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Structural analysis of an innate immunostimulant from broccoli,
Brassica oleracea var. italica

Makoto Urai', Keiko Kataoka®, Satoshi Nishida’, Kazuhisa Sekimizu'***

' Graduate School of Pharmaceutical Sciences, The University of Tokyo, Tokyo, Japan;
> Genome Pharmaceuticals Institute Co., Ltd., Tokyo, Japan;
* Teikyo University Institute of Medical Mycology, Tokyo, Japan.

Summary

Vegetables are eaten as part of a healthy diet throughout the world, and some are also
applied topically as a traditional medicine. We evaluated the innate immunostimulating
activities of hot water extracts of various vegetables using the silkworm muscle contraction
assay system, and found that broccoli, Brassica oleracea var. italica, contains a strong
innate immunostimulant. We purified the innate immunostimulant from broccoli, and
characterized the chemical structure by chemical analyses and NMR spectroscopy. The
innate immunostimulant comprised galacturonic acid, galactose, glucose, arabinose, and
rhamnose, and had a pectic-like polysaccharide structure. To determine the structural motif
involved in the innate immunostimulating activity, we modified the structure by chemical and
enzymatic treatment, and found that the activity was attenuated by pectinase digestion. These
findings suggest that a pectic-like polysaccharide purified from broccoli has innate immune-
stimulating activity, for which the polygalacturonic acid structure is necessary.

Keywords: Innate immune stimulating activity, pectic polysaccharide, polygalacturonic acid,
silkworm muscle contraction assay, structure, vegetable

1. Introduction

Innate immunity is an animal's first line of defense
against microbe infection or tumor development.
Stimulation of innate immunity may be an effective
method of preventing infectious diseases or cancer.
An agent that stimulates innate immunity may help to
maintain health, especially in aging humans. Medicinal
herbs and mushrooms are a potential source of
antitumor and immunomodulating agents based on their
empirical drug actions, and active substances have been
extracted (/). Few studies, however, have evaluated the
innate immune-stimulating activity of compounds from
natural sources by wide screening using a convenient
method.

We advocate the use of silkworm larvae, Bombyx
mori, as an animal model for the discovery of drug

Released online in J-STAGE as advance publication October
11,2017.

*Address correspondence to:

Dr. Kazuhisa Sekimizu, Teikyo University Institute of Medical
Mycology, 359 Otsuka, Hachioji, Tokyo 192-0395, Japan.
E-mail: sekimizu@main.teikyo-u.ac.jp

candidates (2), and previously isolated lysocin E, a
bactericidal antibiotic from the cultured supernatant
of the soil bacterium Lysobacter sp. RH2180-5, using
a silkworm model of infection (3). Injection of yeast
B-glucans and bacterial peptidoglycans into the silkworm
Bombyx mori induces maturation of the insect cytokine
paralytic peptide, which results in muscle contraction
of the larvae (4,5). We established an assay using
the silkworm based on muscle contraction, which is
associated with activation of innate immunity (6),
and purified a polysaccharide with innate immune-
stimulating activity from green tea extracts (7). We also
evaluated the activities of polysaccharides from natural
origins using the silkworm muscle contraction assay
(8). The silkworm muscle contraction assay has several
advantages for evaluating innate immunostimulants (6-
8). The system does not respond to lipopolysaccharide
(LPS) due to presence of LPS-absorbing proteins in the
hemolymph, and thus potential LPS contamination of
the assay is negligible. Furthermore, the method is based
on a bioassay using the silkworm body, and compounds
with toxic activities or poor pharmacokinetics can be
excluded from the candidate compounds.

