
ww.sciencedirect.com

j o u r n a l o f f o o d and d ru g an a l y s i s 2 6 ( 2 0 1 8 ) 1 0 1 5e1 0 2 3
Available online at w
ScienceDirect

journal homepage: www.j fda-onl ine.com
Original Article
Synergic effect of curcumin and its structural
analogue (Monoacetylcurcumin) on anti-influenza
virus infection
Sarah M. Richart a,1, Yi-Lin Li b,1, Yoshiyuki Mizushina c,
Yuan-Yen Chang d, Tse-Yu Chung e, Guan-Heng Chen e,
Jason Tze-Cheng Tzen e, Kak-Shan Shia f, Wei-Li Hsu b,*

a Department of Biology and Chemistry, Azusa Pacific University, Azusa, CA, USA
b Graduate Institute of Microbiology and Public Health, National Chung Hsing University, Taichung, Taiwan
c Graduate School of Agriculture, Shinshu University, Kamiina-gun, Nagano, 399-4598, Japan
d Department of Microbiology and Immunology, Chung Shan Medical University, Taichung, 402, Taiwan
e Graduate Institute of Biotechnology, National Chung-Hsing University, Taichung, Taiwan
f Institute of Biotechnology and Pharmaceutical Research, National Health Research Institute, Miaoli County, 35053,

Taiwan
a r t i c l e i n f o

Article history:

Received 18 July 2017

Received in revised form

20 December 2017

Accepted 24 December 2017

Available online 2 February 2018

Keywords:

Curcumin

Influenza virus

Antiviral

Haemagglutinin

Synergic
* Corresponding author. Graduate Institute
Taichung 402, Taiwan. Fax: þ886 4 22852186

E-mail address: wlhsu@dragon.nchu.edu
1 The two authors contribute equally to th

https://doi.org/10.1016/j.jfda.2017.12.006

1021-9498/Copyright © 2018, Food and Drug Adm

BY-NC-ND license (http://creativecommons.org
a b s t r a c t

Curcumin (Cur), a polyphenolic compound extracted from spice and common food col-

ourant turmeric, contains versatile bio-activities. Monoacetylcurcumin (MAC), a structural

analogue of Cur, differs from Cur by acetyl modification, but retains enone groups.

Comparative analysis revealed MAC effectively inhibited influenza virus infection (IAV) to a

similar extent as, if not superior to, curcumin. Both compounds mildly reduced viral NA

activity. Surprisingly, unlike Cur, the MAC inhibition of IAV did not occur through the

blocking of HA activity. However, MAC strongly dampened Akt phosphorylation, the

prerequisite signalling for efficient IAV propagation. A much stronger inhibition effect on

IAV infection was observed when MAC treatment was in combination with Cur. Collec-

tively, MAC demonstrated clear antiviral activity, and likely inhibited IAV via multiple

mechanisms that were not identical to Cur. Importantly, Cur and MAC in combination

synergistically inhibited IAV infection.
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1. Introduction

Influenza A virus (IAV), an enveloped virus belonging to the

family Orthomyxoviridae, is responsible for causing the

human-to-human transmission of pandemic influenza, as

well as cases of seasonal influenza. The World Health Orga-

nization (WHO) reports that of the estimated 5e10% of adults

and 20e30% of children infected annually, 3e5 million cases

of severe disease and 250,000e500,000 deaths occur from

influenza each year worldwide. Recently, there has been a rise

in the number of cases of bird-to-human transmission of

avian influenza A viruses, including different HA subtypes

(H5, and H7). H5N1 IAV first infected people in Hong Kong in

1997 and has subsequently infected more than 800 people

with an approximate death rate of 60% [1]. In March 2013, a

novel subtype of avian influenza A virus, identified as subtype

H7N9, was transmitted from birds to human in China [2], and

while H7N9 has lowermortality rate thanH5N1, cases of H7N9

IAV continue to be reported in China. The most common

antiviral drugs used to treat severe influenza target the viral

neuraminidase (NA), despite the frequent emergence of viral

resistance to these drugs [3]. In light of this, there is a clear

need to develop drugs with more varied targets to treat

influenza virus infections.

