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The emergence of highly pathogenic influenza A virus strains, such as the new H1N1 swine influenza (novel
influenza), represents a serious threat to global human health. During our course of an anti-influenza
screening program on natural products, one new licochalcone G (1) and seven known (2-8) chalcones were
isolated as active principles from the acetone extract of Glycyrrhiza inflata. Compounds 3 and 6 without pre-

nyl group showed strong inhibitory effects on various neuraminidases from influenza viral strains, HIN1,
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HIN2, novel HIN1 (WT), and oseltamivir-resistant novel HIN1 (H274Y) expressed in 293T cells. In addi-
tion, the efficacy of oseltamivir with the presence of compound 3 (5 uM) was increased against H274Y
neuraminidase. This evidence of synergistic effect makes this inhibitor to have a potential possibility for
control of pandemic infection by oseltamivir-resistant influenza virus.

© 2010 Elsevier Ltd. All rights reserved.

As influenza viruses belong to the Orthomyxoviridae family, and
type A is clinically the most important in three types of viruses A,
B, and C.! The genome of influenza A viruses encodes 11 proteins,
including two main surface glycoproteins, hemagglutinin (HA) and
neuraminidase (NA) which 16 HA (H1-H16) and 9 NA (NA1-NA9)
subtypes have been identified.? NA (also called sialidase) cleaves
sialic acid from cell surface and releases progeny virions from in-
fected cells.>*” NA may promote viral movement through respira-
tory tract mucus, thus enhancing viral infectivity. When the
influenza virus is deficient in NA activity, virus progeny aggregates
at the surface of the infected cell, severely impairing further spread
of viruses to other cells.?

Oseltamivir, zanamivir, and peramivir which impair the effi-
cient release of viruses from the infected host cell, were used for
the NA inhibitors.** However, there are reported that adults receiv-
ing peramivir and oseltamivir (Tamiflu) are the cases of nausea and
vomiting.*” Furthermore, the high-level’s drug resistance is caused
by the substitutions of single amino acid in the NA proteins.*® For
these reasons, researches for new antiviral compounds from natu-
ral products are needed for the development of new therapeutic
agents in the battle of influenza virus.*

* Corresponding author. Tel./fax: +82 62 230 6370.
E-mail address: wkoh@chosun.ac.kr (W.K. Oh).
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During the course of an anti-influenza screening program on
natural products, the acetone extract of Glycyrrhiza inflata was
found to possess the potential NA inhibitor. The genus Glycyrrhiza
(Leguminosae) is comprised of approximately 30 species, of which
some have been used worldwide since ancient times as a medicine
and a sweetening agent (licorice).>® Saponins, flavonoids, couma-
rins, and stilbenoids have been reported as constituents of this
genus, which have been found to relate to a wide range of biological
activities.> In order to identify the compounds with inhibitory
activity against influenza NA by bioassay-guided fractionation,
the acetone extract of G. inflata was subjected to a succession of
chromatographic procedures.® Herein, we describe the isolation of
eight chalcone derivatives (1-8) as the active principles, including
licochalcone G (1),” licochalcone A (2),2 echinantin (3),5° 5-pren-
ylbutein (4),° licochalcone D (5),%® isoliquiritigenin (6),'® licoagr-
ochalcone A (7),"' and kanzonol C (8).' The structure of the new
compound (1) and the known compounds (2-8) was identified by
1D and 2D NMR analyses and confirmed by a comparison of the
physicochemical and spectroscopic data with those published in
the literature (Fig. 1).

Compound 1 was obtained as a yellow amorphous powder. Its
UV spectrum exhibited absorption maxima at 258 and 380 nm,
indicating the presence of aromatic rings. The IR spectrum showed
absorption bands at 3420 cm™! for one or more hydroxy groups
and 1699 cm™! for conjugated carbonyl functionality. The 'H
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Figure 1. Chemical structure of compounds 1-8 isolated from Glycyrrhiza inflata.

NMR spectrum (Table 1) showed signals for a methoxy group oy
3.87 (3H, s, 2-OCH3), two trans-olefinic protons [éy 7.64 (1H, d,
J=15.5Hz, H-a) and 7.98 (1H, d, J = 15.5 Hz, H-B)], 1,1-dimethylal-
lyl group [6y 1.51 (6H, s, 4’-CH; and 5”-CH3), 4.99 (1H, dd,J = 11.0,
1.5 Hz, H-3"), 5.04 (1H, dd, J = 17.0, 1.5 Hz, H-3") and 6.30 (1H, dd,

Table 1
NMR spectroscopic data for compound 1¢
Position oy (J in Hz) dc HMBC (Ju-c)
o 7.64 d (15.5) 119.7d C-B, C=0
B 7.98 d (15.5) 139.8d C-0, C-2, C-6, (=0
1 122.7 s
2 159.8 s
3 6.58 s 101.1d
4 1505 s
5 127.6s
6 7.58 s 1294 d C-1, C-4, C-1”
1 1325
2 1599 s
3 6.94 d (2.0) 115.6d C-1’, C-4
4 1458 s
5 7.56 dd (8.0, 2.0) 116.1d C-4', C-6'
6 7.60 d (8.0) 129.4d C-5', C-2/, =0
17 40.8 s
2" 6.30 dd (17.0, 11.0) 148.7 d C-5, C-1”, C-4", C-5"
3" 5.04 dd (17.0, 1.5) 1109 t C-1", C-2"
4.99 dd (11.0, 1.5) C-1", C-2"
4'"-CH3 1.51s 27.6 q C-5, C-1”, C-2", C-5"
5""-CH3 1.51s 27.6 q C-5, C-1”, C-2", C-4"
2-0OCH3 3.87s 56.0 q C-2
=0 188.5 s