Vegetables, which contain high amounts of nutrients,

www.ddtjournal.com
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vitamins, minerals, and dietary fiber, are eaten as part
of a healthy diet throughout the world. Some vegetables
are also applied topically as a traditional medicine.
We hypothesized that vegetables contribute to human
health not only through their nutritional value, but also
through their innate immunostimulant activity, similar to
medicinal herbs. Vegetables are considered harmless to
humans, empirically. In the present study, we evaluated
the innate immune-stimulating activities of hot water
extracts of various vegetables using the silkworm muscle
contraction assay system, and found that broccoli,
Brassica oleracea var. italica, contains a strong innate
immunostimulant. Furthermore, we purified the innate
immunostimulant from a hot water extract of broccoli,
and characterized its chemical structure. We also
determined the structural motif involved in the innate
immunostimulating activity.

2. Materials and Methods
2.1. Hot water extraction of vegetables

The vegetables used in this study were purchased from
local markets in Japan, and are listed in Table 1. The
edible parts of the vegetables were cut into small pieces
and autoclaved at 121°C for 15 min in 1 L of water (7,9).
The sample was cooled and then centrifuged at 8000% g
for 10 min at 4°C. The supernatant was lyophilized.

2.2. Silkworm muscle contraction assay

Eggs of silkworms (Bombyx mori, HuYo Tukuba Ne)
were purchased from Ehime Sanshu (Ehime, Japan),
and larvae were reared on an artificial diet (Silkmate 28S,
Nihon Nosan, Yokohama, Japan) at 27°C. The silkworm
muscle contraction assay was performed to evaluate
innate immunity activation as previously described (4).
Samples were dissolved in sterile saline, and 100 pL
of each sample was injected into the body fluid of a
specimen. The muscle contraction value was calculated
by measuring the maximum length of each specimen
before (x cm) and after (y cm) the injection according
to the following formula: (x — y)/x. One unit of activity
was defined as that causing muscle contraction with a
value of 0.15. The specific activities of the samples were
determined by creating a titration curve with diluted
samples.

2.3. Purification of an innate immunostimulant from
broccoli

Before the hot water extraction described above, edible
parts (inflorescences and stems) of broccoli were heated
in a microwave oven (600 W) for 5 min, and washed
with MilliQ water (9). Two volumes of ethanol were
added to the hot water extract, and the mixture was
centrifuged. Precipitate dissolved in MilliQ water was

dialyzed against MilliQ water, and lyophilized. The
lyophilized sample was dissolved in 10 mM Tris-HCI
buffer (pH 8.0) and subjected to DEAE-cellulose column
chromatography (DE-52, Whatman). After washing the
column with 10 mM Tris-HCI buffer (pH 8.0), it was
eluted with a linear gradient (0-0.4 M) of NaCl in the
same buffer. Fractions containing carbohydrate were
monitored by the phenol-H,SO, method (/0), combined,
dialyzed against MilliQ water, and lyophilized.

2.4. Monosaccharide analysis

Samples were hydrolyzed by 4 M trifluoroacetic acid
at 100°C for 3 h. Monosaccharides were labeled with
aminobenzoic acid ethyl ester (ABEE) using an ABEE
labeling kit (Seikagaku Corporation, Tokyo, Japan), and
the ABEE-labeled saccharides were separated on an ODS
column (Honenpak C18, 75 mm x 4.60 mm, Seikagaku
Corporation, Tokyo, Japan) by high-performance liquid
chromatography (HPLC; 1500 HPLC system, Waters,
Milford, MA) according to the supplier's instructions.

2.5. Nuclear magnetic resonance (NMR) experiments

All NMR spectra were recorded at 500 MHz ('H) and
125 MHz ("°C) with an ECA 500 instrument (JEOL Ltd.
Tokyo, Japan). Chemical shifts were given in d units,
with acetone (5 'H 2.23, 8 "°C 31.1) used as an internal
reference for samples measured in D,O solutions. Signals
were assigned based on two-dimensional homonuclear
correlation spectroscopy, total correlated spectroscopy,
heteronuclear multiple quantum coherence, and
heteronuclear multiple bond coherence experiments.
'H NMR chemical shifts of overlapping signals were
obtained from the center of the cross-peaks in the two-
dimensional (2D) spectra.

