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We isolated 18 polyphenols with neuraminidase inhibitory activity from methanol extracts of the roots of
Glycyrrhiza uralensis. These polyphenols consisted of four chalcones (1–4), nine flavonoids (5–13), four
coumarins (14–17), and one phenylbenzofuran (18). When we tested the effects of these individual com-
pounds and analogs thereof on neuraminidase activation, we found that isoliquiritigenin (1,
IC50 = 9.0 lM) and glycyrol (14, IC50 = 3.1 lM) had strong inhibitory activity. Structure–activity analysis
showed that the furan rings of the polyphenols were essential for neuraminidase inhibitory activity,
and that this activity was enhanced by the apioside group on the chalcone and flavanone backbone. In
addition, the presence of a five-membered ring between C-4 and C-20 in coumestan was critical for neur-
aminidase inhibition. All neuraminidase inhibitors screened were found to be reversible noncompetitive
inhibitors.

� 2010 Elsevier Ltd. All rights reserved.
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Every year, influenza epidemics cause numerous deaths and
millions of hospitalizations, but the most frightening effects are
seen when new strains of the virus emerge, causing worldwide
outbreaks of infection. Recent reports of direct avian-to-human
transmission of influenza make the prospect of a new pandemic
particularly alarming.1 Influenza viruses contain two surface anti-
gens, hemagglutinin (HA) and neuraminidase (NA). NA is an
enzyme involved in the release of progeny virus from infected cells,
cleaving sugars that bind to mature viral particles. Specifically, NA
has been found to cleave the a-ketosidic bond that links a terminal
neuraminic-acid residue to an adjacent oligosaccharide moiety. NA
is also important for the trafficking of virus in the mucus layer of
the respiratory tract, allowing the viruses access to underlying epi-
thelial cells.2 To develop new agents to treat viral disease, signifi-
cant attention has been devoted to compounds that inhibit viral
adsorption to epithelial cells, viral intrusion into cells, transcription
and replication of viral genomes, viral protein expression, and
progeny virus release from cells.3 NA, which plays an important
role in viral proliferation, is stably present in both influenza viruses
A and B, Neuraminidase inhibitors (NAIs), such as zanamivir and
oseltamivir, have been used for the treatment and prophylaxis of
ll rights reserved.
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influenza viruses A and B. The long-term efficacy of these drugs
is, however, often limited by toxicity and the almost inevitable
selection of drug-resistant viral mutants.5

Natural plants, especially Glycyrrhiza, are plentiful sources of fla-
vonoid derivatives. Many flavonoids have been reported to show
activity against human immunodeficiency virus (HIV), hepatitis B
virus,6 and influenza virus.7 We have established an influenza virus
NA activity assay to screen for and identify new influenza virus NA
inhibitors from Glycyrrhiza species. Glycyrrhiza uralensis, a member
of the Leguminosae family, is a traditional medicinal herb grown in
various parts of the world. This plant has long been used to treat
fever, liver ailments, dyspepsia, constipation, gastric ulcers, sore
throats, asthma, and bronchitis. In addition, the roots are used as fla-
voring and sweetening agents in tobacco, chewing gum, candies, and
beverages.8 The major bioactive components of G. uralensis roots are
flavonoids and pentacyclic triterpene saponins, including liquiritin,
isoliquiritigenin, liquiritin apioside, glycyrrhizin, and glycyrrhizic
acid.9 Moreover, the constituents of G. uralensis have been found to
exhibit anticancer, anti-diabetic, anti-inflammatory, anti-malarial,
anti-bacterial, antioxidant, and estrogenic properties.10 G. uralensis
has also been reported to have antiviral properties. For example, iso-
lated glycyrrhizin and derivatives thereof have shown activity
against a variety of viruses, including herpes simplex type 1 (HSV-
1);11 hepatitis A, B, and C viruses (HAV, HBV, and HCV);12 HIV-1;13

and influenza virus,14 but isolated polyphenols from the plant have
not been reported to show such activity. Using bioassay-guided
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Figure 1. Chemical structures of compounds 1–18 isolated from the roots of Glycyrrhiza uralensis.
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Figure 2. (A) Effects of compounds 1–6 on neuraminidase hydrolysis of neuraminic
acid (compound 1, d; compound 2, s; compound 3, .; compound 4,4; compound
5, j; compound 6, h; and compound 7, �). (B) Effects of compounds 9, 10, 14, 15,
and 18 on neuraminidase hydrolysis of neuraminic acid (compound 9, d;
compound 10, s; compound 14, .; compound 15, 4; and compound 18, j).
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methods, we isolated 18 polyphenols from the roots of G. uralensis
and evaluated their NA inhibitory capacities by assessment of struc-
ture-activity relationships. We also measured the kinetics of NA
inhibition by NA inhibitors.

