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Infection with influenza A virus is still a global concern since it causes significant mortality, morbidity
and economic loss. New burst pandemics and rapid emergence of drug-resistance strains in recent years
call for novel antiviral therapies. One promising way to overcome this problem is searching new inhib-
itors among thousands of drugs approved in the clinic for the treatment of different diseases or approved
to be safe by clinical trials. In the present work, a collection of 1280 compounds, most of which have been
clinically used in human or animal, were screened for anti-influenza activity and 41 hits (SI > 4.0) were
obtained. Next the 18 hit compounds with SI >10.0 were tested for antiviral activity against 7 other influ-
enza virus strains in canine-originated MDCK cells, 9 compounds exhibited broad antiviral spectrum. The
antiviral effects of the 9 compounds were also confirmed in human-originated A549 cells and chicken-
originated DF1cells, by infectious virus yield reduction assay and indirect immunofluorescent assay.
Results from the time of addition assay showed that the 9 candidates impaired different stages of influ-
enza virus life cycle, indicating they are novel inhibitors with different mechanisms compared with the
existing M2 ion-channel blockers or neuraminidase (NA) inhibitors. Taken together, our findings provide
9 novel drug candidates for the treatment of influenza virus infection. Further mechanism of action study
of these inhibitors may lead to the discovery of new anti-influenza targets and structure–activity rela-
tionship (SAR) study can be initiated to improve the efficacy of these new classes of influenza inhibitors.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Influenza A virus is still an important human pathogen that
causes yearly epidemics and periodic pandemics worldwide. The
latest pandemic emerged in Mexico in April 2009 accounted for
an estimated 284,500 deaths around the world (Dawood et al.,
2012). In May 2013, H7N9 was first reported to infect human in
eastern China with a relative high death rate (45 deaths in 139 con-
firmed human cases), which caught global attention about the
highly pathogenic avian influenza (Gao et al., 2013; Li et al.,
2013; Uyeki and Cox, 2013). Currently, there are only two classes
of antiviral drugs approved by the FDA for the treatment and pro-
phylaxis of influenza infection, namely M2 ion-channel [M2]
blockers (amantadine and rimantadine) and the neuraminidase
(NA) inhibitors (NAIs) (oseltamivir and zanamivir) (De Clercq,
2006). However, the rapid emergence of drug-resistance influenza
A virus strains highlights the urgent need to identify novel drug
targets and develop new classes of antiviral drugs.

High cost and lengthy approval process restricts the develop-
ment of new antiviral drugs for clinical use. An innovative strategy
to combat these problems is selective optimization of side activi-
ties of drug molecules (the SOSA approach), which searches new
pharmacological targets using old drugs (Wermuth, 2004, 2006).
Since the safety and pharmacokinetics profiles of these old drugs
have already been assessed in human or animals, the potential hits
can be directly tested in the clinic or as pre-drugs for further devel-
opment. This strategy has been applied for searching new antima-
larial, antibacterial and antiviral drugs in the last few years
(Gastaminza et al., 2010; Imperi et al., 2013; Lamontagne et al.,
2013; van Cleef et al., 2013; Weisman et al., 2006). To be more
specifically, a number of clinical-used or investigational drugs
like probenecid (Perwitasari et al., 2013b), paracetamol (Lauder
et al., 2011), aminobisphosphonates pamidronate (PAM) (Tu et al.,
2011), eritoran (Shirey et al., 2013), niclosamide (Jurgeit et al.,
2012) and bortezomib (Dudek et al., 2010) had been found to inhi-
bit influenza replication both in vitro and in vivo with various
mechanisms of action. Nitazoxanide, a drug licensed by the FDA
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for treating the parasites Cryptosporidium and Giardia in children
and adults (Wright, 2012), had been assessed in adults and adoles-
cents with acute uncomplicated influenza in a phase II/III study
since it first reported to inhibit the influenza virus replication in
2009 (Rossignol et al., 2009). Another Phase III study is starting
to further demonstrate its efficacy, making it a promising anti-
influenza drug in the next 10 years (Hurt et al., 2012). All the
results suggest that SOSA approach is an effective strategy to iden-
tify new inhibitors of influenza virus from drug library consisting
of old drugs or pre-drugs.

Recently, using a cell-based screening assay that covers the
complete life cycle of influenza virus, we identified germacrone
as a potent inhibitor of influenza virus from a small molecular
library of traditional Chinese herbal medicines (Liao et al., 2013).
In the present study, the MicroSource (Gaylordsville, CT) com-
pound library, a US drug collection of 1280 compounds, has been
screened for anti-influenza activities using the cell-based assay
system. Most of the compounds in this library are approved for ani-
mal or human use and their pharmacological and toxicological pro-
files have been defined and published. Each compound has been
assigned USAN or USP status and is included in the USP Dictionary
(U.S. Pharmacopeia), the authorized list of established names for
drugs in the USA. Our findings reported here the identification of
a panel of novel anti-influenza agents with diverse mechanisms
of action and the potential use in the treatment of influenza.
2. Materials and methods

2.1. Cell lines and virus strains

The Madin–Darby Canine Kidney (MDCK) cells (ATCC CCL-34)
and chicken embryonic fibroblast DF1 cells (ATCC CRL-12203)
were cultured in Dulbecco’s modified Eagle’s medium (DMEM).
The Human Pulmonary Epithelial (A549) cells (ATCC CCL-185)
were maintained in Minimal Essential Medium (MEM). Both
DMEM and MEM were supplemented with 10% fetal bovine serum
(FBS), 100 U/ml penicillin, 100 U/ml streptomycin. Virus-infected
cells were grown in the media containing 0.3% bovine serum albu-
min (BSA) and 2.5 lg/ml tosyl phenylalanyl chloromethyl ketone
(TPCK) treated trypsin. All these cells were maintained at 37 �C
in a 5% CO2 incubator.

