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Summary

Isoscutellarein (5,7,8,4'-tetrahydroxyflavone) from the leaf of Scutellaria
baicalensis non-competitively inhibited (ICsq, 20 M) the hydrolysis of sodium
p-nitrophenyl-N-acetyl-a-D-neuraminate by influenza virus sialidase with an
apparent K; value of 41 uM. Negligible inhibitory activity was observed for
mouse liver sialidase at a concentration of 79 uM. Isoscutellarein also inhibited
the replication of influenza virus A/WSN/33 in Madin-Darby bovine kidney
cells with 50% virus inhibitory dose at 16 nmol/well and influenza virus A/PR/
8/34 in the allantoic sac of embryonated egg with little toxic effects. The flavone
showed significant anti-influenza virus activity in vitro similar to isoscutellar-
ein-8-methylether (F36) (Nagai, T., Miyaichi, Y., Tomimori, T., Suzuki, Y. and
Yamada H., 1990, Chem. Pharm. Bull. 38, 1329-1332), and more potent
virucidal activity in ovo than F36. However, F36 completely prevented
proliferation of mouse-adapted influenza virus A/PR/8/34 in mouse lung by the
intranasal (0.5 mg/kg) and intraperitoneal (4 mg/kg) administrations, and it
was more potent than the known anti-influenza virus substance, amantadine.
Intranasal administration of F36 (0.5 mg/kg) also protected mice against a
lethal . influenza virus A/PR/8/34 infection. Isoscutellarein significantly
inhibited lung virus proliferation when administered intranasally or orally to
mice. F36 and isoscutellarein showed negligible toxic effect against mice. These
results suggested that flavones, which have potent influenza virus sialidase
inhibitory activity, have anti-influenza virus activity in vivo.
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Shirokane, Minato-ku, Tokyo 108, Japan. Fax: (81) 3-3440-3992.
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Introduction

Influenza A and B viruses express two envelope glycoproteins: hemagglu-
tinin and sialidase [neuraminidase, enzyme classification EC 3.2.1.18]. The
hemagglutinin is known to mediate the attachment of the virus to the host cells
via sialic acid residue in glycoconjugate receptors, and the subsequent fusion of
viral and host cell membranes (Wiley and Skehel, 1987). While the sialidase
catalyses cleavage of terminal sialic acid residue from the sialoglycoconjugate
receptors (Gottschalk et al., 1972), and presumably aids in the elution of newly
formed viruses from the infected host cells and in the destruction of sialic acid
containing mucus glycoproteins that can act as receptor analogs located on the
host cell surface (Murti and Webster, 1986). Therefore, influenza virus sialidase
inhibitors may inhibit the virus infection. Previously, we reported that 5,7,4'-
trihydroxy-8-methoxyflavone (F36) from the root of Scutellaria baicalensis was
shown to have a potent inhibitory activity against influenza virus sialidase, and
that this flavone also showed anti-influenza virus activity in Madin-Darby
canine kidney cells and in the allantoic sac of embryonated egg (Nagai et al.,
1990). The present paper describes the inhibitory activity against influenza
virus sialidase and anti-influenza virus activity in culture cells and embryonated
egg by 8-hydroxyflavone of F36, isoscutellarein, and in vivo anti-influenza
virus activity using BALB/c mice by F36 and isoscutellarein.

Materials and Methods

Materials

F36 (Tomimori et al., 1982) and isoscutellarein (Miyaichi et al., 1988) were
isolated or synthesized according to the previously described procedures
(Morita, 1960; linuma et al., 1984). Sodium p-nitrophenyl-N-acetyl-a-D-
neuraminate (PNP-NeuAc) was purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). Mouse liver sialidase was prepared as
previously described (Nagai and Yamada, 1988). Other PNP-glycopyrano-
sides, jack bean a-mannosidase, Brewer’s yeast a-glucosidase, almond g-
glucosidase, and amantadine hydrochloride were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Jack bean f-galactosidase was from
Seikagaku Kogyo Co., Ltd. (Tokyo, Japan).

