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Abstract
Viral respiratory infections are raising serious concern globally. Asian medicinal plants could be useful in improving the 
current treatment strategies for influenza. The present study examines the activity of five plants from Bangladesh against 
influenza virus. MDCK cells infected with influenza virus A/Puerto Rico/8/34 (H1N1) were treated with increasing concen-
trations of ethyl acetate extracts, and their cytotoxicity  (CC50), virus-inhibiting activity  (IC50), and selectivity index (SI) were 
calculated. The ethyl acetate extract of fruits of Embelia ribes Burm. f. (Myrsinaceae) had the highest antiviral activity, with 
an  IC50 of 0.2 µg/mL and a SI of 32. Its major constituent, embelin, was further isolated and tested against the same virus. 
Embelin demonstrated antiviral activity, with an  IC50 of 0.3 µM and an SI of 10. Time-of-addition experiments revealed that 
embelin was most effective when added at early stages of the viral life cycle (0-1 h postinfection). Embelin was further evalu-
ated against a panel of influenza viruses including influenza A and B viruses that were susceptible or resistant to rimantadine 
and oseltamivir. Among the viruses tested, avian influenza virus A/mallard/Pennsylvania/10218/84 (H5N2) was the most 
susceptible to embelin (SI = 31), while A/Aichi/2/68 (H3N2) virus was the most resistant (SI = 5). In silico molecular docking 
showed that the binding site for embelin is located in the receptor-binding domain of the viral hemagglutinin. The results of 
this study provide evidence that E. ribes can be used for development of a novel alternative anti-influenza plant-based agent.

Introduction

Embelia ribes Burm. f. (Myrsinaceae), first described by 
Nicolaas Laurens Burman in 1768, is a woody climber 
distributed in the primary lowland and mountain forests 
of Bangladesh, Burma, Cambodia, India, Laos, peninsular 
Malaysia, Thailand, and Vietnam [1]. Ayurvedic medicine 
prescribes the dried fruits or “vidanga” to induce vomiting, 
to treat diabetic ulcers, to promote longevity, to abort, to 
expel intestinal worms, and to treat bronchitis [2]. As a ves-
tige of Ayurveda in Cambodia, Laos and Vietnam, the dried 
fruits of E. ribes are taken internally to treat helminthiasis 
[3]. Asians settling in Britain used E. ribes to treat tape-
worm, chest infection and skin ailments [4]. The dried fruits 
in the British Pharmaceutical Codex of 1934 were listed as 
an anthelmintic remedy to be taken at a dose of 4 g to 16 g 
daily. There is evidence that E. ribes is cardio-protective [5]. 
The fruits contain a series of red-colored alkyl-benzoqui-
nones, including embelin, first isolated and characterized in 
1941 [6], embelinol, and embeliol [7]. Embelin is an anti-
bacterial [8] and anti-inflammatory [9] compound.
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E. ribes was reportedly used by natives in India for the 
treatment of influenza in 1919 [10]. Influenza is one of the 
most dangerous viral respiratory infections of humans. The 
pandemic influenza A/H1N1 (Spanish flu) virus in 1918-19 
claimed about 40 million lives, the Asian flu virus A(H2N2) 
in 1957 led to the deaths of almost 4 million people, and 2 
million people died from the Hong Kong influenza (H3N2) 
virus in 1968 [11]. In 2009, WHO reported the spread of 
a novel pandemic influenza A (H1N1) virus in the US and 
Mexico (“swine flu”). The virus spread rapidly and caused 
209,000 cases of infection and over 3205 deaths in 168 
countries [12]. Vaccination can only provide a limited con-
trol of the spread of infection due to continuous antigenic 
drift [13]. For this reason, the search for inhibitors of influ-
enza A virus among natural products is a promising route 
of selection of lead compounds for preclinical studies [14]. 
The adamantane derivatives amantadine, and rimantadine 
were identified in the 1960s as anti-influenza A drugs and 
were used for several decades for prophylaxis and treat-
ment of influenza [15]. Oseltamivir (Tamiflu®), derived 
from shikimic acid from the fruits of Illicium verum Hook. 
f. (Illiciaceae) is a neuraminidase inhibitor that has been 
approved by the FDA [16]. However, the rapid emergence 
of viruses that are resistant to both neuraminidase inhibi-
tors and adamantane derivatives has led to the need for the 
development of other inhibitors [17]. In this context, we 
examined the antiviral properties of five medicinal plants 
from Bangladesh, including E. ribes, against influenza virus 
A/Puerto Rico/8/34 (H1N1) in vitro. The aims of our study 
were: (i) to examine the antiviral properties of ethyl acetate 
extracts of five medicinal plants from Bangladesh against 
influenza virus in vitro, (ii) to identify at least one extract 
with strong antiviral potential (iii), to determine the range of 
virus-suppressing action of the major constituent in the most 
active extract against a panel of influenza viruses, and (iv) to 
determine the mode of anti-influenza activity of the major 
constituent. The ultimate goal of our study is to contribute to 
the development of safe, effective, and inexpensive antiviral 
plant-based material to treat influenza.