All the influenza virus strains, A/PuertoRico/8/1934 (H1N1),
A/human/Hubei/1/2009 (H1N1), A/Human/Hubei/3/2005 (H3N2),
A/Human/WSN/33 (H1N1, S31N amantadine resistant), A/Duck/
Hubei/216/1983 (H7N8), A/Duck/Hubei/5/2010 (H6N6), A/Chicken/
Jiangsu/1/2005 (H9N2) and B/Human/Hubei/1/2007, were originally
provided from the virus collection at Wuhan Institute of Virology,
Chinese Academy of Sciences, China. Virus stocks were prepared
in 10-day-old embryonated chicken eggs. The virus titres were
determined through a hemagglutination test (HA) and the 50% tissue
culture infective dose (TCID50) assay in MDCK cells using the method
developed by Reed and Muench (1938).
2.2. Chemicals

The compounds applied in the library screening were purchased
from MicroSource Discovery Systems, Inc. (Gaylordsville, CT, USA).
The library consists of 1280 drugs and bioactive compounds,
divided into 16 plates of 80 each. All compounds had a >95% purity
and provided as DMSO stock solution at a concentration of 10 mM.
To our knowledge, not all drugs in this library are FDA-approved
but all have known biological activity. In addition to the FDA-
approved drugs, many are approved for clinical use in other coun-
tries but have not received FDA approval.
In the rest of studies, fenofibrate, benzydamine, anthralin,
diethylstilbestrol, clotrimazole, dicumarol, monensin sodium, tri-
mipramine, chlorophyllin, flufenamic acid, miconazole, ciclopirox
and chloroxine were purchased from Gold Wheat Biological Tech-
nology Co., Ltd. (Shanghai, China). Proadifen, penbutolol sulfate,
nafronyl oxalate, ethopropazine, enilconazole, fluvastatin and
betamethasone were purchased from J&K Scientific Ltd. (Beijing,
China). Dicyclomine HCl and ribavirin were purchased from Sigma
Chemical Company (Sigma-Aldrich, MO, USA). Oseltamivir (GS
4071) was purchased from Toronto Research Chemicals (Toronto,
Canada). All test compounds were initially dissolved in DMSO.
2.3. Library screening

MDCK cells were plated at a density of 1.0–1.5 � 104 cells per
well in 96-well plates and incubated for 24 h at 37 �C in 5% CO2

prior to drug addiction. Then cells were infected with 100 TCID50

A/PuertoRico/8/1934 (H1N1) in the presence of 6 concentrations
of 3-fold serial dilutions starting at 100.0 lM for each candidate
at 37 �C for 48 h. The inhibition of viral replication was measured
by the modified neuraminidase activity (NA) assay (Ivachtchenko
et al., 2013). Briefly, the supernatants were transferred to 96 black
well plates and incubated with 20 lM 2-(4-Methylumbelliferyl-a-
D-N-acetylneuraminic acid sodium salt (MUNANA, Sigma, cat. No
M8639), dissolved in 33 mM 2-[N-morpholino]ethanesulfonic acid
(pH 6.5) and 4 mM CaCl2, at 37 �C for 1 h. The reaction was termi-
nated by adding 0.14 M NaOH in 83% ethanol. The fluorescence
intensity was measured at an excitation wavelength of 355 nm
and an emission wavelength of 485 nm using a multi-label plate
reader (Wallac Envision, PerkinElmer, MA, USA). Ribavirin was
used as a positive control.

Primary hits were identified as those reducing the NA activity in
dose-dependent manners, and no apparent cytotoxicity was
observed under microscope. Primary hits were subsequently re-
screened with the viral replication inhibition assay and cytotoxic-
ity assay described as below. IC50 (drug concentration required to
inhibit virus production by 50%) and CC50 (drug concentration
required to reduce cell viability by 50%) of each compound was cal-
culated using Prism v.5 software (Graphpad software, San Diego,
CA). Compounds displaying selective index (SI) over 4.0 were fur-
ther considered as ‘‘hits’’ in this study.
2.4. Confirmation of hits with re-ordered compounds

After determining the hits from library screening, we purchased
most of hits from different commercial vendors as described in
Section 2.2 and re-tested their antiviral activities and drug cytotox-
icities in MDCK cells just exactly following the protocol described
in Section 2.5 and 2.6.
2.5. Cytotoxicity assay

Compound toxicity was determined by alamarBlue� Assay
(Invitrogen). MDCK, A549 and DF1 cells were seeded in 96-well
plates at 5000 cells per well and cultured for 24 h. Then the cells
were treated with compounds serially diluted with fresh medium
and further incubated at 37 �C for 72 h. Cells were washed two
times with PBS and 0.1 ml alamarBlue (10%) completely diluted
in DMEM or MEM was added in the cell culture and incubated at
37 �C for 1 h. The fluorescence intensity was read with excitation
and emission wavelengths of 570 nm and 585 nm, respectively.
Three independent experiments were performed in duplicate for
the calculation of CC50 using Prism v.5 software.
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2.6. Viral replication inhibition assay