2.6. Methylation analysis

Before the methylation reaction, galacturonic acid
in the sample was methyl-esterified, and reduced to
(6,6-dideutero)galactose using NaBD, as described
previously (/7). Methylation of the polysaccharide
was performed according to the Ciucanu method using
sodium hydroxide and CH,I (/2). The methylated
polysaccharide was then hydrolyzed, reduced, and
acetylated before analysis by gas chromatography/mass
spectroscopy (GLC-MS). The GLC-MS analysis was
performed with a QP-2010 plus instrument (Shimadzu,
Kyoto, Japan) fitted with a fused silica capillary column
(Rtx-5,30 m x 0.25 mm % 0.25 pm; Restek, Shimadzu).

2.7. Structural modifications of the innate immuno-
stimulant

The arabinofuranose residue in the sample was
hydrolyzed with oxalic acid, selectively (/3). The
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hydrolysate was neutralized, dialyzed against MilliQ
water, and lyophilized.

The polygalacturonic acid moiety was digested
using pectinase from Aspergillus niger (Sigma-Aldrich)
according to the manufacturer's protocol. The hydrolyzed
material was fractionated by gel-filtration column
chromatography on a Bio-Gel P-4 (900 x 15 mm¢) with
0.2 M acetic acid as the eluent. Fractions containing
carbohydrate were monitored by the phenol-H,SO,
method, combined, and lyophilized.

3. Results

3.1. Evaluation of innate immune-stimulating activity of
hot water extracts of various vegetables

The edible parts of 17 vegetables purchased from local
markets in Japan were extracted by hot water. The innate
immune-stimulating activity of hot water extracts was
evaluated by the silkworm muscle contraction assay. The
activities varied according to the species of vegetables,
and the extract from broccoli, Brassica oleracea var.
italica, exhibited the highest activity among them with 7
units/mg of specific activity (Table 1). Next, we tried to
purify the active compound from broccoli.

3.2. Purification of innate immunostimulant from broccoli

The innate immunostimulant was purified from a hot

Table 1. Muscle contraction activity of hot water extracts of
various vegetables

Specific activity

Vegetables .
(units/mg)
Allium fistulosum (Leek) 1
Allium sativum (Garlic) 0.0
Brassica oleracea var. capitata (Cabbage) <04
Brassica oleracea var. italica (Broccoli) 7
Brassica rapa var. glabra (Chinese cabbage) 0.3
Capsicum annuum var. grossum (Green pepper) 0.3
Cucumis sativus (Cucumber) 0.8
Cucurbita moschata (Pumpkin) <0.1
Daucus carota (Carrot) 0.6
Lycopersicum esculentum (Cherry tomato) 0.5
Petroselinum crispum (Parsley) 0.7
Pisum sativum (Pea) <0.2
Raphanus sativus var. longipinnatus (Japanese radish) 0.2
Siraitia grosvenorii (Arhat fruit) 0.6
Solanum melongena (Eggplant) 0.5
Spinacia oleracea (Spinach) <0.2
Zingiber officinale (Ginger) <0.3

water extract of the edible parts (inflorescences and
stems) of broccoli by monitoring the silkworm muscle
contraction activity. The purification of the innate
immunostimulant from broccoli is summarized in Table 2.
First, the activity was recovered by ethanol precipitation
against the hot water extract. This suggests that the active
substrate is a high molecular-weight compound, probably
a polysaccharide. Next, we performed DEAE-cellulose
column chromatography eluted with a linear gradient of
NaCl, and carbohydrate-eluted fractions were detected
by the phenol-H,SO, method. This procedure produced
two major peaks at 0 M (non-absorbed fraction) and
~0.2 M concentration of NaCl (acidic fraction, AF), and
the fractions contained in these peaks were combined,
dialyzed, and lyophilized (data not shown). The activity
was recovered in both peaks. Because the AF may
comprise a homogeneous polysaccharide as described
below, we characterized this fraction further. Analysis of
the non-absorbed fraction may be presented elsewhere.
The specific activity was increased in the AF as 130
units/mg (Table 2).