Materials and methods

Plant material and extraction procedure

Curcuma aeruginosa Roxb. (Zingiberaceae) (rhizomes) 
(Voucher no. SH123), E. ribes (fruits) (Voucher No. SH124), 
Ocimum basilicum L. (Lamicaeae) (seeds) (Voucher No. 
SH125), Terminalia bellirica (Gaertn.) Roxb. (Combreta-
ceae) (fruits) (Voucher No. SH126), and Curcuma rube-
scens Roxb. (Zingiberaceae) (rhizomes) (Voucher No. 
SH127) were collected or purchased in Dhaka, Bangladesh, 
in January 2014 and identified by Professor Mohammed 

Rahmatullah, plant specialist at the Medicinal Plant Collec-
tion Wing, Faculty of Life Sciences, University of Develop-
ment Alternative, Dhaka, Bangladesh. Samples were dried 
in an oven at 40 °C for 3 days and ground into a fine powder. 
Fifty grams of powder was extracted by cold maceration 
with 200 mL of ethyl acetate for 2 days. After filtration, 
liquid extracts were evaporated in vacuo and kept at -20 °C 
until testing.

High‑performance liquid chromatography (HPLC) 
analysis

The HPLC method developed for embelin analysis was mod-
ified from a previous study [18]. The presence of embelin as 
a main constituent of the ethyl acetate extract of dried fruits 
of E. ribes was established by HPLC analysis, using embelin 
(CAS No. 550243; 98% purity; ChromaDex) as a reference. 
The quantification of embelin was performed using Agilent 
HPLC system (1290 Series) with UV-Vis detector. A very 
dilute solution of embelin analytical standard (CAS No. 
550243; 98% purity; ChromaDex) was prepared in metha-
nol and filtered through a 0.45-µm syringe filter, and 20 µL 
was injected into the HPLC system with an auto-injector 
attached to a reverse-phase column (Hypersil Gold C18) 
with 250 mm length and 4.6 mm diameter, which was main-
tained at 26 °C. Acetonitrile (analytical grade, RCI Lab-
scan, Thailand) and purified water were chosen as mobile 
phases, with a ratio of 90:10. The flow rate was maintained 
at 0.75 mL/min, and the wavelength was set at 290 nm. The 
ethyl acetate extract was prepared in the same way as the 
standard and analyzed by HPLC.

Cells and viruses

The following influenza viruses, obtained from the collec-
tion of viruses of the Influenza Research Institute, St. Peters-
burg, Russia, were used in the study: A/Puerto Rico/8/34 
(H1N1), A/Aichi/2/68 (H3N2), A/mallard/Pennsylva-
nia/10218/84 (H5N2), A/California/07/09 (H1N1)pdm09, 
B/Malaysia/2506/04, and A/Vladivostok/02/09 (H1N1).

Prior to the experiment, the viruses were propagated in 
the allantoic cavities of 10-to-12 day-old chicken embryos 
for 48 h at 36 °C. The infectious titer of the virus was deter-
mined in MDCK cells (ATCC no. CCL-34) in 96-wells 
plates in alpha-MEM medium (Biolot, St. Petersburg, 
Russia).