The antiviral spectrum evaluation was performed by infection
of MDCK cells with other influenza A virus strains and influenza
B virus in the presence of different drug concentrations. Cells were
seeded in 96-well plates and infected with 100 TCID50 of indicated
influenza strains (stated in Section 2.1) after incubation at 37 �C for
18 h. Each drug candidate was displayed in the presence of 8
rounds of 2-fold serial dilutions at 4 �C for 1 h. After virus attach-
ment, the cells were washed 3 times with phosphate buffered sal-
ine (PBS) and incubated with media containing the same serial
concentrations of the studied compounds at 37 �C for 48 h. The
supernatants were subjected to NA activity assay to confirm the
dose-responsibility and to determine the efficacy in anti-influenza
activity. Three independent experiments were performed in dupli-
cate for the calculation of IC50s using Prism v.5 software.

The antiviral activity of the 9 most potent drug candidates were
also confirmed in A549 and DF1 cells challenging with 100 TCID50

A/PuertoRico/8/1934 (H1N1) just as described above.

2.7. Infectious virus yield reduction assay

MDCK cells seeded in 24-well plates were infected with 100
TCID50 A/PuertoRico/8/1934 (H1N1) in the presence of 6 concen-
trations of selected drug candidates. After adsorption at 37 �C for
1 h, the cells were washed twice with PBS and incubated in the
same compound-containing medium at 37 �C for 48 h. The yields
of the infectious virus in the supernatants were titrated through
the TCID50 assay, and the virus titre was calculated according to
the method of Spearman–Karber (Kärber, 1931).

2.8. Indirect immunofluorescence assay (IFA)

MDCK were seeded in 96-well plates at a density of 0.8–1.0 � 104

cells per well and cultured for 18–24 h. Cells were washed with PBS
and inoculated with medium alone (negative control), virus suspen-
sion (1000 TCID50 A/PuertoRico/8/1934 (H1N1)), or virus mixed
with various concentrations of compound at 4 �C for 1 h. After
attachment, the cells were washed and inoculated with the same
medium for 6 h at 37 �C. Cells were washed with PBS and fixed with
4% paraformaldehyde (in PBS) for 20 min at room temperature. The
cells were then incubated in blocking buffer (PBS containing 3% BSA,
0.3% Triton X-100 and 10% FBS) for 30 min and then in binding buffer
(PBS containing 3% BSA and 0.3% Triton X-100) with monoclonal
antibodies against the nucleoprotein (1:50, Santa Cruz, CA, USA)
for 1 h. After further washes, cells were incubated with TRITC-conju-
gated rabbit anti-mouse immunoglobulin G (1:200). The stained
samples were then examined with a Nikon’s Eclipse Ti inverted
microscope (Nikon, Tokyo, Japan).

2.9. Time-of-addition experiment

To determine which stage(s) of IAV life cycle was abrogated by
each selected candidate, a time-of-addition experiment was per-
formed as previously reported (Chamoun-Emanuelli et al., 2013;
Dai et al., 2012). The experiment mainly contained four tests: (1)
Before infection, influenza virus stock (6.5 � 105 TCID50/ml) was
incubated with a medium containing each compound at 37 �C for
3 h, the virus-compound mixtures were diluted 100-fold and used
to infect fresh MDCK cells. For controls, virus and drugs were sep-
arately incubated and diluted 50-fold and mixed before infecting
cells (virucidal experiment). (2) Before infection, MDCK cells were
incubated with a medium containing each compound at 37 �C for
2 h. Cells were thoroughly washed with PBS to remove residual
drug (pre-treatment). (3) Compounds were added during viral
adsorption at 4 �C for 1 h and removed by washing three times
with PBS (adsorption). (4) After attachment, compounds were
added at the indicated time points post infection (p.i.) and main-
tained until harvest (post-treatment). The cells were infected with
6.5 � 103 TCID50 of influenza virus H1N1 (A/PuertoRico/8/1934)
and treated with 5 IC50 of each compound throughout the experi-
ment. After 12 h, the supernatants were collected and the viral
yields were determined by NA activity assay. The inhibition of
virus replication by oseltamivir was determined by TCID50 assay.
For the virucidal experiment, tannic acid (10.0 lM), a compound
with reported virucidal activity (Carson and Frisch, 1953), was
used as a positive control. For the rest tests, ribavirin (50.0 lM)
and oseltamivir (1.0 lM) were used as controls.
3. Results

3.1. Identification of 41 hit inhibitors of influenza A virus from the
screen of an US Drug Collection Library

To search for novel inhibitors of influenza virus, we screened a
chemical library composed of 1280 active compounds, mostly were
approved for non-influenza therapeutic purposes. After primary
screening, 72 compounds dose-dependent inhibited the NA activity
and subjected to the second round confirmation, 41 of them
showed a selective index over 4.0 and identified as ‘‘hits’’ (Table 1).
The hit rate was 3.2% (41/1280). Of note, 32 of the 41 hits have been
approved by the FDA. As expected, a few of the hit compounds have
been reported to have antiviral activity against influenza virus.
Those compounds were nitazoxanide (Rossignol et al., 2009), chlo-
rophyllide (Dunham, 1954), tannic acid (Carson and Frisch, 1953),
oseltamivir (Lew et al., 2000) and niclosamide (Jurgeit et al.,
2012). Several other hit compounds can also be found in other
drug screening lists but were not being studied further, which
includes ketoconazole, miconazole nitrate, sulconazole nitrate,
clotrimazole (Hung et al., 2009) and dicumarol (Hung et al.,
2012). However, most of the hit compounds we identified here
were reported to inhibit influenza virus replication for the first
time.