Starting with a methanol extract of G. uralensis roots, we puri-
fied compounds with NA inhibitory activity by activity-guided
fractionation using an assay measuring effects on rvH1N1 (A/Ber-
vig_Mission/1/18) neuraminidase.15 Repeated column chromatog-
raphy of the extract yielded four chalcones (1–4), nine flavonoids
(5–13), four coumarins (14–17), and one phenylbenzofuran (18).
By comparing the physical and spectral data16–22 of these isolated
polyphenols with those of known compounds, we identified these
18 isolates as isoliquiritigenin (1), 20-methoxyisoliquiritigenin (2),
isoliquiritin (3), isoliquiritin apioside (4), liquiritigenin (5), liquir-
itin (6), liquiritin apioside (7), ononin (8), kumatakenin (9), licofl-
avonol (10), glyasperin C (11), glyasperin D (12), licorisoflavan A
(13), glycyrol (14), isoglycyrol (15), glycyrin (16), licopyranocoum-
arin (17), and licocoumarone (18) (Fig. 1).

To clarify the structure–activity relationships (SARs) in the iso-
lated polyphenols (1–18) with respect to NA inhibitory activity, we
examined polyphenol effects on the release of 4-methylumbellifer-
one from 20-(4-methylumbelliferyl)-a-D-N-acetylneuraminic
acid.23 Oseltamivir, a known NA inhibitor, was used as a positive
control (IC50 = 1.59 nM). All of the polyphenols (1–18) showed a
dose-dependent inhibitory effect on NA, with maximal activities
observed at 200 lM (Fig. 2). The polyphenols were found to be
reversible inhibitors because an increase in concentration rapidly
reduced enzyme activity. All inhibitors showed a similar relation-
ship between enzyme activity and enzyme concentration [e.g.,
see Fig. 3A for isoliquiritigenin (1) data].

When we compared chalcones with chalcone glycosides, we found
that the activities of chalcones were higher than those of their corre-
sponding glycosides (Table 1). Methylation of the 2-hydroxyl groups
diminished inhibitory activity, whereas an increase in the number of
hydroxyl groups at the 2 and 40 positions of chalcones increased inhib-
itory activity [isoliquiritigenin (1, IC50 = 9.0 lM) > methoxyisoliquiri-
tigenin (2, IC50 = 24.3 lM) > isoliquiritin (3, IC50 = 124.0 lM)].
Interestingly, isoliquiritin apioside (4), with glycoside group substitu-
tions at the C-40 position, exhibited the next highest activity (IC50 va-
lue = 12.9 lM) of the chalcone derivatives. Thus, apiose substitution
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Figure 3. (A) NA hydrolytic activity in the presence of isoliquiritigenin (1) [0 lM (d), 2.5 lM (s), 5.0 lM (.), 10.0 lM (4), and 20.0 lM (j)]. (B–F) Dixon plots of NA
inhibition by compounds 1 (B), 6 (C), 7 (D), 14 (E), and 18 (F). The graphical symbols are substrate concentrations (100 lM, .; 200 lM, s; and 400 lM, d).
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at the CG-2 position of isoliquiritin (3) greatly enhanced inhibitory
activity, whereas glucose substitution at the C-40 position of isoliquir-
itigenin (1) significantly decreased activity. Similarly, when we com-
pared flavanones and flavanone glycosides, we found that the
chalcone derivatives showed equal or better efficacies. Liquiritin
substituted with an apiose group (7) demonstrated the most potent
neuraminidase inhibitory activity of the isolated flavanones (5–7).
Substitution of glucose at the C-40 position in the flavanone backbone
also diminished inhibitory activity [liquiritin (5, IC50 = 82.3 lM)].
Table 1
Inhibitory effects of isolated compounds 1–18 on neuraminidase activities

Compound IC50 (lM)a Inhibition type (Ki, lM)

1 9.0 ± 0.7 Noncompetitive (9.9 ± 0.7 lM)
2 24.3 ± 2.2 Noncompetitive (20.1 ± 2.5 lM)
3 124.0 ± 2.3 Noncompetitive (94.0 ± 10.1 lM)
4 12.9 ± 1.2 Noncompetitive (14.2 ± 2.0 lM)
5 46.8 ± 3.3 Noncompetitive (33.1 ± 10.7 lM)
6 82.3 ± 0.1 Noncompetitive (123.7 ± 0.7 lM)
7 18.2 ± 2.0 Noncompetitive (20.4 ± 0.1 lM)
8 30% at 200 lM NDb