Cytotoxicity assay

The microtetrazolium test (MTT) was used to study the 
cytotoxicity of the extracts and embelin [19]. Briefly, the 
extracts and compound were serially diluted threefold 
(from 300 to 4  µg/mL, with additional lower dilutions 
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for separate experiments, if needed) in minimal essential 
medium (MEM). MDCK cells were incubated for 48 h 
at 37 °C in 5%  CO2 in the presence of the dissolved sub-
stances. The degree of destruction of the cell monolayer 
was then determined by MTT. The cells were washed twice 
with saline, and a solution of 3-(4,5-dimethylthiazolyl-2) 
2,5-diphenyltetrazolium bromide (ICN Biochemicals Inc., 
Ohio, USA) (0.5 mg/mL) in MEM was added to the wells. 
After a 1-h incubation, the wells were washed for 5 min with 
saline, and the formazan precipitate was dissolved in DMSO 
(0.1 mL per well). The optical density of cells was then 
measured on a  Victor2 1440 multifunctional reader (Per-
kin Elmer, Finland) at a wavelength of 535 nm and plotted 
against the concentration of the extracts. Each concentration 
was tested in three replicates. The optical density was plotted 
against the concentration, and the 50% cytotoxic concentra-
tion  (CC50) was calculated from the data obtained.

Antiviral assay

The extracts or embelin at increasing concentrations 
(4-300 µg/mL) were dissolved in MEM with trypsin (1 µg/
mL) and incubated with MDCK cells at 36 °C for 1 h. The 
cell culture was then infected with the corresponding viruses 
at a multiplicity of infection (moi) of 0.01 and incubated for 
1 h at 36 °C in the presence of 5%  CO2. The culture medium 
was then removed and replaced with fresh medium contain-
ing the same concentrations of material to be tested. Plates 
were incubated at 36 °C in the presence of 5%  CO2 for 24 h, 
followed by virus titer determination by  TCID50 for 48 h. 
Each extract or embelin concentration was tested in quad-
ruplicate. The 50% inhibitory concentration  (IC50) and SI 
 (CC50-to-IC50 ratio) were calculated from the data obtained. 
Oseltamivir carboxylate (Hoffmann LaRoche, Basel, Swit-
zerland) and rimantadine (Sigma-Aldrich, Missouri, USA) 
were used as reference antiviral drugs.

Time‑of‑addition experiments

To determine the stage of the viral life cycle that is affected 
by embelin, cells were seeded in 24-well plates and incu-
bated with influenza virus A/Puerto Rico/8/34 (H1N1) (moi, 
10) for 1 h at 4 °C. After washing for 5 min with 0.1 mL of 
cold MEM (+4 °C) per well to remove unabsorbed virions, 
plates were incubated for 8 h at 36 °C at 5%  CO2. The start-
ing point of this incubation was referred as to 0 h. Embelin 
(final concentration 1.5, µmol/L) was dissolved in MEM, and 
cells were treated with this solution for the following time 
periods: -2 to -1 hpi (before infection); -1 to 0 hpi (during 
absorption); 0 to 1, 1 to 2, 2 to 4, 4 to 6, and 6 to 8 hpi. The 
treatment from -2 to -8 hpi was used as a positive control. In 
each case, after incubation, embelin was removed and cells 
were washed for 5 min with MEM. After 8 h of growth, the 

infectious titer of the virus in the culture medium and cells 
was determined as described above.

In a separate set of experiments, the effect of embelin on 
the cell-free virus was assessed. For this purpose, 0.5 mL 
of virus-containing culture medium  (105  TCID50/mL) was 
mixed with embelin at a final concentration of 1.3 or 0.4 µM 
and incubated for 1 h at 36 °C at 5%  CO2, following by 
virus titer determination by the  TCID50 method as described 
above.