These hit compounds can be divided into several classes
through systematic analysis of their functions and targets. Some
classes of drugs have been extensively studied and proved to be
effective against influenza virus including anti-inflammatory
agents (Fedson, 2009), antimicrobial agents (antibacterial or anti-
fungal), and antilipemic agent (Budd et al., 2007; Fedson, 2013),
our results expand the evidences of the link between these targets
and influenza virus replication. Interestingly, some other classes of
drugs attract our attention since there are few reports about their
antiviral activity against influenza virus. These contain drugs used
for the treatment of vasodilatation (penbutolol sulfate, nafronyl
oxalate, buphenine and alprenolol), depression (trimipramine
and venlafaxine), Parkinson’s disease (procyclidine and biperiden)
and spasm (dicyclomine and ethopropazine). Especially, the sero-
tonin-norepinephrine reuptake inhibitor (SNRI), used for the treat-
ment of depression, have been found recently to inhibit the
replication of human enteroviruses and HIV (Benton et al., 2010;
Ulferts et al., 2013; Zuo et al., 2012). Moreover, sertraline, another
SNRI, can improve influenza virus induced-lung inflammation and
mortality in animals when treated with oseltamivir (Sharma et al.,
2013). These results suggest that SNRI may represent a promising
class of antiviral drugs. In summary, we discovered several novel
classes of inhibitors of influenza virus.

To further confirm the antiviral activity and efficacy, we pur-
chased most of the hit compounds from other commercial
resources and re-tested using the viral replication inhibition assay
and cytotoxicity assay. All hit compounds showed similar dose-
dependent inhibitory and cytotoxic effects.



Table 1
Hit compounds that showed a dose-dependent inhibitory effect against influenza virus in MDCK cells.

Chemical name IC50 (lM)a CC50 (lM)b SIc Approved of intend used Mechanism-of-actione

Enilconazole 10.1 192.9 19.1 Antifungal Inhibitor of 14-alpha-demethylase,
Miconazole* 2.9 59.4 20.5 Antifungal Inhibitor of 14-alpha-demethylase
Clotrimazole* 3.0 42.0 14.0 Antifungal Inhibitor of 14-alpha-demethylase
Tioconazole* 4.4 34.7 7.9 Antifungal Inhibitor of 14-alpha-demethylase
Sulconazole* 3.9 56.4 14.5 Antifungal Inhibitor of 14-alpha-demethylase
Econazole* 4.0 36.6 9.2 antifungal Inhibitor of 14-alpha-demethylase
Butoconazole* 5.0 45.2 9.0 Antifungal Inhibitor of 14-alpha-demethylase
Ciclopirox olamine* 3.0 119.4 39.8 Antifungal Chelating agent
Chloroxine* 2.9 51.3 17.1 Antifungal and antibacterial Unknown
Monensin sodium 11.7 >100.0 >8.5 Antibacterial Suppression intracellular protein transportation
Doxycycline* 22.1 >100.0 >4.5 Antibacterial and antimalarial Inhibition bacterial protein synthesis
Niclosamide* 5.9 38.6 6.5 Anthelmintic, teniacide Stimulation of ATPase activity
Nitazoxanide* 2.8 >100.0 >30.0 Antiprotozoal Interference with the electron transfer reaction
Fenofibrate* 15.3 >500.0 >32.6 ANTILIPEMIC PPAR-a agonist
Fluvastatin* 6.0 31.6 5.3 Antilipemic HMG-CoA reductase inhibitor
Penbutolol sulfate* 18.7 >100.0 >5.3 Antihypertensive Non-selective beta-adrenergic blocker
Nafronyl oxalate 12.3 235.3 19.1 Treatment of vasodilatation 5-HT2 receptor antagonist
Buphenine* 4.0 >100.0 >25.0 Treatment of vasodilatation Beta-adrenergic agonist
Alprenolol* 12.2 >100.0 >8.2 Antihypertensive and antiarrhythmic Beta-adrenergic agonist
Trimipramine* 5.9 95.4 16.2 Antidepressant Serotonin-norepinephrine reuptake inhibitor
Venlafaxine* 19.1 >100.0 >5.2 Antidepressant Serotonin-norepinephrine reuptake inhibitor
Benzydamine 5.2 84.5 13.6 Antipyretic and anti-inflammatory Prostaglandin synthetic inhibitor
Flufenamic acid 20.0 >400.0 >20.0 Antipyretic and anti-inflammatory Prostaglandin synthetic inhibitor
Betamethasone* 18.2 145.3 8.0 Anti-asthmatic and anti-inflammatory Glucocorticoid receptor agonist
Tannic acid 2.0 >100.0 >50.0 Food additive; antioxidant Unknown
Erythrosine 20.6 >100.0 >4.8 Food coloring Unknown
Chlorophyllide 3.9 276.5 71.0 Food coloring and anti-carcinogenic Unknown
Anthralin* 4.5 >200.0 >44.4 Treatment of psoriasis Impede DNA replication
Antazoline* 22.4 >100.0 >4.4 Antihistamine and anticholinergic Histamine H1 antagonist
Brompheniramine* 18.7 >100.0 >5.3 Antihistamine Histamine H1 antagonist
Hydroxyzine* 21.7 >100.0 >4.6 Antihistamine Histamine H1 antagonist
Dicyclomine* 10.3 125.4 12.2 Antispasmodic Specific anticholinergic and muscarinic antagonist
Ethopropazine* 2.6 65.7 25.3 Treatment of parkinson’s disease Specific anticholinergic and muscarinic antagonist
Procyclidine* 21.2 >100.0 >4.0 Treatment of parkinson’s disease A muscarinic antagonist
Biperiden* 22.8 >100.0 >4.0 Treatment of parkinson’s disease A muscarinic antagonist
Bepridil* 11.0 78.6 7.2 Antianginal A calcium-blocking agent
Liothyronine* 22.4 >100.0 >5.0 Treatment of hypothyroidism Thyroid hormone receptor agonist
Proadifen 15.4 72.4 >6.5 Prevent drug metabolism Inhibitor of cytochrome P450 enzymes
Diethylstilbestrol* 4.5 63.5 14.3 Has banned by FDA An endocrine disruptor
Dicumarol* 12.4 150.7 12.2 Anticoagulant Interfere with the metabolism of vitamin K
Oseltamivir* 0.02 NDf Anti-influenza drug Influenza NA inhibitor