3 Compound was measured at 500 MHz (*H NMR) and 125 MHz (*3C NMR) in
CD5COCDs.

J=17.0, 11.0 Hz, H-2"")], two aromatic protons [5y 6.58 (1H, s, H-3)
and 7.58 (1H, s, H-6)], and ABX-type aromatic protons [y 6.94 (1H,
d, J=2.0Hz, H-3"), 7.56 (1H, dd, J = 8.0, 2.0 Hz, H-5’) and 7.60 (1H,
d,J = 8.0 Hz, H-6')]. Consistent with the above 'H NMR analysis, the
13C NMR spectrum of this compound displayed signals correspond-
ing to the methoxy group é¢ 56.0 (2-OCH3), two olefinic carbons [c
119.7 (C-a) and 139.8 (C-B)], 1,1-dimethylallyl group [5c 27.6 (C-4"
and C-5"), 110.9 (C-3"), 148.7 (C-2") and 40.8 (C-1")], a conjugated
ketone &¢ 188.5, and twelve carbons of the two aromatic rings. 1D
NMR spectroscopic data of 1 were similar to those of licochalcone
A, with an exception of an additional hydroxy group attached to

1)

Figure 2. Key HMBC (H—C) correlations for new compound 1.
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Table 2
Inhibitory effects of compounds 1-8 on neuraminidase activity

T. T. Dao et al./Bioorg. Med. Chem. Lett. 21 (2011) 294-298

Compound 1Cs0® (ng/mL) Inhibition type (H1N1, K;, pg/mL)
HIN1 HON2 HINT (WT) H1N1 (H274Y)
1 37.68 +2.17 42.11+2.12 NT¢ NT¢ Noncompetitive (41.53 £ 1.30)
2 19.09 £1.10 17.98 £0.97 5.42 £ 0.40 4.20 £0.57 Noncompetitive (18.23 + 1.14)
3 5.80+0.30 5.70+0.55 249+0.14 2.19£0.06 Noncompetitive (8.23 +1.32)
4 25.87+£2.03 35.50+1.43 NT¢ NT¢ Noncompetitive (32.78 + 2.68)
5 28.62 +1.67 35.21£3.10 NT¢ NT¢ Noncompetitive (36.52 +£2.11)
6 8.41+0.39 9.69£0.37 3.48+0.19 3.42+0.12 Noncompetitive (10.56 + 1.22)
7 51.59+2.77 56.92 +2.15 NT¢ NT¢ Noncompetitive (60.12 +2.15)
8 75.38 +£2.47 52.96 +1.33 NT¢ NT¢ Noncompetitive (83.14 + 2.86)
Oseltamivir” 39.74 £1.54 (ng/mL) 4.94 +0.56 (ng/mL) 21.09 £1.19 (ng/mL) 5.13+£0.23 NT¢

2 All compounds were examined in a set of triplicated experiments.
" The compound was used as the positive control.
¢ NT: not tested.

the A ring from the aromatic ABX proton system.? This was further
supported by the molecular ion peak at m/z 354.1465 [M]" in the
HREIMS, which indicated the molecular formula of C,;H,,05 for
1. The position of the methoxy group was inferred as C-2 by the
HMBC correlation from methoxy proton (dy 3.87) to C-2 (dc
159.8), and a unique fragment peak at m/z 323 ([M—31]") in the
EIMS.2" According to the HMBC correlations between H-6/C-1";
H-2", H-4", and H-5"/C-5, the location of 1,1-dimethylallyl group
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at C-5 was confirmed. Finally, the additional hydroxy group was
determined to attach to C-2’ by the observation of the aromatic
ABX proton system (5y 6.94, 7.56, and 7.60) and their HMBC corre-
lations (Fig. 2). Thus, the new compound 1, named licochalcone G,
was characterized as 2-methoxy-5-(1,1-dimethylallyl)-4,2’,
4'-trihydroxychalcone.