Hemagglutination inhibition assay

In order to assess the ability of Embelia ribes extract and 
embelin to interfere directly with HA receptor binding, 
we performed a hemagglutination inhibition test. Twofold 
dilutions of culture medium containing influenza A/Puerto 
Rico/8/34 virus (1:8 to 1:256) were mixed with Embelia 
ribes extract at final concentration 3 µg/mL or embelin 
(1.3 µM) and incubated for 1 hour at 36 °C at 5%  CO2, after 
which an equal volume of 1% chicken erythrocytes was 
added. After incubation for 1 hour at 20 °C, the results were 
checked visually. Anti-hemagglutinin activity was evalu-
ated by the ability of specimens to prevent virus-driven 
hemagglutination.

Docking studies

Crystal structures of H5 hemagglutinin from H5N2 influenza 
virus bound to a sialic acid structure found on avian (1JSN) 
and human (5E30) receptors were downloaded from the Pro-
tein Data Bank [20]. Hemagglutinin was bound to sialic acid 
attached to galactose via α-2,3 linkages as found in avian 
receptors (1JSN) and to α-2, 6 linkages as found in human 
receptors (5E30). The structure of embelin (CID 3218) was 
obtained from PubChem [21]. Autodock Vina [22] was used 
to dock embelin to the avian and human receptors. The HA1 
protein of the hemagglutinin was used as the target receptor 
because it contained the sialic acid binding site reported in 
the literature [23]. Sialic acid was used as a control for dock-
ing. Embelin and the two sialic acids were prepared using 
the AutoDock tools by adding essential hydrogen atoms, 
Kollman united atom type charges, and solvation param-
eters [24]. Autogrid was used to generate the grid maps of 
40 Å and 0.375 Å spacing around the binding site, which 
was selected using the sialic acid position bound to the H5 
hemagglutinin in the crystal structures Nine docked posi-
tions were generated, and the position with the lowest bind-
ing energy (high negative) value was selected for analysis. 
Pymol [25] was used to visualise the docked structures, and 
Biovia Discovery Studio visualizer was used to plot the two-
dimensional interaction figures [26].
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Statistical analysis

All of the experiments were done in triplicate and analyzed 
using Graph Pad Prism v7 (Graph Pad software, San Diego, 
California). The values of viral titers were compared by 
Mann-Whitney test. The significance of the relationship 
between experimental parameters was assessed using linear 
regression (p < 0.05).

Results

The ethyl acetate extracts of five medicinal plants in Bangla-
desh were initially screened for their cytotoxicity in vitro to 
MDCK cells using a microtetrazolium test (MTT) (Table 1). 
Among the plants tested, E. ribes, C. rubescens, T. bellirica, 
and C. aeruginosa, with  CC50 values of 6.3, 16.6, 20.8 and 
23.9 µg/mL, respectively, were mildly toxic according to 
American National Cancer Institute guidelines [26]. An 
extract of O. basilicum did not demonstrate cytotoxicity up 
to the highest concentration used (300 µg/mL). To exam-
ine the antiviral effects of these extracts, we tested their 
ability to suppress the growth of influenza virus A/Puerto 
Rico/8/34 (H1N1) in MDCK cells (Table 1). Among the 
extracts tested, E. ribes demonstrated the highest level of 
virus-inhibiting activity  (IC50 = 0.2 µg/mL), with an SI value 
of 32, supporting the notion that E. ribes contains one or 
more compounds that selectively suppresses the reproduc-
tion of influenza virus. C. aeruginosa, although possessing 
only moderate activity (SIs lower than 10, namely 6) could 
be considered a prospect as well. Since all of the specimens 
tested were unfractionated extracts, it cannot be ruled out 
that the active compound(s) contained in these mixtures 
might have much lower  CC50 values.