Natural products are potential sources of bioactive com-

pounds, including some with antimicrobial activity [4,5].

Curcumin (Cur), a polyphenolic component of the spice and

common food colourant turmeric (from the root of Curcuma

longa), has gained much attention for its anti-oxidant and

anti-inflammatory [6] activities, along with its anti-

proliferative and anti-tumour activities [7]. It has been

shown that the regulation of cellular signalling pathways,

such as the activation of the transcription factor NF-kB, is

central to providing curcumin with its versatile biological

properties. Recently, Cur has also been shown to exhibit

antiviral activity at non-cytotoxic concentrations against IAV

[8e10], as well as against several enveloped viruses, including

Japanese encephalitis virus, pseudorabies virus, dengue virus

type 2, and vaccinia virus, but not against the non-enveloped

enterovirus-71 [9]. The initial investigation into Cur's anti-

influenza activity was based on the importance of NF-kB

activation in IAV replication [11] and Cur's ability to act as a

potent NF-kB inhibitor [12]. In addition to NF-kB, Cur also

inhibits the phosphatidylinositol-3-kinase (PI3K)/AKT cellular

pathway that leads to apoptosis in many tumour cells [13],

while influenza virus infection activates PI3K/AKT [14],

presumably in an attempt to prevent the cell from undergoing

apoptosis and to benefit viral propagation at the initial stage of

infection.

The anti-influenza activity of Cur was previously shown to

be independent of one or both of the methoxyl groups found

on its phenols [8] but is now thought to be dependent on the

presence of two enone groups (a,b-unsaturated carbonyl

groups) in the seven-carbon chain attached to its phenol rings

(see Fig. 1A, dashed boxes). The enone groups of Cur could

spontaneously form Michael adducts with sulfhydral (SH)

groups [15], and the presence of glutathione (GSH), consisting

of amino acids with an SH group, diminished Cur's ability to

inhibit IAV plaque formation [10].
It has been reported that application of Cur is limited by its

intrinsic properties such as low aqueous solubility and poor

stability, leading to poor bioavailability [16]. To circumvent this

drawback, several strategies have been proposed, for instance,

generation of curcumin structure analogues with bioactivity

[17], and development of new formulation [18e20]. Several

curcumin structural analogues have been reported and char-

acterised. Among those analogues, tetrahydrocurcumin (THC),

a Cur analogue that lacks the enones of Cur, markedly reduced

anti-influenza activity compared with Cur [10]. Because THC is

a major early metabolite of Cur in vivo [21], it is possible to

render Cur less effective as an influenza therapeutic in pa-

tients. Monoacetylcurcumin (MAC) has identical enone groups

anddiffers fromCur by only one acetyl group (Fig. 1A, grey box).

MAC was first identified as an in vitro inhibitor of mammalian

DNA polymerase l [22], a polymerase involved in DNA repair;

Cur also inhibits DNA polymerase l [23]. More recently, MAC

was shown to reduce NF-kB nuclear translocation induced by

lipopolysaccharide (LPS) more effectively than curcumin [24],

further strengthening its potential as an anti-influenza agent.

Hence, in this study, as MAC and Cur share similar

structure, a series of experiments were performed to initially

define whether MAC possess anti-influenza activity. More-

over, the underlying mechanisms were further investigated.

Our results indicated that as with Cur, MAC acts as a potent

inhibitor of influenza virus infection. However, MAC has no

impact on viral HA function. As the treatment of cells with

both MAC and Cur together demonstrated a synergistic effect,

this implies that these two drugs may have different affinities

for their targets and could be used in combination as an

alternative influenza antiviral therapeutic.
2. Materials and methods

2.1. Cells and virus

Madin-Darby canine kidney (MDCK) cells were grown in

minimaleessential medium (MEM) with 10% fetal bovine

serum (FBS), and antibiotics (penicillin 100 U/ml, streptomycin

10 mg/ml). For infection, virus was diluted in infectionmedium

(MEMwithout FBS) supplementedwith antibiotics and 1 mg/ml

of trypsin (Worthington, Freehold, NJ, USA) and inoculated to

cells that have been washed with PBS.