Cells, viruses and vaccine

Madin-Darby bovine kidney (MDBK) cells were grown in Eagle’s minimum
essential medium (EMEM) containing 10% non-inactivated fetal bovine serum
(FBS), penicillin G (100 units/ml), streptomycin (100 ug/ml) and amphotericin
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B (0.25 ug/ml) (growth medium). The cells were maintained in a humidified
atmosphere containing 5% CO, at 37°C. For assays, cells were plated in 48
wells plastic tissue culture plates (Costar; 11.3 mm well diameter). Influenza
HA vaccine and influenza viruses A/PR/8/34 (HIN1), A/WSN/33 (HINI1) and
mouse-adapted A/PR/8/34 (H1N1) were obtained from the Kitasato Institute
(Tokyo, Japan). Influenza viruses A/PR/8/34 and mouse-adapted A/PR/8/34
were grown in allantoic sacs of 10-day-old embryonated eggs for 48 h at 34°C,
and A/WSN/33 was propagated in monolayers of MDBK cells for 72 h at 37°C
in EMEM containing 2% non-inactivated FBS and antibiotics (maintenance
medium). The allantoic fluid and medium each was harvested and clarified at
1000 x g for 20 min, and then the resulting supernatants were stored in small
portions at —80°C.

Sialidase assay

Flavones were dissolved in 50% dimethyl sulfoxide (DMSQ). Influenza virus
sialidase activity was assayed as previously described (Nagai et al., 1990). In
brief, the reaction mixture containing 25 nmol of PNP-NeuAc, flavone solution
(10 ul), and influenza HA vaccine as the enzyme in 25 mM citrate-phosphate
buffer, pH 5.0, was incubated at 37°C for 15 min in microtiter plate, and the p-
nitrophenol liberated was determined from the absorbance at 405 nm with a
Micro Plate Reader Model MPR-A4 (Tosoh). Sialidase activity of mouse liver
was assayed as previously described (Nagai et al., 1989).

Other glycosidase assay

Jack bean a-mannosidase, jack bean f-galactosidase, almond S-glucosidase
and Brewer’s yeast a-glucosidase activities were assayed with appropriate PNP-
glycopyranosides as previously described (Nagai et al., 1989).

In vitro anti-influenza virus experiments

Confluent monolayers of MDBK cell cultures were infected with influenza
virus A/WSN/33 at a multiplicity of infection (MOI) of 0.002 plaque forming
units (PFU)/cell in 0.5 ml of maintenance medium, then the paper disc (thick
type, 8 mm diameter) which absorbed flavone methanol solution and dried to
remove solvent in air was put into the well of a culture plate. The paper disc
which absorbed methanol was dried and used for control. The plate was
cultured at 34°C for 72 h under 5% CO, atmosphere in the dark with
occasional gentle shaking. Then the monolayers in the culture plate were
separated from the medium, washed with phosphate-buffered saline (PBS), pH
7.2, containing 1 mM CaCl, and 1 mM MgCl, to remove the dead cells
resulting from infection of the influenza virus, and the viable cells were
determined by a colorimetric method which is based on the in situ reduction of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) by viable
cells (Pauwels et al., 1988). After discarding the supernatants, 100 ul of MTT (1
mg/ml) in maintenance medium was added and the monolayers were incubated
for 2 h at 37°C. The resulting formazan precipitate was dissolved with
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isopropanol containing 0.04 N HCI, and the absorbance of the solution was
determined spectrophotometrically at 570 nm with Micro Plate Reader MPR-
Ad4. Anti-influenza virus activity was also estimated by the hemagglutination
assay of the medium using chicken erythrocytes as previously described (Nagai
et al., 1990).

In ovo anti-influenza virus experiments ‘

The mixture of 0.2 ml of influenza virus A/PR/8/34 suspension (7 x 10°
PFU/ml) and 0.1 ml of flavone 50% DMSO solution was injected into the
allantoic sac of 10- to 11-day-old embryonated eggs, and then the eggs were
incubated at 34°C for 48 h. Allantoic fluid was harvested, and the amount of
virus in the fluid was determined by hemagglutination assay and by sialidase
activity with PNP-NeuAc.