For further experiments, the most active extract (E. ribes) 
was used. There is evidence to suggest that benzoquinones 
possess antiviral activity [27–29], and we raised the ques-
tion of whether the virus-inhibiting properties of extract of 
E. ribes were due to benzoquinones, in particular, its major 
constituent, embelin (Fig. 1). The presence of embelin in the 

ethyl acetate extract of dried fruits of E. ribes was confirmed 
by HPLC analysis. Both the embelin standard and the major 
peak in the extract demonstrated a sharp and massive peak at 
a retention time of 5.139 min in the HPLC profile (Fig. 2). A 
calibration curve of the standard was made by serial dilution 
from a concentration of 100 to 6.25 µg/mL. Excellent linear-
ity was obtained, with a regression coefficient  (r2) of 0.9994 
and the regression equation y = 126.21 x + 162.57 (x = embe-
lin concentration and y = average peak area. The amount of 
embelin present in the ethyl acetate extract was quantified 
as 60.7% (w/w). Embelin was tested for cytotoxicity and its 
ability to inhibit influenza virus A/Puerto Rico/8/34 (H1N1). 
The  CC50 of embelin was found to be 0.9 µg/mL (3.1 µM), 
and its  IC50 against the virus was 0.3 µM (SI = 10) (Table 2).

To further characterize the range of virus-suppressing 
action of embelin, we tested its activity against influenza 
viruses differing in their type and subtype (A(H1N1), 
A(H3N2), A(H5N2) and B), origin (human and avian) and 
susceptibility/resistance to currently available antivirals 
(e.g., rimantadine and oseltamivir). The results are sum-
marized in Table 2. The viruses used in this study dem-
onstrated different levels of susceptibility to embelin. The 
A/Puerto Rico/8/34 virus that was used for the screening 
was moderately sensitive, while the avian virus A/mallard/
Pennsylvania/10218/84(H5N2) was the most susceptible. No 
correlation was observed between sensitivity to rimantadine 
and embelin or between oseltamivir and embelin.

To investigate the mode of anti-influenza activity of 
embelin, we performed time-of-addition experiments. 

Table 1  In vitro biological 
activity of plant extracts against 
influenza virus A/Puerto 
Rico/8/34 (H1N1) in MDCK 
cells

a CC50, 50% cytotoxic concentration (µg/mL); values are given as the mean of triplicate measurements
b IC50, 50% inhibitory concentration (µg/mL), values are given as the mean of triplicate measurements
c SI, selectivity index  (CC50/IC50)

Plant name Plant part CCa
50 ICb

50 SIc

Curcuma aeruginosa Roxb. Rhizomes 23.9 ± 1.9 4.0 ± 0.5 6
Curcuma rubescens Roxb. Rhizomes 16.6 ± 1.2 >11 <1.5
Embelia ribes Burm.f. Fruits 6.3 ± 0.3 0.2 ± 0.1 32
Ocimum basilicum L. Seeds >300 >300 1
Terminalia bellirica (Gaertn.) Roxb. Fruits 20.8 ± 1.5 11.0 ± 1.5 1.8
Oseltamivir carboxylate 50.6 ± 4.3 0.051 ± 0.006 992

O

O
OH

OH

Fig. 1  Structure of embelin
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Since different viral proteins play critical roles at different 
stages of the viral life cycle, results of such experiments 
could give an idea about which viral proteins are targeted 
by the compound. Both the whole extract of Embelia ribes 
and embelin were most active when applied at early stages 
of the viral life cycle (0-1 h postinfection [hpi]) (Fig. 3). At 
other time points, their inhibitory activity was lower. This 
suggests that embelin prevents virion absorption to the cell 

surface, either by blocking the cell receptor (-1 to 0 hpi) or, 
more effectively, by blocking the receptor-binding site of 
viral hemagglutinin (0 to1 hpi). Also, the fusion of the viral 
envelope with the endosome membrane, which occurs at 
an early stage of the viral life cycle, might also be affected 
by embelin. To test whether embelin is able to block virus 
replication by direct inactivation of extracellular virions, 
we incubated the cell-free virus with 1.3 µM of embelin 

Fig. 2  HPLC profiles of 
embelin standard (A) and ethyl 
acetate extract of dried fruits of 
E. ribes (B), both showing the 
retention time at 5.139 min

Table 2  Virus-inhibiting 
activity of embelin against 
influenza viruses in in vitro tests

a Rm, rimantadine; Os, oseltamivir
b IC50, 50% inhibitory concentration (µM); values are given as the mean of triplicate measurements
c SI, selectivity index  (CC50/IC50)