Influenza Type A virus (IAV) strain PR8, A/Puerto Rico/8/34

(PR8, H1N1), was kindly provided by Paul Digard (University of

Cambridge, UK).

2.2. Compounds

Curcumin and dimethyl sulfoxide (DMSO) were purchased

from SigmaeAldrich. MAC was synthesized as described

in one previous study [22]. Reduced glutathione (GSH),

purchased from Sigma-Aldrich, was dissolved in 10 mM of

Tris (pH 7.5, adjusted using 5N KOH).

2.3. Cytotoxicity test

The cytotoxicity effect of curcumin and MAC was determined

on the basis of cell survival rate [8]. Briefly, 7.5 � 104 MDCK

https://doi.org/10.1016/j.jfda.2017.12.006
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Fig. 1 e MAC inhibits influenza virus replication in a dose-dependent manner. Monoacetylcurcumin (MAC) is a structural

analogue of curcumin (Cur). (A) As with Cur, MAC contains two enone functional groups (dashed boxes) and has an acetyl

group where Cur has a free hydroxyl group (grey boxes). (B) The cytotoxicity of MAC was tested on MDCK cells. The survival

rate was plotted as the percentage of cell numbers to that of cells treated with DMSO, the solvent control. The effect of MAC

on influenza viral replication was analysed by time-of-drug addition, including Full-time treatment (C), Co-treatment

(D), and Post-entry treatment (E). The titres of MAC or Cur treated cells were plotted as a percentage of the DMSO-treated cell

controls (mock control). Data from C-E averaged from 3 independent experiments, ± SD. (F) No obvious cytopathic effects

(CPE) were observed in full-time treatment cells treated with 30 mM Cur or MAC at 24 hpi.
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cells seeded in 24-well plates were treated with compounds

(DMSO, Cur and MAC) at the indicated concentrations. After

24 h, cells were stained with 0.4% trypan blue and total cell

counts weremeasured. The survival rate was estimated as the

ratio of living cells/total cell counts. The survival rate of

DMSO-treatment control was arbitrarily set as 100%.

2.4. Time-of-drug addition test

Cur, MAC, or DMSO were included in the medium and added

to cells at different time points of infection. Briefly, (1) full

time treatment: the test compound was included in the cell

culture medium for 8 h prior to and throughout the course

of infection (2000 PFU/well); (2) co-treatment: the test com-

pound mixed with virus in the infection medium was added
simultaneously onto the cells and remained in the medium

cells throughout the course of the experiment; (3) post-entry

treatment: Cur and MAC were added to cells at 2 h post

infection (hpi) and left with the cells throughout the time of

infection.

2.5. Plaque assay

MDCK cells were infected with serial dilutions of IAV at 37 �C.
Two hours after adsorption, unbound virus particles were

removed and cells were then cultured with 1 ml/well MEM

supplemented with 0.6% agarose at 37 �C, 5% CO2 for 2 days or

until the plaques were visible. Viral plaques were then fixed

with 100%methanol for 10 min and stained with crystal violet

(Sigma).

https://doi.org/10.1016/j.jfda.2017.12.006
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2.6. Plaque reduction assay

Viruses were treated with Cur and MAC, and the remaining

infectivity of IAV was determined based on the plaque

formation ability [8]. In brief, IAV (100 plaque formation units,

pfu) were incubated with test compounds for 1 h and then

inoculated onto cell monolayers followed by standard plaque

assay.