9 36.4 ± 6.9 Noncompetitive (90.3 ± 8.0 lM)
10 20.6 ± 0.9 Noncompetitive (33.0 ± 6.6 lM)
11 20% at 200 lM ND
12 20% at 200 lM ND
13 30% at 200 lM ND
14 3.1 ± 1.0 Noncompetitive (2.9 ± 1.2 lM)
15 92.4 ± 0.7 Noncompetitive (77.5 ± 3.1 lM)
16 10% at 200 lM ND
17 10% at 200 lM ND
18 27.8 ± 0.7 Noncompetitive (12.1 ± 0.8 lM)

a All compounds were examined in a set of experiments repeated three times; IC50

values of compounds represent the concentration that caused 50% enzyme activity
loss; Oseltamivir was used as a positive control (IC50 value = 1.59 nM).

b Not determined.
These findings suggest that the apiose moiety may play a pivotal role
in NA inhibition, by interacting with the neuraminidase hydrophilic
site. This is similar to the reported mode of action of peramivir
(BCX-1812), a five-membered sugar derivative shown to be a highly
selective inhibitor of influenza A and B virus NAs and a potent inhib-
itor of influenza A and B virus replication in cell culture.24

A recent assessment of influenza virus NA inhibitory activity of
naturally occurring flavonoids found that the order of potency for
NA inhibition was aurones > flavon(ol)es > isoflavones > flav-
anon(ol)es and flavan(ol)es, and that the presence of a glycosyla-
tion group greatly reduced NA inhibition.25 Our findings on nine
flavonoids were similar, in that the NA inhibitory activities of flav-
ones, kumatakenin (9, IC50 = 36.4 lM) and licoflavonol (10,
IC50 = 20.6 lM) were stronger than those of derivatives. Substitu-
tion of a glycoside moiety at C-7 in isoflavone (8, IC50 P200 lM)
and at C-40 in flavanone (6, IC50 = 82.3 lM) reduced activity. None
of isoflavans (11–13), containing methoxy group substitutions,
showed any inhibitory activity (IC50 P200 lM).

We also found that the aromaticity of the five-membered ring B
between C-4 and C-20 in coumarin was important for the potency
of these compounds acting against NA. Among the coumarin deriv-
atives (14–17), the parent structure showed less inhibitory activity
(16 and 17, IC50 P200 lM), whereas compound 14, which has a
five-membered closed ring B, showed dramatically increased
(IC50 = 3.1 lM) activity against NA. Comparison of the two coume-
stan inhibitors, 14 and 15, showed that the presence of a free
hydroxyl group and the 1,3-dihydroxyphenol motif at C-7 in the
A-ring had a great effect on inhibitor potency, in that isoglycyrol
(15), which did not contain the motif, was 30-fold less active
(IC50 = 92.4 lM) than was glycyrol (14).

Interestingly, the phenylbenzofuran analog licocoumarone (18)
displayed significant activity against NA, with an IC50 value of
27.8 lM. Licocoumarone (18), which is structurally related to the
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flavones (9 and 10), has a C2–C3 double bond in the C ring. The
phenylbenzofuran skeleton is noteworthy, in that such compounds
usually do not act as NA inhibitors.

We also tested the effect of polyphenols (1–18) on the kinetics
of NA hydrolysis of 20-(4-methylumbelliferyl)-a-D-N-acetylneu-
raminic acid (4-MU). The Dixon plots of 1/V versus [I] resulted in
a family of straight lines passing through the same point on the
horizontal axis, as illustrated for representative compounds 1, 6,
7, 14, and 18 (Fig. 3B–F, respectively). In these kinetic plots, the ab-
scissa [I] is the reciprocal of the concentrations of compounds,
whereas the ordinate 1/V is the reciprocal of the change in inten-
sity over time, thus representing a reciprocal of NA activity. These
findings indicate that compounds (1–18) are noncompetitive
inhibitors of NA, with NA inhibitory activity decreasing with
increasing concentration of the substrate. From these kinetic plots,
we calculated that the NA inhibitors 1–7, 9, 10, 14, 15, and 18 had
inhibition constants (Ki) of 9.9, 20.1, 94.0, 14.2, 33.1, 123.7, 20.4,
90.3, 33.0, 2.9, 77.5, and 12.1 lM (Table 1), respectively.

In summary, we isolated four chalcones (1–4), nine flavonoids
(5–13), four coumarins (14–17), and one phenylbenzofuran (18)
by bioassay-guided fractionation from the roots of G. uralensis
and evaluated activities against NA. Of these 18 derivatives, com-
pounds 1 and 14, exhibited the most potent NA inhibitory activi-
ties, with IC50 values of 9.0 lM and 3.1 lM, respectively. In a
study of structure–activity relationships, we found that five-mem-
bered ring compounds showed higher NA inhibitory activity than
did the other compounds, with the ring-closed coumarin, coume-
stan (14) being the most inhibitory.
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