In vivo anti-influenza virus experiments

Female BALB/c mice, 6-week-old (Japan SLC Co., Ltd., Hamamatsu,
Japan) were used in all experiments. Mice were anesthetized by an
intraperitoneal injection of amobarbital sodium (0.25 ml of a saline solution
of 11 mg/ml), and then infected by intranasal administration of 10 ul mouse-
adapted influenza virus A/PR/8/34 suspension in 0.1% bovine serum albumin
(BSA) in PBS (a 1/5000 suspension of the original virus pool with 10%° EIDs).
For intranasal treatment, flavones were dissolved in 10 mM Na,CO;/saline,
and 10 ul of the solution was administered to the mouse at 5 min before
infection of virus. For intraperitoneal and oral administrations, flavone was
suspended in 0.1% (w/v) sodium carboxymethylcellulose (CMC - Na) solution,
and then the suspension was administered to the mouse at each 0.2 mi/mouse 1
h before and 3 times during 48 h after intranasal infection of the virus
according to the time schedule of amantadine (Grunert et al., 1965). Three days
later, the lungs were excised and homogenized in PBS to give a 10% (w/v)
suspension with 6 strokes of a glass/Teflon homogenizer, and then the
homogenate was centrifuged at 3500 rpm for 20 min. Serial 10-fold dilutions of
the supernatant of individual lung homogenate were prepared and 0.1 ml of
each dilution was injected into the allantoic sac of 10-day-old embryonated egg,
and then the eggs were incubated at 34°C for 48 h. The amount of influenza
virus in allantoic fluid was determined by the sialidase activity and
hemagglutination assay, and the virus titer of mouse lung was expressed as
the lowest dilution of the supernatant which is capable of infection in the egg.
Survival of mice in groups (each 20 mite), which were infected with the mouse-
adapted influenza virus A/PR/8/34, was estimated over a 15 day period after
intranasal administration of F36. F36 (0.5 mg/kg) was administered to the
mouse 5 min prior to virus exposure as described above.
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Results

Influenza virus sialidase inhibitory activity of isoscutellarein

Isoscutellarein (5,7,8,4'-tetrahydroxyflavone), from the leaf of S. baicalensis,
was tested for inhibitory effect on influenza virus sialidase activity using the
PNP-NeuAc as substrate. Isoscutellarein inhibited the enzyme in a dose-
dependent manner (Fig. 1A), and 50% of the influenza virus sialidase activity
was inhibited in the presence of 20 uM of this flavone (ICs). The activity was
about 2.5 times more potent than isoscutellarein-8-methylether (F36) (ICsq, 55
uM). The initial velocity (v) of influenza virus sialidase activity was measured at
increasing PNP-NeuAc concentration in the presence or absence of 40 uM of
isoscutellarein, then the initial concentrations of PNP-NeuAc ([S]y) were
plotted against [S]o/v. Isoscutellarein decreased the maximal velocity (Fiyax of
influenza virus sialidase, but did not significantly alter the K, value of the
enzyme for PNP-NeuAc (Fig. 1B). This result indicated that isoscutellarein
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Fig. 1. Inhibitory activity of isoscutellarein against influenza virus sialidase. (A) Sialidase inhibitory

activities of isoscutellarein (O) was compared with that of F36 (@) under the condition described in

Materials and Methods. (B) Initial velocities of influenza virus sialidase activity were determined in the

absence (O) or presence of isoscutellarein at 40 uM (@) in increasing PNP-NeuAc concentration, then [S]y/
v were plotted against [S]o.