3.3. Structural analysis of the innate immunostimulant
from broccoli

The monosaccharide content of the AF was determined
by trifluoroacetic acid hydrolysis followed by HPLC
analysis. Consequently, galacturonic acid (GalA),
arabinose (Ara), galactose (Gal), rhamnose (Rha), and
glucose (Glc) were detected (Figure 1) in molar ratios
of 12: 7.3: 4.9: 1.2: 1.0. These results suggest that the
structure of the innate immunostimulant in the AF is a
pectic-like polysaccharide (/4).

We performed further structural analysis by NMR.
'H and "C NMR analysis showed that the pattern of
detected signals in the AF was a polysaccharide, not a
protein or lipid (Figure 2). Assignments of major signals
could be made from 2D NMR experiments (Table 3).
The spin system of the GalA residue, the most abundant
constituent in AF according to monosaccharide analysis,
was strongly detected. The chemical shifts of the
anomeric proton and carbon of GalA were detected at
5.07 and 99.8 ppm, respectively, suggesting that the
GalA residue has an o configuration. The chemical
shifts of this spin system revealed that the GalA
residue exists in this fraction as a-1,4-polygalacturonic
acid with a pyranose form (/5,76). Methyl signals of
the GalA methyl ester, a characteristic structure of
homogalacturonan in a plant pectin, were not detected.

Table 2. Summary of the purification of the innate immunostimulant from broccoli

Amount (mg) Specific activity (units/mg)

Fraction Total activity (units)
Hot water extract 50,000
Ethanol extract 11,000
DEAE-cellulose chromatography 13,000

(Acidic fraction)

800 63
250 44
100 130
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The chemical shift of the carbonyl carbon of GalA
detected at 176.2 ppm also suggested that the residue is
not methyl-esterified (/5,/6). A small amount of acetyl
ester was detected at ~2 ppm in 'H NMR and 20 ppm
in "C NMR analysis (Figure 2). The spin system of the
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Figure 1. HPLC elution profile of acid hydrolysate of the
acidic fraction. Panel (a), standard samples; and (b), AF.
Standard samples: 1, D-glucuronic acid; 2, D-galacturonic acid,
3, D-galactose; 4, D-mannose; 5, D-glucose; 6, L-arabinose;
7, D-ribose; 8, N-acetyl-D-mannosamine; 9, D-xylose; 10,
N-acetyl-D-glucosamine; 11, L-fucose; 12, L-rhamnose; and 13,
N-acetyl-D-galactosamine.
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Figure 2. NMR spectra of the acidic fraction. (a), 500 MHz
'H NMR; (b), 125 MHz "*C NMR spectrum recorded in D,O at
40°C.

Ara residue, the second-most abundant constituent in
the AF, was partially assigned, and the chemical shifts of
the detected signals revealed that the Ara residue exists
in the AF as a-1,5-arabinan with a furanose form (75, 16).
We could not assign the weak signals belonging to the
other sugar residues present in small amounts in the AF.
We then performed methylation analysis to elucidate
the detailed connectivity of sugar residues detected
by the monosaccharide analysis. Thirteen peaks of
the partially methylated alditol acetate derivatives
were detected by gas liquid chromatography-mass
spectrometry analysis (Supplementary Figure 1).
According to the retention times and mass fragmentation
patterns of the detected peaks, the connectivity of the
sugar residues was determined (Table 4). The datasets of
the detected sugar connectivity suggest that the structure
of the innate immunostimulant in AF is a pectic-like
polysaccharide, composed of a homogalacturonan with
a rhamnogalacturonan I (RG-I) structure, as described
below. Based on the pectin structure reported previously
(14), we propose the structural model of the innate
immunostimulant from broccoli shown in Figure 3.
The abundance of 4-GalpA and 5-Araf residues was
consistent with the results of the NMR analysis, and
these results suggest that the 4-GalpA residue has an
a-1,4-polygalacturonic acid structure, and the 5-Araf’
residue has an o-1,5-arabinan structure. Detection of
the 2,4-Rhap residue suggests that the AF has an RG-I
structure; i.e. —4)-0-GalpA-(1—2)-a-Rhap-(1—, with
the Rha residue substituted for by galactan and arabinan
chains at the C-4 position (/4,17). The presence of
T-Araf, 3-Araf, and 3,5-Araf residues suggest that the
a-1,5-arabinan chains are partially branched at the
C-3 position (/4,17). Detection of T-Galp, 4-Galp,
3-Galp, 6-Galp, and 3,6-Galp suggest the presence of
B-1,4-galactan and B-1,3/6-galactan structures in the
AF (14,17). We cannot propose the binding sites of
the T-Rhap and T-Glcp residues detected as a minor
components based on the methylation analysis.