Virus name Subtype Origin Drug 
 resistancea

Embelin Rimanta-
dine

Oseltamivir

ICb
50 SIc IC50 SI IC50 SI

A/Puerto Rico/8/34 H1N1 Human Rm 0.3 ± 0.1 10 41 ± 4 6 0.16 ± 0.01 1000
A/Aichi/2/68 H3N2 Human - 0.6 ± 0.1 5 6 ± 1 49 0.15 ± 0.03 1073
A/mallard/Pennsyl-

vania/10218/84
H5N2 Avian - 0.1 ± 0.0 31 5 ± 1 59 0.10 ± 0.02 1610

A/California/07/09 H1N1pdm09 Human Rm 0.5 ± 0.2 6 48 ± 5 6 0.11 ± 0.01 1463
B/Malaysia/2506/04 Victoria-like Human Rm 0.2 ± 0.1 15 94 ± 7 3 0.31 ± 0.04 519
A/Vladivostok/02/09 H1N1 Human Os 0.5 ± 0.1 6 10 ± 2 29 1.9 ± 0.3 85
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and then determined the activity of the virus in cell cul-
ture. The infectious titer of the virus without embelin was 
4.3 ± 0.5  TCID50/0.1 mL, and after incubation, with embelin 
it decreased to 3.8 ± 0.5  TCID50/0.1 mL. In addition, we 
performed a hemagglutination inhibition test to assess the 
ability of embelin and whole extract of Embelia ribes to 
inhibit binding of hemagglutinin to its receptor. The hemag-
glutination titer of the control virus was 1:128, while after 
incubation with E. ribes extract or embelin, the titer was 
four times lower (1:32). This suggests that both the whole 
extract and pure embelin prevent virus-induced agglutina-
tion of erythrocytes (Fig. 4).

To confirm that embelin interacts directly with the 
hemagglutinin, in silico molecular modeling of this interac-
tion was performed. The entry process of influenza virus 
is well understood and has been reported in detail in the 
literature. Several studies have shown the development and 
use of hemagglutinin inhibitors to be an effective method of 
controlling the spread of influenza virus [23]. Hemagglutinin 

is important because it recognizes α-2,3- or α-2,6 linked 
terminal sialic acids (SAs) in membrane glycoprotein recep-
tors on the host cell, and therefore can mediate the virus-cell 
adsorption and endocytosis for virus entry. Hence, inhibitors 
targeting hemagglutinin are extremely useful [24]. The dock-
ing results provided evidence that embelin was able to dock 
to the same binding pocket as sialic acid. The binding energy 
of the best-docked position for the α-2,3 SA binding pocket 
as found on avian receptors was -5.3 kcal/mol. Figure 5A 
shows the docked position of embelin within the hemagglu-
tinin of influenza virus. For comparison, the docked position 
of α-2,3 sialic acid is shown in Fig. 6A. Compared with 
embelin, α-2,3 sialic acid showed more stable binding with 
a binding free energy value of -6.6 kcal/mol. The residues 
within 4 Å of the two ligands are shown in Fig. 7A. Embelin 
formed a hydrogen bond with Tyr91, whereas sialic acid is 
seen to form hydrogen bonds with Tyr91, Val131, His179, 
and Gln222. Common residues within 4 Å of both ligands 
are Trp149, Glu186, Gln222, Gly224, and Pro181.  

Figures 5B and 6B show the docked positions of embelin 
and α-2,6 sialic acid, respectively. The binding free energy 
for embelin was –5.2 kcal/mol as compared with -6.2 kcal/
mol when sialic acid was docked in the HA binding pocket. 
The two-dimensional plot of interactions of the docked 
structures shown in Fig. 8 shows that sialic acid formed 
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Fig. 3  Time-of-addition experiment using 3  µg of Embelia ribes 
extract per mL (A) or 1.3  µM embelin (B) against influenza virus 
A/Puerto Rico/8/34 (H1N1). Embelin was added and removed at 
the time points indicated on the x-axis. Pre-cooled cell culture was 
infected with the virus and incubated at +4 °C for 1 h. The unbound 
virus was removed, and cells were kept at +36  °C. The moment of 
transfer corresponds to time point zero