TABLE 1

Inhibitory activities of isoscutellarein ag:inst influenza virus sialidase and other, glycosidases
Glycosidase Inhibition (%)*

Sialidase (influenza virus) 93.8

Sialidase (mouse liver) 0

p-Galactosidase (jack bean) 17.4

a-Mannosidase (jack bean) 16.0

a-Glucosidase (yeast) 429

B-Glucosidase (almond) 353

*Concentration of isoscutellarein; 79 uM.
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inhibited influenza virus sialidase non-competitively the same as F36 (Nagai et
al., 1990). The inhibition constant (K value) of isoscutellarein calculated using
the values of V., obtained at 0 and 40 uM in this assay was 41 uM.
Isoscutellarein (79 uM) showed negligible inhibition of mouse liver sialidase
and little inhibition of jack bean f-galactosidase and jack bean a-mannosidase,
but the same concentrations of isoscutellarein inhibited other glycosidases such
as yeast a-glucosidase and almond f-glucosidase, less than influenza virus
sialidase (Table 1).

Anti-influenza virus activity of isoscutellarein in culture cells and egg

The effect of 1soscutellarein on replication of influenza virus A/WSN/33 in
MDBK cells was studied by inoculating monolayers on wells of plastic culture
plate. Although 88% of MDBK cells became extinct by the infection in the
absence of this flavone, in the presence of isoscutellarein (100 nmol/well) 87%
of cells survived compared with the mock-infected solvent control, and dose-
dependent reduction of hemagglutination titer was observed in the presence of
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Fig. 2. Anti-influenza virus activity of isoscutellarein in MDBK cells. MDBK cell monolayers were infected
with influenza virus A/WSN/33 at a MOI of 0.002 PFU/cell and added paper disc which adsorbed flavone
solution was put into the well. The cells were incubated 72 h in the presence of the flavone. Viable cells were
determined by MTT assay (@) and supernatant virus was quantified by hemagglutination titer (O). Values
represent mean+S.D. (n=3).

TABLE 2

Anti-influenza virus activity of isoscutellarein in egg

Flavone* Hemagglutination titer® Sialidase activity®
(units/ml) (munits/ml)°

DMSO 27300 71.0+15.7

Isoscutellarein 2<! 0.0+ 0.0

F36 256%13 24.6+12.5

“Dose, 100 ug (0.35 umol as isoscutellarein or 0.33 umol as F36)/egg.
bValues represent mean+S.D. (n = 3).
“One unit was defined as the amount of enzyme which hydrolyzed 1 ymol of PNP-NeuAc/min.
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Anti-influenza virus activity of flavones in mice
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Compound Dose Lung virus titer* Incidence of infection®
(mg/kg) (107 (%)
Experiment 1
Intranasal administration
10 mM NayCO» - 1059208 8/8 (100)
F36 0.5 102" 0/5 (0)
0.15 57406 3/3 (100)
0.05  1089%10 3/3 (100)
Isoscutellarein 0.5 1030209 6/6 (100)
0.15 1p>0L L7 3/3 (100)
005 1083%0¢ 3/3 (100)
Amantadine 0.5 104523 4/6 (67)
0.15 6.3£0.6 3/3 (100)
0.05 106-7£0:6 3/3 (100)
Experiment 2
Intraperitoneal administration
0.1% CMC-Na - 10°3%12 3/3 (100)
F36 400 102 1/3 (33)
40 10<; 0/3 (0
4 10< 0/3 (0
Isoscutellarein 400 3.7+£0.6 3/3 (100)
oo %)
Amantadine 400 30+1.0 3/3 (100)
0w R
Experiment 3
Oral administration
0.1% CMC-Na - 103706 3/3 (100)
F36 400 1 jji‘l"z’ 3/3 {100)
y 104700 303 (100
Isoscutellarein 400 #0200 3/3 (100)
© 0 mmr poo
Amantadine 400 104000 3/3 (100)
40 10:»‘3&22" 3/3 (100)
4 10430 3/3 (100)

*Values represent mean + S.D. of lung homogenate endpoint titers.