3.4. Effects of structural modifications on the activity of
the innate immunostimulant from broccoli

To determine the structural motif involved in the innate
immunostimulating activity, we modified the structure of
the innate immunostimulant chemically or enzymatically.
The strategy used to modify the polysaccharide

Table 3. 'H and "C NMR chemical shifts (ppm) of the acidic fraction recorded in D,0 at 40°C

. H-1 H-2 H-3 H-4 H-5 H-6
Glycosyl residue
C-1 C-2 C-3 C-4 C-5 C-6
—4)-0-GalpA-(1— 5.07 3.76 3.98 4.41 4.73 -
99.8 69.1 69.8 78.8 72.2 176.2
—5)-a-Araf-(1— 5.09 4.13 4.02 4.21 3.84 -
108.3 NA NA NA 61.7 -

NA, not assigned.
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Table 4. Methylation analysis of the acidic fraction

Peak® Derivatives Structural feature Mol %
1 1,4-di-O-acetyl-2,3,5-tri-O-methyl arabitol T-Araf 5.7
2 1,5-di-O-acetyl-2,3,4-tri-O-methyl rhamnitol T-Rhap 1.3
3 1,3,4-tri-O-acetyl-2,5-di-O-methyl arabitol 3-Araf 1.0
4 1,4,5-tri-O-acetyl-2,3-di-O-methyl arabitol 5-Araf 16
5 1,5-di-O-acetyl-2,3,4,6-tetra-O-methyl glucitol T-Glcp 3.7
6 1,5-di-O-acetyl-2,3,4,6-tetra-O-methyl galactitol T-Galp 3.6
7 1,3.,4,5-tetra-O-acetyl-2-mono-O-methyl arabitol 3,5-Araf’ 4.4
8 1,2.,4,5-tetra-O-acetyl-3-mono-O-methyl rhamnitol 2,4-Rhap 32
9 1,4,5-tri-O-acetyl-2,3,6-tri-O-methyl (6,6—dideutero)galactitolb 4-GalpA 46
10 1,4,5-tri-O-acetyl-2,3,6-tri-O-methyl galactitol 4-Galp 5.1
11 1,3,5-tri-O-acetyl-2,4,6-tri-O-methyl galactitol 3-Galp 3.7
12 1,5,6-tri-O-acetyl-2,3,4-tri-O-methy] galactitol 6-Galp 1.5
13 1,3,5,6-tetra-O-acetyl-2,4-di-O-methyl galactitol 3,6-Galp 4.5

“Detected peaks were numbered in Supplementary Figure 1. "Before the methylation reaction, galacturonic acid residue in the acidic fraction was

methyl-esterified, and reduced to (6,6-dideutero)galactose using NaBD,.