2.7. Glutathione competition test

The effect of glutathione (GSH) on anti-IAV activity mediated

by MAC was evaluated in plaque formation ability. To do so,

60 mM Cur, MAC, THC (the curcumin analogue without enone

group, as a negative control), or culture medium (the mock

control) was mixed with an equal volume (150 mL) of 4-fold

serially diluted (i.e. 20, 10, 5 mM) competitors, glutathione

(GSH) for 1 h at room temperature. Then, the mixture of

curcumin/competitor was incubated with 200 pfu of IAV for

1 h. The remaining viral infectivitywere determined by plaque

assay.

2.8. MUNANA assay

PR8 virus (1 � 105 pfu in 20 mL) was initially diluted with 1 mL of

10% NP-40 and 79 mL 1� assay buffer containing 32.5 mM MES

(SigmaeAldrich) and 4 mM CaCl2. To evaluate the effect of

curcumoids on NA activity, the diluted viruses (1 mL) were pre-

incubated with 49 mL of Cur, MAC, or DMSO (a negative control)

at concentration of 120, 60, 30, 15 mM, or 0.3 nM, Tamiflu

metabolite (a positive control for NA inhibition) for 60 min at

room temperature. The reaction formeasuring NA activity was

initiated by the addition of 50 mL the fluorogenic substrate

300 mM 2'-(4-methylumbelliferyl)-alpha-D-N-acetylneuraminic

acid (MUNANA, SigmaeAldrich). After 1 h of incubation at

37 �C, the reaction was stopped by the addition of 100 mL of

freshly prepared stop solution (0.138 N NaOH in 83% ethanol,

pH 10.7).

2.9. Structural modelling of curcumin analogues

Themolecular structures of Cur andMACwere constructed by

Discovery Studio (DS) 2.5 modelling software (Accelrys Inc.,

San Diego, CA). Energy minimisation was done by using a

salvation model and calculated by the GBSW parameter using

Minimization and Dynamics protocols within DS. The calcu-

lation was achieved by a CHARMm (Chemistry at HARvard

Macromolecular Mechanics) force-field [25].

2.10. Molecular modeling and docking

The crystal structure of PR8 HA (PDB code 1RU7) was obtained

from Protein Data Bank and is equivalent in structure to that

published previously [26]. Initially, water molecules in this

complex structure were removed, and the modified HA after

hydrogen saturation was applied to CHARMm force field [25]

using the Discover Studio 2.1 package (http://accelrys.com/

products/discovery-studio/). The 2D structures of sialic acid

(SA), Cur, and MAC were constructed by using the ChemDraw

program, and their corresponding 3D structures were
converted by the Chem3D program (http://www.

cambridgesoft.com/). The ligand binding site in the HA was

defined as SA receptor binding site (RBS) in the LSTA-hae-

magglutinin complex structure (PDB code 1RVX) [26]. In the

docking simulation of compounds the ligand-binding domain

was defined as the region of the spherewith a 11�A radius from

the center of the binding pocket. Docking of compounds was

performed in silico by employing the LibDock module in the

Discover Studio 2.1 package, and further minimized by smart

minimize algorithm with CHARMm force field in the Discover

Studio 2.1 package [27]. The scores of -PLP2 for final docking

poses were further calculated by Score Ligand poses module

in the Discover Studio 2.1 package [28].

2.11. Detection of PI3K/AKT signaling by western blot
analysis

MDCK cell were infected with IAV at an MOI (multiplicity of

infection) of 5. At 1 h after infection, 30 mMCur, MAC, or DMSO

(negative control) were added in to cells. Infected cells were

harvested in lysis buffer (25 mM TriseHCl, 150 mM NaCl, 1%

NP-40) at 4, 8, 12 hpi. The expression level of AKT, phospho-

Akt (Thr308), NS1, b-actin were simultaneously detected by

western blot analysis [8] using specific antibodies. Images

were taken by ImageQuant LAS 4000 mini (GE Healthcare Life

Sciences) and quantified using ImageJ.