a IC50: compound concentration required to inhibit virus production by 50%, as determined by NA activity. Values represent the mean of duplicate samples from two
independent experiments.

b CC50: compound concentration required to reduce cell viability by 50%, as determined by the alamarBlue� Assay. Values represent the mean of duplicate samples from
two independent experiments.

c SI (Selective Index), ratio of CC50/IC50.
d Approved or intended use is the use for which the compound has received US FDA approval or for which it has been used in animal.
e Mechanism is the action attributed to the compound as stated on either its ‘‘label’’ or literature.
f ND: not determined.
* Compounds approved by the FDA.
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3.2. Nine candidates showed broad-spectrum antiviral effect against
human and avian influenza viruses

Broad-spectrum antiviral activity is a favorable feature for new
antiviral agents. In order to obtain highly potent candidates with
broad-spectrum of antiviral activity and to minimize the contribu-
tion of cytotoxicity in the antiviral effect, we selected 18 com-
pounds from the 21 hits showing a SI P 10.0 (oseltamivir,
nitazoxanide and tannic acid were excluded since they have been
extensively studied) for the spectrum of antiviral activity experi-
ments. The 18 selected compounds were tested for their antiviral
activities against 7 other influenza viruses including an adaman-
tane-resistant virus A/WSN/33/S31 N (H1N1) and an influenza B
virus using the methods described above. As shown in Table 2
and 7 compounds (chlorophyllide, anthralin, ciclopirox, chloroxine,
ethopropazine, nafronyl oxalate, and dicyclomine HCl) inhibited all
the tested influenza strains with SIs over 5.0. Dicumarol was effec-
tive against all strains except A/Human/Hubei/3/2005 (H3N2). In
addition to A/Human/Hubei/3/2005 (H3N2), enilconazole was also
ineffective against A/Duck/Hubei/5/2010 (H6N6) even at the max-
imum concentration tested. Benzydamine, diethylstilbestrol, and
trimipramine displayed significantly weaker antiviral activity
against the 6 influenza A subtype strains (SIs < 5.0), however, they
still strongly inhibited the replication of influenza B virus. The imi-
dazoles (sulconazole, clotrimazole and miconazole) were ineffec-
tive against most of the tested virus strains except the seasonal
A/human/Hubei/1/2009 (H1N1) subtype. The 9 compounds which
were active against at least 5 influenza virus strains were catego-
rized as broad-spectrum antivirals and subjected to further study.
Their structures are shown in Fig. 1.

3.3. Confirmation of the antiviral effect of the 9 drug candidates in DF1
and A549 cells

To further confirm the anti-influenza activities of the 9 broad-
spectrum antivirals, we applied them to another two cell lines,
chicken-originated DF1 and human-originated A549 cells. To
exclude the possibility that the inhibitory effect was due to non-



Table 2
Inhibition of the replication of different influenza virus strains by the selected 18 hit compounds.

Chemical name H1 N1a H3N2b A/WSN/S31N (H1N1)c H6N6d H7N8e H9N2f Influenza B virusg