O Gaa ¢
. Rha
O Gal

'Ara

o-1—4-galacturonan

Oxalic acid treatment

Peak 1
Peak 2
Peak 3 ;

. B-1—3,6-galactan \

Rhamnogalacturonan |

v
a-1—3,5-arabinan \\

B-1—4-galactan

Pectinase digestion

o O
o

Figure 3. Structural model of the acidic fraction and scheme of the structural modifications. A schematic model of the

structure of the acidic fraction and its structural modifications.

structure is shown in Figure 3. a-1,4-Polygalacturonic
acid and arabinan are the main structures of the native
polysaccharides, and thus we attempted to remove that
moiety. Firstly, oxalic acid treatment was performed
to remove the arabinan chain from this polysaccharide
by specifically hydrolyzing the arabinofuranose bond.
NMR analysis of the oxalic acid-treated fraction revealed
that the signals of the Ara residue detected in the native
polysaccharide (Table 3) were completely abolished
(Figure 4). Monosaccharide analysis of this fraction
also revealed that the Ara residue in the fraction was
drastically reduced compared to the native polysaccharide

(Table 5). The innate immunostimulating activity of
the fraction was evaluated using the silkworm muscle
contraction assay, and the activity was not affected by
oxalic acid treatment (Table 5). These findings suggest
that the arabinan structure existing in the AF does not
contribute to the innate immunostimulating activity.
Next, pectinase digestion was performed against
the native polysaccharide to degrade the a-1,4-
polygalacturonic acid structure. The digested sample
was fractionated by gel filtration chromatography (Bio-
Gel P-4) and carbohydrate-containing fractions were
yielded as four peaks numbered from the first eluted one
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shown in Figure 5. Monosaccharide analysis of each
peak indicated that the molar ratio of the GalA residue
contained in peaks 1 and 2 was reduced compared to that
of native polysaccharide (Table 5). The GalA residue
contained in peak 3 was undetectable. Peak 4 was a
monosaccharide-containing fraction, and because the
peak only consisted of GalA, it was released by pectinase
digestion. Compared with the native polysaccharide, the
innate immunostimulating activity was attenuated along
with a decrease in the molecular weight by pectinase
digestion, and that of peaks 3 and 4 was undetectable.
These results suggest that the a-1,4-polygalacturonic
acid structure in the AF is necessary for the innate
immunostimulating activity.

4. Discussion

In the present study, we screened an innate
immunostimulant from hot water extracts of 17
vegetables using the silkworm muscle contraction
assay, and found that broccoli extracts had the highest
immunostimulant activity among them. Broccoli is an

™ M J&

T T T T T 1
4.0 3.0 2.0

Chemical shift (5)

T T T T T T 1
120 90

Chemical shift (3)

Figure 4. NMR spectra of the oxalic acid-treated acidic
fraction. (a), 500 MHz 'H NMR; (b), 125 MHz “C NMR
spectrum recorded in D,O at 40°C.

attractive vegetable for human health, and other bioactive
compounds have been extracted, such as sulforaphane,
which has anticarcinogenic activities (/8). Recently,
a polysaccharide having anti-cancer cell proliferation
properties was also purified from the broccoli stem (/9).
Innate immune-stimulating compounds from broccoli,
however, have not been reported. White cabbage
(Brassica oleracea var. capitata, cultivar Bartolo), kale
(B. oleracea var. Sabellica cultivar green Moskruset),
and red kale (B. oleracea var. Sabellica cultivar
Redbor), related subspecies of broccoli, contain a pectic
polysaccharide that activates the complement system,
which plays an important role in innate immunity (20). In
the present study, hot water extract of cabbage cultivated
in Japan (B. oleracea var. capitata), which is also a
related subspecies of broccoli, did not exhibit innate
immune-stimulating activity in the silkworm muscle
contraction assay. The activities varied according to the
vegetable subspecies.

0.8

04 r

0. D. at 490 nm

02 r

0.0

60

Fraction number

Figure 5. Gel filtration column chromatography of the
pectinase-digested acidic fraction. The sample was applied
to a Bio-Gel P-4 gel filtration column (1150 mm % 15 mm ¢),
with 0.2 M acetic acid as an eluate. Blue dextran 2000 was
used as a size marker to estimate the void volume (V,), and
Vt indicates the total volume of the gel. Fractions containing
saccharide were monitored by the phenol-H,SO, method.