Fig. 4  Inhibition of influenza-virus-induced hemagglutination by 
Embelia ribes extract (columns 1 and 2) and pure embelin (columns 3 
and 4) compared to virus control (saline instead of compounds, lines 
5 and 6). Twofold dilutions of influenza virus A/Puerto Rico/8/34 
(H1N1) (indicated on the right) were incubated with E. ribes extract 
(3 µg/mL) or embelin (1.3 µM) in the wells of round-bottom plates, 
and 1% chicken erythrocytes were added. The plates were incubated 
for 1 h at 20 °C for sedimentation of erythrocytes
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hydrogen bonds with Tyr98, Val135, Ser136, Ser137, 
Glu190. Of these residues, embelin was able to interact 
with Glu190 only, while other residues with which embelin 
formed hydrogen bonds were Arg193, Ser227, and Gly228. 
Tyr98 and Val135 were found in the 4-Å region around 
embelin but not directly interacting with it.

Discussion

We provide evidence that embelin, which is the main con-
stituent of E. ribes, a plant that was used to treat influenza 
almost one hundred years ago, inhibits replication of influ-
enza viruses. Besides substantiating a traditional Ayurvedic 
claim, our results provide support for the contention that 
embelin could be used as a starting molecular scaffold for 
the design of new antiviral agents.

Embelin is the major constituent of the extract, so with 
high probability, the main properties of the extract are due to 
embelin. Despite this, the activity of the whole extract was 

higher than that of purified embelin. A similar phenomenon 
has been described recently [30], and in both cases, it can 
be suggested that minor components of the extract could 
contribute antiviral activity, probably affecting different tar-
gets. We cannot rule out that the combination of embelin and 
minor fractions of the extract, either cell- or virus-targeted, 
can have an additive effect, thus enhancing the activity of 
embelin. Due to the low amounts of minor fractions in the 
extract and the small amount of the extract itself, we were 
unable to identify these minor constituents. Further studies 
are therefore needed to determine the exact mechanism of 
the virus-inhibiting action of the E. ribes extract.

Extracts of fruits of E. ribes have been used to treat vari-
ous disorders, suggesting that the inhibitory effects of embe-
lin are not specific for an individual pathogen or process. 
There is evidence demonstrating that embelin has the ability 
to interact in mammalian cells with several proteins, such 
as the X-linked inhibitor of apoptosis protein [9, 31], signal 
transducer and activator of transcription 3 [32], peroxisome 

Fig. 5  Docked position of embelin in the H5 HA binding pocket for 
the avian receptor (1JSN) (A). Docked position of embelin in H5 HA 
binding pocket for the human receptor (5E30) (B)

Fig. 6  Docked position of α-2,3 sialic acid in the H5 HA binding 
pocket for the avian receptor (1JSN) (A). Docked position of α-2,6 
sialic acid in the H5 HA binding pocket for the human receptor 
(5E30) (B)
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proliferator-activated receptor-γ [33], and plasminogen 
activator inhibitor-1 [34]. Embelin has also been predicted 
in in silico molecular docking studies to bind to collagen 

and human neutrophil elastase [35]. Thus, in addition to 
the direct virus-inhibiting activity we have demonstrated, 
we cannot rule out the possibility that embelin could also 

Fig. 7  Two-dimensional plot 
of interactions of embelin 
with avian H5 hemagglutinin. 
Tyr91 forms a hydrogen bond 
with the OH group of C14 of 
embelin (A). Two-dimensional 
plot of interactions of a sugar 
molecule with avian H5 hemag-
glutinin. α-2-3 sialic acid forms 
extensive hydrogen bonds with 
pocket residues
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inhibit the function(s) of cellular factors involved in virus 
replication. Embelin has an SI of 5 to 31, depending on the 
virus used, suggesting that the safe dose range of this com-
pound as a therapeutic agent is quite narrow. According to 
Omura [36], the SI of antiviral agents should be more than 
100 to indicate a useful effect on viral inhibition in animal 

experiments. However, a body of experimental evidence 
already exists that shows that embelin is not toxic when 
given orally to rodents. Daily oral administration of embe-
lin (25 and 50 mg/kg/day) for three weeks did not cause side 
effects in rats [37]. In another study, embelin was subjected 
to a toxicity evaluation that included subacute, chronic, and 

