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a b s t r a c t

Influenza occurs with seasonal variations and reaches the peak prevalence in winter causing the death of
many people worldwide. A few inhibitors of viral neuraminidase, including amantadine, rimantadine,
zanamivir, and oseltamivir, have been used as influenza therapy. However, as drug-resistant influenza
viruses are generated rapidly, there is a need to identify new agents for chemotherapy against influenza.
Therefore, research on more effective drugs has been given high priority. During the course of an anti-
influenza screening program on natural products, two new compounds (1 and 2) along with seven known
flavonoid derivatives (3–9) were isolated as active principles from an EtOAc-soluble extract of the root
bark of Erythrina addisoniae. The stilbenoid (2) and chalcone (3, 4, and 6) compounds of the isolates exhib-
ited stronger activity than the isoflavone ones. Compound 2, which is a formylated stilbenoid derivative,
exhibited strong inhibition of both influenza H1N1 and H9N2 neuraminidases with IC50 values of
8.80 ± 0.34 lg/mL and 7.19 ± 0.40 lg/mL, respectively.

� 2010 Elsevier Ltd. All rights reserved.
Influenza is caused by a group of enveloped RNA viruses that
belong to the Orthomyxoviridae family, and is an acute, highly con-
tagious viral respiratory disease occurring seasonally in most areas
of the world. Among the three types of influenza viruses: A, B, and
C based on the antigenicity of nucleoprotein (NP) and matrix pro-
tein (M1) were reported,1 the influenza A virus is responsible for
annual epidemics or pandemic outbreaks. As influenza affects all
age groups with the highest hospitalization rates found in children
and the elderly, it causes an average of 110,000 hospitalizations
and 20,000–50,000 deaths annually in the USA alone.2–4

The genome of the influenza A virus encodes two major surface
glycoproteins, hemagglutinin (HA), and neuraminidase (NA),
whose antigenicity defines 16 distinct HA and nine distinct NA
subtypes. HA recognizes sialic acid on the surface of the host cell
membranes, and virus particles penetrate the host cell surface by
binding these residues. NA (also called sialidase) is a hydrolytic
enzyme that catalyzes the cleavage of the terminal sialic acid
residues attached to glycoproteins and glycolipids.5 NA plays an
important role in the final stage of an infection when NA cleaves
sialic acid from the cell surface and progeny virions facilitate virus
release from the infected cells.6a,b NA may also promote viral
All rights reserved.
movement through respiratory tract mucus, thereby enhancing
the viral infectivity. When the influenza virus is deficient in NA
activity, the virus progeny can aggregate at the surface of an
infected cell, which severely impairs the further spread of viruses
to other cells.6 Therefore, NA is a potential target for the develop-
ment of agents against an influenza infection. However, although
there are many licensed drugs available for influenza treatment,
the occurrence of viral resistance with drug resistance by their high
mutation rate suggests that the development of new therapeutic
agents should be continued.5,7

During the course of our ongoing anti-influenza screening pro-
gram on natural products, the extract of the root bark of Erythrina
addisoniae was found to have significant inhibitory activity against
influenza neuraminidases. The genus Erythrina (Leguminosae) is
comprised of approximately 110 species of trees and shrubs that
are distributed widely in tropical and subtropical regions with rep-
resentative species being used in indigenous medicine.8 Previous
studies demonstrated that alkaloids, benzofurans, pterocarpans,
and other flavonoids are constituents of this genus, which show
PTP1B inhibition and cytotoxic activity.9 This study investigated
the antiviral properties of the plant E. addisoniae. The EtOAc-solu-
ble extract of this plant exhibited inhibitory activity significantly
on in vitro influenza neuraminidase assays.10 Nine flavonoid deriv-
atives were purified from the bioassay-directed isolation of the



Table 1
1H and 13C NMR data of new compounds 1 and 2 from Erythrina addisoniae

No. 1a 2a

dH (J in Hz) dC (ppm) dH (J in Hz) dC (ppm)