®The presence of virus in the lung was determined as described in Materials and Methods. Values
represent the number of infected mice, in which the virus was present in the lung homogenate
(1:100), per tested mice. Student’s t-test: P<0.1, P<0.05,  P<0.01, P<0.001.

isoscutellarein with 50% virus inhibitory dose at 16 nmol/well (Fig. 2). These
results indicate that isoscutellarein inhibited the replication of influenza virus
A/WSN/33 in MDBK cells. The inhibition of replication of this virus was
observed when the paper disc which absorbed flavone was added on the well,
but not when added as solution (unpublished data). Isoscutellarein showed
little effect on the viability of MDBK cells at 100 nmol/well by MTT assay
(data not shown). Isoscutellarein also inhibited replication of influenza virus A/
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PR/8/34 in the allantoic sac of embryonated egg at 100 pg (0.35 umol)/egg
completely, because negligible hemagglutination titer and sialidase activity,
which are caused by residual virus, were observed in the allantoic fluid at 48 h
after application of virus (Table 2). This activity was more potent than that of
F36 (Table 2). Isoscutellarein and F36 (each 0.35 mM) had a little effect on
hemagglutination titer of influenza virus A/PR/8/34 when each flavone was
mixed directly with the virus. The injection of these flavones and their solvents
to 10-day-old embryonated eggs had no effect on the percentage of hatch of the
eggs compared with untreated eggs.

Anti-influenza virus activity of F36 and isoscutellarein in mice

Effects of F36 and isoscutellarein on mouse-adapted influenza virus A/PR/8/
34 infections in BALB/c mice were tested. The lung virus titers determined by
sialidase activity were completely parallel with the titers determined by
hemagglutination assay in all experiments. Both flavones were not contained in
the supernatant of lung homogenate from mouse administered flavone because
the supernatant showed no influenza virus sialidase inhibitory activity. When
0.5 mg/kg of F36 was administered intranasally, the lung virus titer was
reduced to 10=? and the infection by influenza virus as determined by presence
of detectable virus in the lung was completely prevented at 3 days after virus
inoculation (Table 3). Isoscutellarein (0.5 and 0.15 mg/kg) and amantadine (0.5
mg/kg) also significantly inhibited virus replication in lung of mouse, but F36
showed more potent anti-influenza virus activity than isoscutellarein and the
known anti-influenza viral agent, amantadine. Intranasal treatment with 0.5
mg/kg of F36 significantly improved the survival of mice inoculated with
mouse-adapted A/PR/8/34 virus at 15 days (Fig. 3). F36, isoscutellarein,
amantadine (400, 40 and 4 mg/kg as total dose) or 0.1% CMC-Na saline
solution was administered intraperitoneally at 1 h before and 7, 24 and 48 h
after challenge of mouse-adapted influenza virus A/PR/8/34. F36 reduced the
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Fig. 3. Effect of F36 on the survival of mice infected with mouse-adapted influenza virus A/PR/8/34.
BALB/c mice were treated i.n. with F36 (0.5 mg/kg) or Na,COxs/saline S min prior to virus exposure.
Placebo: (@); F36: (O) (n=20). Wilcoxon test: *P<0.01.
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lung virus titers to 10<2 at all doses tested, and the infection by influenza virus
as determined by presence of detectable virus in the lung was completely
prevented at the doses of 4 and 40 mg/kg (Table 3), whereas intraperitoneal
administration of isoscutellarein and amantadine did not reduce lung virus
titers significantly. It appeared that anti-influenza virus activity of F36 was
more potent than that of amantadine by intraperitoneal administration. When
F36, isoscutellarein, amantadine (400, 40 and 4 mg/kg as total dose) or 0.1%
CMC - Na solution was administered orally to mice at 1 h before and 5, 24 and
47 h after infection of the virus, F36 showed no inhibitory effect on
proliferation of influenza virus in mouse lung (Table 3), but isoscutellarein
significantly reduced lung virus titers at 400 and 40 mg/kg compared with 0.1%
CMC - Na. This activity was almost similar with that of amantadine. In order
to discover the toxicity of F36, isoscutellarein and their solvents (10 mM
Na,CO; and 0.1% CMC - Na saline solution) in mouse, these samples were
administered to the mouse as described above except infection of influenza
virus. These mice were observed for 51 days after administration of samples,
and all mice survived and no significant decrease of the body weight was
observed. When these mice were dissected at 51 days after administration of
samples, their brain, heart, lung, liver, kidney, stomach, intestine and spleen did
not show any change compared with untreated mice.