2.12. Statistical analysis

All data were calculated with EXCEL (Microsoft Corp.,

Redmond, WA, USA) and analysed with SAS (SAS Institute,

Cary, NC, USA). The results are reported as the mean ± SD.
3. Results and discussion

3.1. Monoacetylcurcumin inhibited influenza A virus
replication and plaque formation in a dose-dependent
manner

In a series of experiments aimed at testing the inhibitory

effects ofMACon IAV replication,MAC (Fig. 1A, right panel), as

well as Cur (Fig. 1A, left panel) in MDCK. A concentration of

30 mM was chosen for the compounds, as it showed low

cytotoxicity in MDCK cells (Fig. 1B) and, as previously

reported, represents an effective concentration of Cur for

inhibiting virus replication and is close to the minimal

inhibitory concentration of Cur that inhibits influenza viral

haemagglutination [8].

Results of time-of-drug addition strategy (Fig. 1CeE) indi-

cated MAC reduced viral titres to approximately 1% or less of

the DMSO solvent controls and to a similar extent as Cur in

full-length treatment (Fig. 1C) and in co-treatment (Fig. 1D).

Noticeably, the inhibitory effect of MAC was stronger than

that of Cur at 36 hpi with post-entry treatment, where Cur-

treated cells had slightly greater than 20% of the titres of the

control cells (Fig. 1E). These data were corroborated by a

microscopic examination of the cells (Fig. 1F). With MAC or

Cur treatment, there were no visible signs of viral cytopathic

effects (CPE) in the cells at 24 hpi (right panels), in contrast to

http://accelrys.com/products/discovery-studio/
http://accelrys.com/products/discovery-studio/
http://www.cambridgesoft.com/
http://www.cambridgesoft.com/
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the control cells (left panel). Taken together, MAC clearly

demonstrates antiviral activity at each time point tested

relative to IAV infection, and its antiviral activity is similar to

curcumin.

3.2. MAC inhibited plaque formation ability

The mechanisms of anti-influenza virus activity mediated by

MAC were further explored via a series of experiments.

Because full-time and co-treatment of cells with MAC showed

similar inhibitory levels on IAV production (Fig. 1C and D),

MACmight be inhibiting an early step in viral replication and/

or directly inactivating virus infectivity. To test whether MAC

inhibits an early viral event, influenza virus was pre-treated

with MAC at various concentrations for 1 h prior to infec-

tion, followed by plaque assays to evaluate the infectivity of

IAV. MAC inhibited plaque formation to a similar degree as

Cur at corresponding concentrations (Fig. 2A), and when

compared with the control treatment, both MAC and Cur

completely abrogated IAV plaque formation at concentrations

of 10 mM and 30 mM, as well as demonstrating a clear

doseeresponse inhibition. These data indicate that the incu-

bation of MACwith virus is sufficient to inhibit viral infectivity

and that it is possibly interfering with the function of the viral

surface proteins, which in turn affects the infection of IAV.

3.3. Incubation of MAC with glutathione (GSH) impaired
MAC's plaque reduction ability and demonstrated the
importance of enone groups for its antiviral activity

We previously hypothesised that the anti-influenza effects of

Cur are mediated through its enone groups [10]. Enone groups

are thought to participate in covalent reactions (Michael

addition reactions) with proteins through the SH groups of

cysteine residues within GSH [29]. MAC also contains two
Fig. 2 e MAC and Cur inhibited IAV via multiple mechanisms. (

partially via Michael addition reactions (BeC). PR8 viruses were

MAC, or DMSO for 1 h. The infectivity of treated IAV was estim

effect of MACwas plotted as a percentage of the DMSO control (A

inhibitory effect of MAC on anti-IAV activity, 30 mM of MAC, TH

concentrations (0e10 mM) of reduced glutathione (GSH, as a com

assay as described previously (B). The experiments were done

mediated by MAC was plotted (C).
enone groups in the same position as Cur (Fig. 1A). Thus,

whether MAC also inhibits the plaque formation ability of IAV

through Michael addition reactions was worthy of investiga-

tion. As indicated in Fig. 2B, MAC (without GSH treatment)

decreased the plaque formation units of IAV compared with

those of the two control groups, DMSO and THC, another

curcumin analogue lacking the enone group that has been

shown to exert a lesser inhibitory effect on IAV [10]. However,

upon the co-incubation of GSH at increasing concentrations,

MAC lost its ability to reduce influenza virus plaque formation

in a dose-dependent fashion (Fig. 2C). This result suggests that

as with curcumin, MAC possiblymodifies a key factor (cellular

or/and viral protein) that is required for IAV infection via

Michael addition reactions.