1 9.60, s 194.2
2 8.25, s 154.5 136.9
3 124.1 7.79, s 144.1
4 182.2 116.3
5 157.2 161.1
6 106.5 6.49, d, 2.0 99.6
7 158.4 162.2
8 108.9 6.17, dd, 2.0, 8.8 108.3
9 156.5 6.89, d, 8.8 131.7
10 105.9
10 123.0 116.0
20 7.47, d, 8.4 131.3 6.75, d, 8.0 132.1
30 6.92, d, 8.4 116.1 6.45, dd, 2.0, 8.0 108.4
40 158.6 159.4
50 6.92, d, 8.4 116.1 6.54, d, 2.0 100.4
60 7.47, d, 8.4 131.3 159.8
100

200 79.1
300 5.80, d, 10.0 129.5
400 6.70, d, 10.0 116.0
500 1.50, s 28.4
600 1.50, s 28.4
1000 4.76, d, 6.0 52.4
5-OH 13.5, s
5-OMe 3.87, s 56.2
40-OH 8.51, s
40-OMe 3.61, s 55.8
1000-OH 3.73, t, 6.0

a Spectra were recorded at 400 MHz (1H NMR) and 100 MHz (13C NMR) in
acetone-d6.
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EtOAc-soluble extract of the root bark of E. addisoniae,11 including
one new isoflavone, 5,40-dihydroxy-8-methylenehydroxy-[200,200-di-
methyl-300,400-dehydro-pyrano-(100,400:-7,6)]isoflavone (1),12 a new
formylated stilbenoid derivative, (Z)-3-(7-hydroxy-5-methoxy-
phenyl)-2-(60-hydroxy-40-methoxyphenyl)acrylaldehyde (2),12 and
seven known compounds, licoagrochalcone A (3),13 abyssinone VI
(4),14 erysenegalensein M (5),15 50-prenylbutein (6),16 corylin
(7),17 isowighteone (8), and wighteone (9).18a The structures of
the known compounds were identified by 1D and 2D NMR analyses
and confirmed by a comparison of the physicochemical and spec-
troscopic data with those published in the literature (Fig. 1).

Compound 1 was isolated as a white amorphous powder, and
its UV spectrum exhibited the absorption maxima at 271 and
276 nm, respectively.12 The 1H and 13C NMR spectra (Table 1) dis-
played the characteristic signals of H-2 at dH 8.25 (1H, s) with cor-
responding (C-2) olefinic oxymethine signals at dC 154.5, and a
ketone carbon resonance (dC 182.2). These observations were
indicative of an isoflavone skeleton.19 The 1H and 13C NMR spectra
exhibited a para disubstituted C-40-hydroxy ring B, an oxymethyl-
ene at dH 4.76 (2H, d, J = 6.0 Hz, H-1000), dC 52.4 (C-1000), and dH 3.73
(1H, t, J = 6.0 Hz, 1000-OH), and a 2,2-dimethylpyrano ring (Table
1).18b,c A single proton signal at dH 13.5 (1H, sh, s) in the 1H NMR
spectrum indicated a chelated hydroxy group at C-5.9 The 2,2-dim-
ethylpyrano ring was fused at C-6 and C-7, as indicated by the
HMBC experiment (Fig. 2), revealing correlations between H-400

(dH 6.70, d, 10.0 Hz) and C-5 (dC 157.2), C-6 (dC 106.5), and C-7
(dC 158.4). The position of the hydroxymethylene was also as-
signed using an HMBC experiment, where correlations of the oxy-
methylene protons (dH 4.76) with C-7 (dC 158.4), C-8 (dC 108.9),
and C-9 (dC 156.5) suggested that this moiety is located at C-8. This
observation was further supported by the molecular formula of
C21H18O6, which was assigned to this compound from the molecu-
lar ion peak at m/z 366.1103 [M]+ obtained by HREIMS. Therefore,
the structure of the new compound 1 was determined to be 5,40-
dihydroxy-8-methylenehydroxy-[200,200-dimethyl-300,400-dehydro-
pyrano-(100,400:-7,6)]isoflavone, and named erythraddison A.12

Compound 2 was obtained as yellowish brown powder with
absorption maxima at 229, 266, 365, and 383 nm in the UV spec-
trum. The IR spectrum suggested the presence of hydroxy groups
at 3418 cm�1, 2924, 2856 (C–C), 1708, 1622 (C@O), 1418, and
1160–1032 ascribable to aromatic ring.12 The 1H and 13C NMR
spectra of compound 2 exhibited characteristic signals for two sets
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Figure 1. Chemical structures of compounds
of ABX aromatic spin systems (Table 1), two methoxy groups at dH