Discussion

Isoscutellarein, 8-hydroxyflavone of F36, showed more potent influenza
virus sialidase inhibitory activity than F36, and also showed significant anti-
influenza virus activity in MDBK cells and allantoic sac of embryonated egg.
F36 inhibited proliferation of mouse-adapted influenza virus A/PR/8/34 in
mouse lung by intranasal and intraperitoneal administrations almost
completely. Intranasal administration of F36 improved the survival of mice
infected by the virus, while isoscutellarein showed significant anti-influenza
virus activity by intranasal and oral administrations. Several natural sialidase
inhibitors such as 2-deoxy-2,3-dehydro-N-acetylneuraminic acid (Veh and
Schauer, 1978), siastatin B (Umezawa et al., 1974), panosialin (Aoyagi et al.,
1971) and neuraminin (Lin et al., 1977) and synthetic sialidase competitive
inhibitors, such as analog of neuraminic acid, 2-deoxy-2,3-dehydro-N-
trifluoroacetylneuraminic. acid (FANA) (Meindl et al., 1974) and thioglyco-
side-analogs of gangliosides (Suzuki et al., 1990) have been reported. Although
FANA has been reported to have anti-influenza virus activity in the culture
cells (Palese et al., 1974), no sialidase inhibitor have been reported to have
potent anti-influenza virus activity in vivo. Most sialidase inhibitors inhibit. not
only influenza virus sialidase but also mammalian sialidases. It is known that
sialidase catalyzes the removal of sialic acid residues from sialoglycoconjugates,
and this removal is associated with several important biological reactions
(Schauer, 1982; Reutter et al., 1982), such as clearance of serum sialoglyco-
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proteins, antigenic expression, and recognition by receptors. Therefore,
administration of these sialidase inhibitors to mammal may be disadvanta-
geous for these reactions. We have screened inhibitors against influenza virus
sialidase from several flavonoids, and F36 which has specific inhibitory activity
for influenza virus sialidase but little activity against mouse sialidase was
obtained (Nagai et al., 1990). In the present study, we also find that
isoscutellarein showed more potent inhibitory activity for influenza virus
sialidase than F36, and showed negligible inhibitory activity for mouse liver
sialidase. These flavones showed significant anti-influenza virus activity in vitro
(Nagai et al., 1990), in ovo and in vivo with little or negligible toxicity in
MDBK cells, embryonated eggs and mice. These results suggest that F36 and
isoscutellarein should prove to be useful and specific anti-influenza virus agents
by inhibiting the virus sialidase. Isoscutellarein showed more potent influenza
virus sialidase inhibitory activity than F36. While F36 showed more potent
anti-influenza virus activity in vivo on intranasal and intraperitoneal
administrations. It may be related to the solubilities, metabolic rates and/or
permeability into the infected cells of these flavones. When isoscutellarein was
injected intraperitoneally, dose-dependent reduction of lung virus titer was not
observed. It also may be related to the different absorption rate due to how this
flavone is soluble in the body. In the present results, it is not known whether
anti-influenza virus activity of F36 and isoscutellarein is a prophylactic and/or
therapeutic activity. Influenza vaccine is useful for prophylaxis of influenza
virus infection, but antigenicity of influenza virus is often alterable by antigenic
shift and antigenic drift (Webster and Laver, 1975). If the enzymic active sites
(interactive sites of inhibitor) of influenza virus sialidase is fixed against
antigenic shift and antigenic drift, influenza virus sialidase specific inhibitor
may become common anti-influenza viral agents for several subtypes of the
virus. Investigations of sialidase inhibitory activity and anti-influenza virus
activity for other subtypes of influenza A virus and influenza B virus, as well as
the mechanism of action of these flavones, are now in progress.
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