3.4. Monoacetylcurcumin did not inhibit viral
haemagglutination

Previous experiments showed that Cur inhibits IAV haemag-

glutination [8e10]. In the current study, the direct incubation

of MAC with IAV interfered with IAV's ability to form plaques

(Fig. 2). Therefore, attempts were made to identify the viral

target(s) of MAC, in particular the viral surface glycoproteins,

neuraminidase (NA) and haemagglutinin (HA).

NA, critical for IAV egress, is the target for a number of

anti-IAV therapeutics, including oseltamivir. Because MAC is

able to inhibit IAV replication later in replication, as evidenced

by reduced viral titres when cells were treatedwithMAC post-

viral entry (Fig. 2C), it is possible that MAC may interfere with

viral NA. To test their effect on NA function, MAC or Cur at

various concentrations was incubated with IAV for 1 h before

performing MUNANA, an NA enzyme activity assay. The NA

activity of MAC treatment was compared with that of Cur, the

DMSO negative control. As shown in Fig. 3A, the NA inhibitor,

oseltamivir metabolite (carboxylate), greatly reduced NA
A) MAC inhibits plaque formation ability of IAV and that is

pre-incubated with various concentrations of curcumin,

ated with plaque assay and the relative plaque reduction

). To test whether reduced glutathione (GSH) attenuated the

C, or DMSO (mock) was incubated with various

petitor) at room temperature followed by plaque reduction

three times and the effect of GSH on plaque reduction

https://doi.org/10.1016/j.jfda.2017.12.006
https://doi.org/10.1016/j.jfda.2017.12.006
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activity. Moreover, both Cur and MAC mildly reduced NA

activity in a dose-dependent manner; at 25 mM, MAC treat-

ment resulted in a 20% decrease in NA activity compared with

DMSO, while Cur did not decrease NA activity at the same

concentration (Fig. 3A). Nevertheless, neither MAC nor Cur

was able to completely inhibit NA at concentrations tested to

the extent that oseltamivir carboxylate did (Fig. 3A, inset).

Next, the effect of MAC on IAV haemagglutination was

determined via a haemagglutination inhibition assay (HI)

assay. Surprisingly, unlike curcumin, MAC did not inhibit HA

at any concentration tested (Fig. 3B), indicating that MAC does

not inhibit IAV binding to its host cell early in IAV infection.
Fig. 3 e The effect of MAC on two viral surface proteins. Effect o

MUNANA assay (A) and the haemagglutination inhibitory (HI) t

concentrations of the tested compounds (MAC, Cur, or DMSO con

residual viral NA activity after treatment. The fluorescence (ind

estimated based on three independent experiments. (B) IAV wa

control), or DMSO (vehicle control), and the HI effect was tested

minimized 3-dimensional structures of Cur and MAC were anal

point on a constant electronic density surface is represented gr

electrostatic potential is most negative, while blue corresponds t

the acetyl group on MAC. Simulation of the interaction of curcum

acid (SA), Cur, and MAC on HA (upper panel), as well as the int

predicted by docking simulation. Amino acid residues around th

and MAC) are shown in stick- and ball-stick structures, respect

are illustrated between the HA RBS and ligands, of which the fo

shown in green and red squares, respectively. Distances (�A) of H

dashes and red dashes, respectively (D, lower panel).
To determine a possible explanation for their distinct HA

inhibition abilities, a computational analysis of Cur and MAC

structures was then conducted by usingmolecular simulation

analysis software. The three-dimensional structures of these

two compounds were similar. However, the acetyl group

produced a bulge structure on one side of the MAC structure

(Fig. 3C). Subsequently, molecular docking was performed to

predict the interaction of HA with these two compounds in

comparison with SA, a positive control for the binding pocket

definition in HA.