3.87, dC 56.2 (5-OCH3), and dH 3.61, dC 55.8 (40-OCH3), and an alde-
hyde group at dH 9.60 (1H, s) and dC 194.2. This suggests a chemical
structure similar to spinosan B for compound 2.20a However, an
additional proton singlet signal at dH 7.79 (H-3) was found in the
1H NMR spectrum of compound 2, which the molecular ion peak
at m/z 300.0998 in the HREIMS also indicated a molecular formula
of C17H16O5. The correlations with the proton of H-3 to the alde-
hyde carbon at dC 194.2, and the quaternary carbon at dC 116.0
(C-10) suggest that the arylbenzofuran ring in spinosan B was
broken down at C-2 to form a stilbenoid derivative in compound
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Figure 2. Selected key HMBC (H ? C) and NOESY (H M H) correlations for new
compounds (1 and 2).
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2. The NOESY correlations between H-3 (dH 7.79, s) and aldehyde
proton (dH 9.60, s) indicated a cis arrangement (Z-configuration)
which two protons between H-3 and aldehyde are oriented on
same side, and other substituents are opposite (Fig. 2 and S.2.15–
S.2.18 in Supplementary data).20b The placement of the aldehyde
moiety at C-2 was also confirmed by the HMBC experiment, show-
ing correlations from the aldehyde proton to C-2 (dC 136.9) and C-
10 (dC 116.0). The arrangements of the rings (A and B), and the
attachments of two methoxy groups to C-5 and C-40 of ring A
and B, respectively, were also supported by the HMBC experiment
(Fig. 2) and the NOESY experiment (Fig. 2 and S.2.6–S.2.18 in Sup-
plementary data). Accordingly, the structure of compound 2 was
determined to be (Z)-3-(7-hydroxy-5-methoxyphenyl)-2-(60-hy-
Table 2
The inhibitory effects of isolated compounds 1–9 from E. addisoniae on the influenza neur

Compounds H1N

IC50
a (lg/mL)

Erythraddison A (1) >50
Erythraddison B (2) 8.80 ± 0.34
Licoagrochalcone A (3) 21.51 ± 0.25
Abyssinone VI (4) 26.44 ± 0.42
Erysenegalensein (5) >50
50-Prenylbutein (6) 21.93 ± 0.44
Corylin (7) >50
Isowighteone (8) >50
Wighteone (9) >50
Oseltamivirc 39.74 ± 1.54 (ng/mL)

a IC50 values were determined by regression analyses and are expressed as the mean
b NT = not tested.
c Positive control.
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Figure 3. Effects of the isolated compounds (1–9) on the neuraminidase activities. (
compounds 2–4 and 6. (B) Concentration-dependent inhibition of neuraminidase (H9N2)
on logarithmic scales. The IC50 was identified from the midpoint (neuraminidase activit
droxy-40-methoxyphenyl)acrylaldehyde, which is a new natural
formylated stilbenoid derivative called erythraddison B.12 Interest-
ingly, as compound 2 is a stillbenoid derivative with an aldehyde
group attached to C-2, it was isolated from the Erythrina species
for the first time.

All the compounds (1–9) isolated were tested for their inhibi-
tory activity against both viral neuraminidases from influenza
H1N1 and H9N2 using oseltamivir phosphate (Hoffiman-La Roche
Ltd, Basel, Switzerland) as a positive control. The NA assay was per-
formed as previously reported with a slight modification10,21 by
following the hydrolysis of 4-methylumbelliferyl-a-D-N-acetyl-
neuraminic acid sodium salt hydrate (4-MU-NANA) (Sigma,
M8639) via fluorescence. The initial velocity (vi) was recorded over
a range of concentrations and the data was analyzed using a non-
linear regression program [Sigma Plot 11.0 (SPCC Inc., Chicago, IL)].
As shown in Table 2 and Fig. 3, stilbenoid and chalcone compounds
of the isolates exhibited dose-dependent inhibitory effects against
both influenza neuraminidase activities. However, compound 2,
which is a stilbenoid derivative, had stronger effects against both
influenza neuraminidases from H1N1 and H9N2 (IC50 values of
8.80 ± 0.34 and 7.19 ± 0.40 lg/mL, respectively) than the chal-
cone–type compounds (compounds 3, 4, and 6 with IC50 values
ranging from 20.03 ± 0.35 to 26.44 ± 0.42 lg/mL), which in turn
exhibited higher activity than the isoflavone ones (compounds 1,
5, and 7–9 with IC50 >50 lg/mL).