All isolated compounds with the purity of more than 98%, as as-
sessed by HPLC and NMR spectroscopic data, were evaluated for
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Figure 3. (A and B) Effects of compounds 1-8 on the activity of NAs from influenza A (HIN1 and HIN2) for the hydrolysis of 4-MU-NANA at 37 °C. Inhibitor concentrations
are displayed on logarithmic scales. (C) Relationship between hydrolytic activities of NA with enzyme concentration at different concentrations of compound 3. Concentration
of compound 3 for curves from top to bottom: 0, 6.75, 13.5, 27.0, and 54.0 pig/mL, respectively.
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their inhibitory activity against NAs from influenza viruses. A
known NA inhibitor, oseltamivir phosphate (Hoffman-La Roche
Ltd, Basel, Switzerland) was used as a positive control. The
NA assay was performed as previously reported with a slight
modification’®*® by following the hydrolysis of 4-methylumbel-
liferyl-o-p-N-acetylneuraminic acid sodium salt hydrate (4-MU-
NANA) (Sigma, M8639) via fluorescence. As shown in Table 2 and
Figure 3A-B, the non-prenylated chalcones 3 and 6 (ICso
5.80+0.30 and 8.41 £ 0.39 pg/mL, respectively) exhibited higher
activity than the prenylated compounds. Compound 4, the C-5 hy-
droxy derivative of 7, showed a double activity towards the NA
(IC50 25.87 £ 2.03 pg/mL). In contrast, the presence of a C-2’ hydro-
xy group as in compounds 1 and 6 might be responsible for the de-
crease in activity compared with structurally similar compounds 2
and 3. The inhibitory effects of these chalcones are also of the same
order of magnitude in case of avian influenza virus (HI9N2)
neuraminidase.

We next examined whether the isolates are effective in inhibit-
ing NAs from the wild-type novel swine flu (WT) virus and the
oseltamivir-resistant virus with a H274Y mutation.'* As the result,
the most active compound 3 inhibited the NA derived from the
novel HIN1 influenza with an ICso of 2.49 £ 0.14 pg/mL. More
interestingly, compound 3 remained equally potent in inhibiting
the activity of the H274Y mutant form with an ICso of 2.19 £
0.06 pg/mL. While oseltamivir as the positive control displayed
an excellent inhibition (ICso 21.09 + 1.19 ng/mL) on NA of novel
H1NT1, its inhibitory activity on oseltamivir-resistant novel influ-
enza (H274Y) decreased dramatically (more than 240 times to
the ICso of 5.13 £ 0.23 pg/mL) (Table 2).
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The inhibition pattern by the compounds was determined to
evaluate the relative affinity for NA from H1N1 influenza virus.
As shown in Figure 3C, the inhibition of the tested compounds
was reversible because increasing the inhibitor concentration rap-
idly decreased enzyme activity [line gradient decreased (for com-
pound 3 representatively)].'>® To study further about the mode
of inhibition, we used both the double reciprocal Lineweaver-Burk
and Dixon plots (Supplementary data in Fig. S5). All compounds
displayed as noncompetitive inhibitors because increasing concen-
trations of substrate resulted in a family of lines, which intersected
at a non-zero point on the x axis (—K;) (Supplementary data in
Fig. S5). A summary of the K; values for compounds 1-8 showed
that these results agreed with those of ICso (Table 2).

The noncompetitive mechanism of the compounds on NA
prompted an investigation of the inhibitory effect of the combina-
tion of oseltamivir, a known competitive inhibitor, together with
compound 3. The inhibitory activity of oseltamivir in the presence
of 3 (at 1.35 pg/mL or 5 uM) was enhanced notablely on NAs of
HIN2 (3.6-fold), HIN1 (7.0-fold), novel flu (WT) (3.7-fold), and
tamiflu-resistant novel flu (H274Y) (52.6-fold) with ICsq values
from 4.94, 39.74, 21.09, and 5132.85 ng/mL to 1.39, 5.69, 1.96,
and 97.67 ng/mL, respectively (Fig. 4). Therefore, it is evident that
oseltamivir and compound 3 might act through different inhibitory
mechanisms and synergistically inhibit the NA activity by binding
to different acting sites of both the free enzyme and product-bound
enzyme. A therapy with synergistically active anti-influenza A
drugs has targeted different viral proteins such as the co-treatment
of one NA inhibitor (oseltamivir and zanamivir) with another ada-
mantanes (amantadine and rimantadine).'® Here, we showed the
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Figure 4. (A-D) Inhibition of NAs from influenza A [HIN1, HON2, novel HIN1, and oseltamivir-resistant novel HIN1 (H274Y)] by oseltamivir in the presence or absence of

compound 3.
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synergistic effect of the combination of two NA inhibitors with dif-
ferent mechanisms of action.

So far, some studies have reported NA inhibitory activity of
flavonoids on bacteria,'> and the prenylated flavonoids on the
A and B ring were believed to increase inhibitory activities!>?
(see the data displaying effects of compounds 1-8 on the activity
of NA from Clostridium perfringens in Supplementary data in
Table S1). However, this result is reversed on NA of influenza A
viruses, in which prenylated chalcone derivatives showed a weak
activity on influenza (HIN1 and H9N2) NAs, in comparison to the
non-prenylated compounds. This finding may provide some
important information relating the chemical structure of the
compounds to their NA inhibitory activity, and facilitate the de-
sign of chemical compounds with higher potency effects against
influenza NA. In conclusion, although structure-activity relation-
ships of these compounds were not thoroughly investigated, this
study has suggested that chalcones from G. inflata can serve as
neuraminidase inhibitors of influenza A. Synthesis of these natu-
rally occurring compounds and their analogs may provide as a
lead for the development of new drugs to combat this serious
disease.
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