclin 1 complex is also a crucial au-
tophagic regulatory mechanism, there are too many proteins that
interact with Beclin 1, such as Atg14L, UVRAG, Bcl2, MyD88,
TRIF, HMGB1, Bif-1, Ambra1, nPIST, VMP1, SLAM, PINK1, and
Survivin (45), for the Beclin 1 complex to be used as a target for
high-throughput drug screening. In addition, there are two other
ubiquitin-like systems, the Atg8 (LC3) and Atg12-Atg5/Atg16
conjugates (46). LC3II can accumulate on the autophagosomes,
which seems to make the fusion protein EGFP-LC3 a good drug-
screening target. However, the ratio of cells containing EGFP-LC3
dots to cells expressing EGFP must be calculated manually, as in

Fig. 5B, so it is also inappropriate for large-scale, high-throughput
drug screening. Ultimately, we chose the Atg12-Atg5/Atg16 het-
erotrimer as our drug-screening target.

The BiFC-FRET assay is a newly developed technique. In this
study, we explain that the BiFC-FRETe should be different from
the FRET efficiency (FRETe), though both of them can be ex-
pressed as the ratio of acceptor to donor emission intensities.
FRETe is dependent on the distance between the donor and the
acceptor (a sixth-power relationship) (47). BiFC-FRETe is depen-
dent on the distance between the donor and the acceptor and on
the quantity of the fluorophore reconstructed by the BiFC reac-
tion. If the BiFC reaction is completely disrupted, the BiFC-FRET
system will lack an acceptor (or a donor) fluorophore, and the
BiFC-FRETe will be zero.

Using this model, we screened 89 medicinal plants and picked
S. marianum L. The anti-IAV activity of the crude extract of S.
marianum L. has been reported previously (31). Here, we synthe-
sized 5 amino acid derivatives of silybin and found that 23-(S)-2-
amino-3-phenyl-propanoyl-silybin has the best activity. Compar-

FIG 7 S0 and S3 inhibit the expression of autophagic genes induced by IAV infection and the effects of Atg7 and Atg3 depletion on the formation of the
Atg12-Atg5/Atg16 complex and viral yield. (A and B) Effects of S0 and S3 on the expression of autophagic genes after IAV infection as determined by RT-PCR
(A) and Western blotting (B). In noninfected or infected A549 cells, 0.5% DMSO was used as a BG or NC, respectively, and ribavirin was used as a PC (MOI �
0.001; incubation time, 24 h). The zones and average gray values of each band were detected and quantified with BandScan 5.0 software, the multiplication
product of the zone area and the average gray value was calculated, and the results are expressed as the ratio of the target genes to 	-actin. *, P � 0.05, and **, P �
0.01 versus the NC group. (C) Depletion of Atg7 and Atg3 by siRNA inhibited the formation of the Atg12-Atg5/Atg16 complex and reduced viral yield. (a)
Abundances of Atg7 and Atg3 after siRNA treatment, as determined by Western blotting. (b) After siRNA treatment, A549 cells were infected with IAV (MOI �
0.001), and the expression level of the Atg5-Atg12/Atg16 complex was determined by co-IP assay at 24 h p.i. (c) The effects of Atg7 and Atg3 depletion on the viral
yield were measured by the SRB method at 24 and 48 h p.i. The data are expressed as the means � SD of three independent experiments. *, P � 0.05, and **, P �
0.01 versus the nondepleted control.
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ing the polarities of the substituent groups, we found that the
hydrophobicities of the substituent groups are positively corre-
lated with their activities. Based on this finding, we will try to
synthesize many other silybin derivatives and compare their activ-
ities.

To date, two major models have been used to explain the
mechanism of IAV-induced acute lung injury, the oxidative-stress
and cytokine storm hypotheses. For highly pathogenic IAV, oxi-
dative stress may be the major contributor to IAV-induced acute
lung injury (48). Oxidative stress can activate the JNK/ERK/p38
MAPK and IKK pathways, and these signaling pathways can di-
rectly or indirectly regulate the formation of the Atg5-Atg12/
Atg16 complex and the rate of autophagy (11, 13–15, 49, 50), so
we measured the effects of S0 and S3 on oxidative stress and the
activation of these signal pathways. Based on our results, we spec-
ulate that S0 and S3 may inhibit oxidative stress or the activation
of the ERK/p38 MAPK and IKK pathways, subsequently decreas-
ing the expression of autophagic genes (especially the Atg7 and
Atg3 genes, which directly regulate the formation of the Atg12-
Atg5/Atg16 complex) and ultimately inhibiting autophagy and
virus replication. In fact, it has been reported that silybin (25 to 50
�M) can inhibit the activation of the JNK/AP-1, ERK/MEK/Raf,
and NHE1/I�B� signal pathways (51, 52). In addition, we deter-
mined that S0 and S3 can also inhibit infection by CVB3, the
replication of which also involves autophagy (see Fig. S6 in the
supplemental material). Similarly, silybin can also inhibit the rep-
lication of HCV and HIV-1 (35, 36), two additional viruses with
replication processes that involve autophagy.

In conclusion, using a BiFC-FRET drug-screening method that
is based on the formation of the Atg5-Atg12/Atg16 complex, we
identified 23-(S)-2-amino-3-phenyl-propanoyl-silybin as a
promising inhibitor of IAV infection.
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