The inhibition pattern by compounds 2–4 and 6 was deter-
mined to evaluate the relative affinity of the compounds for both
aminidase activities

1 H9N2

Inhibition type (Ki, lg/mL) IC50
a (lg/mL)

NTb >50
Noncompetitive (9.83 ± 0.80) 7.19 ± 0.40
Noncompetitive (22.34 ± 0.70) 20.03 ± 0.35
Noncompetitive (27.49 ± 1.22) 24.56 ± 0.44
NTb >50
Noncompetitive (22.71 ± 0.91) 20.47 ± 0.48
NTb >50
NTb >50
NTb >50
NTb 4.94 ± 0.56 (ng/mL)

± SD of three replicates.
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A) Concentration-dependent inhibition of neuraminidase (H1N1) by the isolated
by the isolated compounds 2–4 and 6. Concentrations of the inhibitors are displayed
y = 50%) of the semilog plot.
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Figure 4. Graphical determination of the inhibition type for compound 2 on influenza neuraminidase H1N1. (A) Lineweaver–Burk plot for the inhibition of compound 2 on
neuraminidase-catalyzed hydrolysis of the substrate was determined. The data is expressed as the mean reciprocal of the intensity/min for n = 3 replicates at each substrate
concentration. (B) Dixon plot for the inhibition of compound 2 on the neuraminidase-catalyzed hydrolysis of the substrate was determined. The Ki value was determined from
the negative x-axis value at the point of intersection of the four lines.
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influenza neuraminidases from H1N1 and H9N2. The inhibition of
the tested compounds was reversible because the enzyme activity
decreased rapidly with increasing inhibitor concentration. As
shown representatively in Fig. S.3B (Supplementary data), increas-
ing the concentration of inhibitor 2 resulted in a decrease in the
slope of the line, indicating that this compound is a reversible
inhibitor. Therefore, the inhibition type of strong inhibitor 2 was
analyzed using Lineweaver–Burk (Fig. 4A) and Dixon plots
(Fig. 4B). Both experiments showed that compound 2 exhibited
noncompetitive inhibition (for example, all lines in the Linewe-
aver–Burk plot met at a nonzero point on the x-axis). A replot of
the slope versus the corresponding 1/[S] (inset Fig. 4B) yielded a
straight line with a gradient of Km/VmaxKi and a y-axis intercept
of 1/VmaxKi, demonstrating the concordance of both graphs and
affirming that compound 2 is a noncompetitive inhibitor.

Recently, Liu reported that some stilbenoids from the lianas of
Gnetum pendulum have anti-influenza viral activity with two dif-
ferent assays, neuraminidase (NA) activity assay and cytopathic ef-
fect (CPE) reduction assay.22 Interestingly, our results also suggest
that new stilbenoid and chalcone compounds from E. addisoniae
have an inhibitory effect on the viral neuraminidases from H1N1
and H9N2. A study of the inhibition mode of these compounds re-
vealed stilbenoid and chalcone compounds to inhibit viral NA in a
noncompetitive pattern. Although the inhibition potency of its ac-
tive principles was weak, chalcone and stilbenoids could be sup-
plied in significant quantities from some natural sources.
Generally, the combined use of two or more drugs, which have dif-
ferent mechanisms of action, may have several advantages over a
single treatment with a NA inhibitor. Therefore, the stilbenoid
and chalcones for the treatment of influenza infections can be con-
sidered a new lead compound for the development of NA agents.

Supplementary data

Supplementary data (1H-, 13C- and COSY-, HMBC-, and NOESY-
NMR spectra of new compounds (1 and 2)) associated with this
article can be found, in the online version, at doi:10.1016/
j.bmcl.2010.09.077.
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