IC50 SI IC50 SI IC50 SI IC50 SI IC50 SI IC50 SI IC50 SI

Chlorophyllide 3.1 89.2 5.4 51.2 18.3 15.1 3.5 79.0 3.7 74.7 4.5 61.4 2.9 95.3
Anthralin 11.3 >17.7 14.3 >14.0 12.5 >16.0 8.9 >22.5 6.3 >31.7 12.5 >16.0 29.6 >6.7
Ciclopirox 5.4 22.1 6.3 19.0 2.0 59.7 3.5 34.1 5.2 22.9 6.8 17.6 3.2 37.3
Fenofibrate 28.9 >17.3 –h – – – – – 157.5 3.2 – – 18.9 >26.5
Chloroxine 3.2 16.0 6.3 8.2 2.3 22.3 1.6 32.0 1.2 42.8 5.9 8.7 6.5 8.0
Buphenine NDi ND – – – – ND ND ND ND ND ND ND ND
Ethopropazine 5.3 12.4 3.8 17.3 8.7 7.6 7.4 8.9 9.2 7.1 6.4 10.2 3.2 20.5
Flufenamic acid 24.5 16.3 – – 98.5 >4.1 – – 150.3 >2.7 74.5 5.4 – –
Miconazole 20.9 2.8 2.5 23.8 – – – – – – – – – –
Nafronyl oxalate 11.5 20.5 45.3 5.2 34.7 6.8 28.3 8.3 19.5 12.1 18.3 12.8 12.4 19.0
Enilconazole 10.9 17.7 – – 35.4 5.5 – – 30.1 6.4 8.5 22.7 3.1 62.2
Trimipramine 8.6 11.1 45.2 2.1 30.1 3.2 22.4 4.3 9.8 9.7 6.2 15.4 10.5 9.1
Sulconazole 2.8 20.1 – – – – – – – – – – – –
Diethylstilbestrol 3.2 19.8 – – 20.2 3.1 6.3 10.0 3.2 19.8 13.2 4.8 1.6 40.0
Clotrimazole 2.5 16.8 – – – – 15.3 2.7 6.3 6.7 – – 4.5 9.3
Benzydamine 1.6 52.8 29.3 2.9 25.0 3.4 21.7 3.9 30.3 2.8 45.6 1.9 12.8 6.6
Dicumarol 13.3 11.3 – – 16.4 9.2 25.4 6.0 11.3 13.3 4.8 31.4 5.9 25.5
DicyclomineHCL 5.9 25.5 23.6 5.3 14.7 8.5 40.2 3.1 24.1 5.2 17.2 7.3 5.6 22.3
Ribavirinj 13.6 17.3 12.5 18.8 16.7 14.1 9.8 24.0 17.8 13.2 14.7 16.0 12.5 18.8

a A/Human/Hubei/1/2009(H1N1).
b A/human/Hubei/3/2005(H3N2).
c A/human/WSN/33/(H1N1,S31 N,amantadine resistant).
d A/Duck/Hubei/5/2010(H6N6).
e A/Duck/Hubei/216/1983(H7N8).
f A/Chicken/Jiangsu/1/2005(H9N2).
g B/human/Hubei/1/2007.
h ‘‘–’’ lower than 50% inhibition or no effective.
i ND: not determined.
j Ribavirin was used as a positive control. Data were shown as the mean of duplicate samples from three independent experiments.

Fig. 1. Chemical structures of drug candidates selected for further analysis.
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specific cytotoxicity, cell viability assays were performed in paral-
lel. As shown in Table 3, the IC50s and SIs of tested candidates in
A549 and DF1 were similar to those in MDCK cells ranging from
1.0 lM to 50.0 lM and 9.0 to 100, respectively, indicating that



Table 3
The antiviral activity and cytotoxicity of each drug candidate in MDCK, A549 and DF1 cells.

Compound MDCK A549 DF1

CC50(lM) IC50(lM) SI CC50(lM) IC50(lM) SI CC50(lM) IC50(lM) SI

Anthralin >200.0 4.5 >44.4 >200.0 5.8 >30.7 >200.0 52.3 >9.6
Ciclopirox 119.4 3.0 39.8 210.5 6.7 31.4 97.8 7.1 13.8
Chloroxine 51.3 1.6 32.0 85.4 5.4 15.8 29.8 3.8 7.8
Chlorophyllide 276.5 3.9 71.0 125.1 6.3 19.8 267.4 9.5 28.1
Dicumarol 150.7 12.4 12.2 143.2 48.9 3.0 164.3 10.1 16.3
Dicyclomine HCl 125.4 10.3 12.2 120.1 8.0 12.0 106.4 10.5 10.1
Ethopropazine 65.7 2.6 25.3 98.4 10.4 9.5 73.2 17.5 4.2
Nafronyl oxalate 235.3 12.3 19.1 252.4 6.0 42.0 300.0 8.5 35.3
Enilconazole 192.9 10.1 19.1 195.7 9.4 20.8 186.2 12.3 15.1

All the three cells lines were challenged with 100 TCID50 A/PuertoRico/8/1934 (H1N1). Values represent the mean of duplicate samples from three independent experiments.
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their antiviral activities were not cell-type specific. Of note, dicu-
marol in A549 cells (IC50 = 48.9, SI = 3) and anthralin in DF1 cells
(IC50 = 52.3, SI > 9.6) were less effective compared with in MDCK
cells.
3.4. Confirmation of the antiviral effect of the 9 drug candidates by
infectious virus yield reduction assay

To evaluate the antiviral activities of the drug candidates on the
production of infectious influenza viruses, the infectious virus yield
reduction assay was performed. As shown in Fig. 2, all the 9 candi-
dates can reduce the production of virus particles in dose-depen-
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Fig. 2. The antiviral effects of the 9 broad-spectrum antiviral drug candidates determin
TCID50 A/PuertoRico/8/1934 (H1N1) in the presence of different concentrations of compo
titer was determined by TCID50 assay. Virus titers were calculated according to Spear
means ± S.D. of duplicate samples from three independent experiments. Black star indic
dent manners compared with the DMSO control. Chlorophyllide
showed the best inhibitory effect with an IC50 of 1.6 lM. Actually,
we did not detect any production of infectious virus particles at the
maximum non-cytotoxic concentration of each candidate (data not
shown). These results further confirmed the antiviral activities of
the 9 broad-spectrum antiviral candidates.
3.5. Confirmation of the antiviral effect of the 9 drug candidates by IFA