Fig. 8  Two-dimensional plot 
of interactions of embelin with 
human H5 hemagglutinin. Sev-
eral hydrogen bonds, pi bonding 
and pi-alkyl bonds are respon-
sible for the stable binding of 
embelin to the α-2-6 sialic acid 
binding pocket (A).Two-dimen-
sional plot of interactions of a 
sugar molecule with human H5 
hemagglutinin. The α-2-6 sialic 
acid forms extensive hydrogen 
bonds with pocket residues (B)
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reproductive toxicity testing and teratological investiga-
tions in laboratory animals (e.g., mice, rats, and monkeys). 
The results did not indicate adverse effects, suggesting that 
embelin is a safe compound [38]. At this time, we cannot 
explain this discrepancy. Chiang et al. tested an aqueous 
extract of O. basilicum against adenovirus and found an SI 
of 8.4 [39]. However, O. basilicum, or basil, is used in food 
and is not toxic to humans [40]. In the same study, the anti-
viral drug zalcitabine (2′-3′-dideoxycytidine) exhibited an SI 
of 10.1 [39]. The concept of SI in natural products antiviral 
research could therefore be revised.

The SI of embelin was considerably lower than that of 
the ethyl acetate extract of the dried fruit of E. ribes against 
influenza virus A/Puerto Rico/8/34 (H1N1), implying the 
presence of other active components. Embelin was tested 
against five other influenza viruses and demonstrated the 
highest activity against avian influenza virus A/mallard/
Pennsylvania/10218/84 (H5N2), with an  IC50 equivalent to 
that of oseltamivir and an SI of 31. The docking experi-
ment also provides evidence that embelin binds to the α-2,3 
binding pocket of hemagglutinin. At present, it is not clear 
whether all H5 viruses, or more generally, avian influ-
enza viruses, are especially sensitive to embelin. There-
fore, in future studies, the panel of viruses tested should 
be expanded. Despite embelin having demonstrated some 
effect on the infectivity of the virus when it is incubated with 
extracellular virions, these differences were not statistically 
significant. This suggests that the binding of embelin to HA 
might be comparatively weak and that specific modifica-
tions of its chemical structure could improve its potency. On 
another hand, despite the virus-inhibiting activity of embelin 
at the stage of virus absorption (-1 to 0 hpi), the highest level 
of activity was observed at the stage of endosome formation 
and membrane fusion (0 to 1 hpi). This could suggest that in 
addition to the SA-binding pocket of hemagglutinin, embelin 
has an additional viral or cellular target that is involved in 
viral reproduction at early stages of the cycle. The results 
of the hemagglutination inhibition assay demonstrate that 
whole extract and pure hemagglutinin both suppress the 
process of influenza-virus-induced agglutination of eryth-
rocytes to an approximately equal extent. This also suggests 
that interaction of either embelin or other components in the 
extract with other (non-hemagglutinin) targets contributes to 
the total virus-inhibiting activity.

In conclusion, we have demonstrated that an ethyl acetate 
extract of dried fruits of E. ribes possesses antiviral activ-
ity against influenza virus A/Puerto Rico/8/34 (H1N1), 
confirming that this plant can be used to treat influenza. Its 
major constituent, embelin, suppressed virus replication in 
cell culture at early stages of the viral life cycle (0 to 1 hpi) 
and demonstrated inhibitory activity when applied directly 
to extracellular virions. In a computer simulation, embelin 
was predicted to interact with the receptor-binding site of 

viral hemagglutinin. Both E. ribes extract and embelin are 
therefore beneficial to human health and have the potential to 
be used for medical purposes for the treatment of influenza. 
To the best our knowledge, this is the first attempt to assess 
the virus-inhibiting properties of E. ribes and to identify the 
active antiviral compounds in the extract. Further efforts in 
this direction would focus on optimizing the basic structure 
of this compound to develop novel effective antivirals that 
currently have no analogs in current clinical practice.
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