Consistent with one previous finding [10], SA fits strongly

inside the receptor binding site (RBS) of HA (Fig. 3D, HA-SA, top
f Mac on viral HA and NA activity was measured by the

est (B), respectively. IAV was incubated with various

trol) for 1 h, followed by the MUNANA assay to evaluate the

icating NA activity) relative to the DMSO control was

s incubated with 2-fold serially diluted MAC, Cur (positive

by incubation with chicken RBC for 30 min. The energy-

ysed computationally (C). The electrostatic potential at each

aphically in red and corresponds to regions where the

o the most positive regions, and the yellow arrow indicates

in analogues with HA (D). The interaction interface of sialic

eractive amino acid residues of HA (lower panel), were

e binding pocket of HA and the ligand compounds (SA, Cur,

ively (D, upper panel). Detailed intermolecular interactions

rmation of H-bonding and hydrophobic interaction are

-bonding and hydrophobic interaction are shown by green

https://doi.org/10.1016/j.jfda.2017.12.006
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Fig. 4 e MAC dampens influenza virus-induced activation of AKT signalling pathway and works in synergy with Cur.

(A) MDCK cells were treated with MAC or Cur at 1 h post IAV infection (at MOI of 5 viruses per cell); PR8 indicates cells

infected with PR8 without treatment. The total proteins were harvested at 4, 8, 12 hpi. Basal level of AKT, the

phosphorylated AKT (AKT-p), viral NS1 protein (NS1), and b-actin were simultaneously detected by Western blot

analysis. This experiment was conducted twice and results presented with similar trends. The relative level of

phosphorylated AKT and NS1 was normalized with basal AKT, or actin, respectively, in each sample. Subsequently, the

relative level of AKT-p and NS1 in infected cells treated with MAC or Cur was estimated by comparing with those in mock

treatment at the same time point. (B) MDCK cells were treated with MAC alone, or in combination with Cur at

concentrations indicated at 8 h prior to IAV infection (2000 PFU). The tested compounds were present in the medium

throughout the time of infection. The yield of viral progenies was determined at 24 hpi by standard plaque assay.

The experiment was conducted three times and the relative viral titer was plotted as the percentage of plaque number to

that of cells treated with DMSO, the solvent control.
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panel), and two types of intermolecular interactions,

including hydrogen (H)-bonding and hydrophobic interaction,

were observed (Fig. 3D, lower panel). Five H-bonds were

formed within the RBS pocket: two between the carboxyl

group at C-1 and residueA136, two betweenC-9 andY95/Q226,

and one between the hydroxyl group at C-8 and T136. In

addition, one hydrophobic interaction was found between the

N-acetyl group at C-5 andW153 (Fig. 3D, HA-SA). Similar to SA,

curcumin also fits adequately inside the binding pocket of HA

(Fig. 3D, HA-Cur), which is consistent with a previous finding

[10]. Four H-bonds were formed within the RBS pocket: two

between the hydroxyl group at C-2 and A227/G228, one be-

tween the ketone group at C-9 and A137, and one between C-1

and Y95. One hydrophobic interaction was found between

C-11 and W153 (Fig. 3D, HA-Cur, lower panel). Unlike SA and

Cur, a different interaction profile was observed betweenMAC

and HA. Only two H-bonds were formed between C-2 and

E156/N131 (Fig. 3D, HA-MAC). The theoretical binding affinity

scores (PLP2 values) of SA, Cur, and MAC to HA were �75.97,

�89.21, and�68.93, respectively. Nevertheless, an overlap plot

of docking structures indicated that the fitness of MAC to the

SA binding groove was lower than that of Cur.