Next, IFA was used to detect the effect of the 9 broad-spectrum
antiviral candidates on the expression of NP protein in single cycle
infection assay. Seven compounds (chlorophyllide, ciclopirox,
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Fig. 3. Seven candidates reduced the influenza virus protein synthesis in A549 cells. Confluent A549 cells were infected with 1000 TCID50 A/PuertoRico/8/1934 (H1N1) virus
at 4 �C for 1 h. The medium was removed, and the cells were treated with various concentrations of the indicated compounds. At 6 h p.i., the cells were fixed with
paraformaldehyde and the influenza virus NP expression was detected by IFA using a monoclonal NP antibody. Results shown are representative images.
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enilconazole, chloroxine, ethopropazine, nafronyl oxalate, and dicy-
clomine HCl) dose-dependent inhibited the NP protein expression
both in A549 (Fig. 3) and MDCK cells (Fig. S1). The IC50 of each drug
were comparable to the data in Table 3 that were determined by a
multiple-cycle replication assay. Interestingly, the other 2 com-
pounds, dicumarol and anthralin, did not exhibit any inhibitory
activities even at the highest non-cytotoxic concentrations both
in A549 and MDCK cells (Fig. S2), implying that they may impeded
late stages of the influenza life cycle. In fact, dicumarol was
recently reported as an NP inhibitor that can induce conforma-
tional changes on NP structure in an anti-influenza drug screening
assay (Hung et al., 2012), which was also consistent with our result
that it did not affect the NP expression.

3.6. The 9 potent candidates act at different stages of influenza virus
life cycle

In order to determine which stage(s) of the virus life cycle are
affected by the 9 candidates, we performed a time-of-addition
experiment as described in Materials and Methods. Firstly, to
determine whether these compounds are virucidal, influenza virus
was mixed with each candidate for 3 h and diluted 100 fold (pre-
treatment), or each component was separately diluted and then
mixed (control). The infectivity of influenza virus pretreated with
each candidate was similar to the control samples (DMSO) in spite
of tannic acid, the positive control, reduced influenza virus infec-
tivity >80% during the same period (Fig. 4A). These results indicate
that these compounds do not inhibit the influenza virus replication
by inactivating the virus directly. Meantime, the cells pretreated
with compounds or added during adsorption period were also sen-
sitive to virus infection (Fig. 4B dashed bar and empty bar), suggest-
ing that they had no influence on the host cells and the adsorption
period of influenza virus.

Next, we administrated the drug candidates at various time
points (0, 2, 4, 6, 8 h) post infection. As shown in Fig. 4B (filled
bar), dicyclomine HCl and nafronyl oxalate exerted fully inhibitory
effect only when they were added just after attachment (0 h p.i.),
indicating that they may impede a very early event of the virus
replication. Enilconazole, ethopropazine and chlorophyllide can
still reach 50% inhibition rates when added 2 h p.i., implying that
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Fig. 4. Time-of-addition experiment of the selected 9 compounds. (A) Influenza
virus A/PuertoRico/8/1934 (6.5 � 105 TCID50/ml) was incubated with 5 IC50 of each
candidate at 37 �C for 3 h and then diluted 100-fold and used to infect MDCK cells.
In the control groups, the same amounts of virus and drugs were incubated
separately at 37 �C for 3 h, diluted 50-fold, and then mixed to infect cells. The final
concentrations of candidates were identical between two groups and were
ineffective against influenza virus replication. (B) Confluent MDCK cells were
treated with 5 IC50 of each candidate at 37 �C for 2 h before infection (pre, dashed
bar), only during the absorption period at 4 �C for 1 h (co, empty bar) or at the
indicated times immediately after the absorption period (post, filled bar). At 12 h p.i.,
the NA activity in the supernatants was measured. For oseltamivir, TCID50 assay
was performed to determine the virus titers in the supernatants. The values
represent the means ± S.D. of duplicate samples from three independent
experiments.
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early to middle stages of the life cycle were affected by these can-
didates. The patterns of ciclopirox, chloroxine and dicumarol are
similar to ribavirin, which is still effective when added 6 h p.i.
The three compounds may impact events related with RNA tran-
scription or translation since ribavirin had been proved to act on
ribonucleoprotein synthesis (Wray et al., 1985). Anthralin, how-
ever, is similar to oseltamivir may act on very late stage of life cycle
because it still restrained the influenza virus replication when
added 8 h p.i. In summary, our results showed that the 9 potent
candidates impede the influenza virus replication at different
stages of life cycle.
4. Discussion

Currently, many high-throughput screening (HTS) assays either
host-targeted or virus-targeted have been developed for searching
novel inhibitors of influenza virus (Hsu et al., 2012; Hung et al.,
2012; Mao et al., 2013; Maroto et al., 2008; Ortigoza et al., 2012;
Perwitasari et al., 2013a; Severson et al., 2008). Usually, these
assays were performed at a single fixed concentration for each can-
didate that is prone to false-positive or false-negative due to the
cytotoxicity and the single drug concentration. These target-based
approaches are limited to the development of novel treatments for
existed targets. However, it is of great significance to search for
innovative inhibitors of new targets especially host-oriented tar-
gets correlating to all stages of the complete life cycle of influenza
virus.