It is possible that themodification of a bulky acetyl group at

the C-2 position on MAC causes steric hindrance to the

interaction with the HA binding pocket, which in turn lowers

the fitness with HA and leads to the failure of HA inhibition by

MAC.
3.5. Monoacetylcurcumin-treated influenza virus-
infected cells exhibited decreased levels of AKT
phosphorylation

Influenzaviruses hijack intracellular signalling pathways, such

as NF-kB, PI3K/Akt, andMAPK signalling, for their own benefits

[30]. IAV activates the PI3K/AKT pathway, which is required for

multiple functions in the course of viral infection [14]. Curcu-

min has been demonstrated to inhibit tumour growth via the

suppression of the PI3K/AKT signal transduction pathway [31],

a key player in cell-growth signalling. Because the effect of

MAC on AKT activation has not yet been reported, we first

investigated whether MAC would block the activation of the

PI3K/AKT pathway and, in turn, dampen IAV replication.

It has been shown that Cur interfereswith viral entry [8,10],

and thus lowered virus load could further reduce the induc-

tion of cellular signalling. To rule out this possible bias, a post-

entry protocol was used to address the net effect of Cur/MAC

in infected cells. Indeed, the amount of phosphorylated AKT

(Thr308) increased from 4 to 12 hpi in each group, with the

virus only (PR8) control displaying the largest increase, while

the basal level of AKT protein did not change in either treat-

ment group over time (Fig. 4A). Furthermore, both the MAC-

and Cur-treated infected cells had decreased amounts of

phosphorylated AKT, whichwas coincident with a decrease in

NS1 accumulation at all time points compared with that of

IAV-infected cells without treatment; normalized AKT-pi and

https://doi.org/10.1016/j.jfda.2017.12.006
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NS1 levels are shown in Fig. 4A in the lower panels. Notice-

ably, the AKT phosphorylation level in MAC-treated cells was

lower than that in the Cur-treated group, suggesting that MAC

was acting as a strong suppressor of PI3K/AKT pathway

activation. It has been shown that the PI3K/AKT pathway, a

cellular signalling pathway for the anti-viral response, is

misused by the IAV to support its own replication [14]. Hence,

it was suggested that a fully functional PI3K/AKT pathway is

critical for efficient viral entry. In our study, MAC was given

after viral adsorption, and it is thus possible that the

suppression of PI3K/AKT activation likely affects membrane

fusion, which is worthy of further investigation.

3.6. Synergistic effect of curcumin and MAC on
inhibition of IAV infectivity

Results in current study indicated both MAC and Cur inhibit

IAV; possibly via non-identical modes of action. Attempts was

then made to investigate whether these two compounds have

the synergistic effect on anti-influenza activity. Because treat-

ment with 30 mM curcumin or MAC strongly abrogated IAV

infection, a lower concentration (15 mM) was then used to

evaluate the possible synergistic effects. Under full-time treat-

ment conditions, the cells that were MAC-treated at 15 mM

produced approximately 14% of the amount of virus compared

with DMSO-treated cells and yielded approximately 32% of the

amount of virus at 7.5 mM compared with the control (Fig. 4B),

demonstrating a dose response toMAC. Interestingly, when the

cells were treated with 7.5 mMMAC in combination with 7.5 mM

Cur, the virus yield was reduced to 2% of that of the control

group. It is worth noting that this inhibition strength was

significantly stronger than treatment with 15 mM of the indi-

vidual compounds, eitherMACorCur (11%or 15%, respectively),

indicating thatMAC and Cur inhibit IAV in a synergistic fashion

and possibly possess different modes of anti-influenza action.
4. Conclusions

In our study, we demonstrated for the first time that MAC

possesses a potent inhibitory effect on IAV infection. Despite

being a structural analogue of curcumin, it abrogates IAV

propagation via different mechanisms of action from curcu-

min. MAC causes the suppression of PI3K/AKT activation,

which is likely one of the mechanisms that accounts for the

lowered replication of IAV in cells. A synergistic antiviral effect

was observed when Cur in combination with MAC. It suggests

an alternative strategy for the clinical application of Cur.
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