In the present study, using an unbiased screening technology
and wide range of drug concentrations (0.41–100.0 lM), we iden-
tified 41 candidates with antiviral activity against influenza virus
from screening a safe drug library (Table 1). Several classes of
drugs were firstly discovered as anti-influenza agents. Further
analysis revealed 9 candidates as broad–spectrum antivirals
(Table 2). Their antiviral activities were further characterized by
cell specificity (Table 3), the infectious virus production inhibition
(Fig. 2) as well as the NP expression reduction (Fig. 3). At last, we
found that they acted on the different stages of influenza virus life
cycle (Fig. 4).

Chlorophyllide is not a drug but is extensively used as a food
additive for coloration. It has been reported to be effective against
a variety of enveloped viruses including influenza virus, but was
ineffective with non-enveloped viruses (Benati et al., 2009;
Dunham, 1954; Guo et al., 2011). It is speculated that chlorophyl-
lide is acting by physically inactivating virus particles considering
its broad antiviral spectrum. However, in the present study, chloro-
phyllide showed litter effect on inactivation influenza virus
(Fig. 4A). Indeed, since the influenza virus envelopes are derived
from the cell membrane and chlorophyllide is well tolerated in
MDCK cells (CC50 > 250.0 lM), it is unlikely that chlorophyllide
inhibits the influenza virus replication by disrupting the virus par-
ticle, but events in early stage of virus infection may be affected
(Fig. 4B). In addition to antiviral activity, chlorophyllide has also
been shown to be effective against liver cancer (Reinbothe et al.,
2006). Importantly, chlorophyllide had been investigated in clini-
cal trials for anticancer activity and proved to be safe in human
(>300 mg/d for 4 months) (Kensler et al., 2004). In our study, the
replication of influenza virus was completely inhibited at 6.3 lM
of chlorophyllide (Fig. 2), making it a ideal candidate to further
study in vivo.

Anthralin (also called dithranol) is a synthetic compound for the
treatment of psoriasis. Its mechanism of anti-psoriatic action is
thought to be linked with its anti-proliferative and anti-inflamma-
tory activities and abilities to induce lipid peroxidation and reduce
levels of endothelial adhesion molecules (Ashton et al., 1983). Cic-
lopirox is currently approved as a topical antifungal cream for the
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dermatologic treatment of superficial mycoses. Ciclopirox may
exert its effect by altering cell permeability or acting through che-
lation with polyvalent metal cations such as Fe3+ and Al3+ (Gupta
and Skinner, 2003). Intriguingly, ciclopirox has been reported to
inhibit HIV-1 gene expression by disrupting eIF5A maturation
and kill the HIV-infected cells by activating apoptosis (Hanauske-
Abel et al., 2013; Hoque et al., 2009). Chloroxine, another dermato-
logical agent approved by the FDA, is mainly used in the treatment
of dandruff and seborrheic dermatitis of the scalp. Enilconazole is a
fungicide widely used in agriculture and veterinary medicine as an
inhibitor of 14-alpha-demethylase. Since the four active com-
pounds are all used in topical in the form of cream or shampoo,
the translation of our results to the clinic should be taken cau-
tiously as they may exhibit human toxicity when used systemically
for the treatment of influenza infection. For these compounds,
structure–activity relationship (SAR) study should be initiated to
reduce the toxicity of these new classes of influenza inhibitors.

However, the other four drugs are used in the clinic by system-
ically through oral or intravenous injection, their drug toxicity is
low and tolerance is well in human. Ethopropazine and dicyclo-
mine HCl are two muscarinic receptor antagonists (MRA) used
for the treatment of Parkinson’s disease. In the present study, these
two MRAs were shown to impair the early stage of virus life cycle
(Fig. 4B), which is similar to benztropine mesylate, another MRA,
described as a HCV entry inhibitor (Mingorance et al., 2014). Dicu-
marol is effective for the treatment of deep venous thrombosis by
acting as a competitive inhibitor of vitamin K epoxide reductase.
Nafronyl oxalate, a 5-HT2 receptor antagonist, has been sold in
many countries for the treatment of vasodilatation in spite of still
not receiving FDA approval. For these compounds, the specific anti-
viral mechanism of each candidate and antiviral effect in vivo need
to be further explored. A drug-based drug discovery program,
based on these compounds, can also be launched to determine
the potential of such agents in clinical trials of influenza-infected
patients.

In summary, with the aid of a powerful unbiased cell-based
screening technology, we screened the US Drug Collection library
and indentified a number of FDA-approved drugs as novel inhibi-
tors of influenza virus. Our further study revealed 9 compounds
are potent drug candidates with broad spectrum of antiviral activ-
ity and target various aspects of influenza virus life cycle. Despite
certain limitations, we believe these 9 compounds deserve further
investigation as potential antivirals for treatment of influenza
infection. Ethopropazine and dicyclomine HCl, the two muscarinic
receptor antagonists, can serve as top priority candidates for fur-
ther analysis.
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