Table 5. Effects of structural modifications on the muscle contraction activity of the acidic fraction

Sugar composition (mol %)

Samples Activity (units)
GalA Gal Gle Ara Xyl Rha
Acidic fraction 46 18 3.7 27 ND 4.5 630
Oxalic acid treatment 30 45 5.5 32 3.6 12 670 <
Pectinase
Peak 1 23 22 5.0 28 5.0 18 370
Peak 2 24 24 6.0 17 5.5 24 240
Peak 3 ND 36 5.7 47 ND 12 <160
Peak 4 100 ND ND ND ND ND <160

Ara, arabinose; Gal, galactose; GalA, galacturonic acid; Gle, glucose; Rha, rhamnose; Xyl, xylose. ND, not detected.
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We purified the innate immunostimulant from
hot water extract of broccoli, and characterized the
chemical structure as a pectic-like polysaccharide,
comprising homogalacturonan with an RG-I structure
(structural model shown in Figure 3). Pectin is a
structurally complex polysaccharide in plant cell walls
that comprises mainly homogalacturonan, RG-I, and
rhamnogalacturonan II (RG-II), and the distribution
of each type of polysaccharide varies by the plant
species (/4). RG-II has a highly substituted a-1,4-
polygalacturonic acid at the C-2 and C-3 positions with
various oligosaccharide chains (/4). Methylation analysis
revealed a GalA residue as only a 4-substituted form in
the innate immunostimulant purified from broccoli. This
finding suggests that this polysaccharide did not contain
the RG-II structure.

Pectin exhibits various types of bioactivity, such
as immunomodulating activity, and the active moiety
necessary to exert the activities is known for some of
the types (21,22). Almost all active moieties of plant
pectin having immunostimulating activity have a
galactan or arabinan structure (2/,22). Because a-1,4-
polygalacturonic acid and arabinan were the main
structures in the polysaccharide purified in our study,
we removed each moiety by chemical and enzymatic
treatment, and found that the activity was attenuated
by degradation of the a-1,4-polygalacturonic acid
structure. To our knowledge, this is the first report that
the a-1,4-polygalacturonic acid motif in the pectic-
like polysaccharide structure is necessary for the
innate immune-stimulating activity. The pectic-like
polysaccharide from broccoli may have a novel mode of
action to stimulate innate immunity.

Although homogalacturonan is a common structure of
plant pectins, it is unclear how the o-1,4-polygalacturonic
acid in the broccoli polysaccharide stimulates innate
immunity. Previously, we purified a polysaccharide
with innate immune-stimulating activity from green tea
extracts using the silkworm muscle contraction assay
(7). This polysaccharide had a pectic-like structure
composed of GalA, Gal, Glc, and Rha in a molar ratio
of 22: 4: 5: 1. The main structure of this polysaccharide
was a-1,4-polygalacturonic acid, like that of the innate
immunostimulant from broccoli. Further studies are
necessary to determine the structure-activity relations of
the a-1,4-polygalacturonic acid in the silkworm muscle
contraction assay. Additional studies are needed to
determine whether a-1,4-polygalacturonic acid, which
induces silkworm muscle contraction activity, exhibits
innate immunostimulating activity in a mammalian
system.
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Supplementary Figure S1. GLC patterns of partially methylated alditol acetate derivatives from the acidic fraction. 1, 1,4-di-
O-acetyl-2,3,5-tri-O-methyl arabitol; 2, 1,5-di-O-acetyl-2,3,4-tri-O-methyl rthamnitol; 3, 1,3,4-tri-O-acetyl-2,5-di-O-methyl arabitol;
4, 1,4,5-tri-O-acetyl-2,3-di-O-methyl arabitol; 5, 1,5-di-O-acetyl-2,3,4,6-tetra-O-methyl glucitol; 6, 1,5-di-O-acetyl-2,3,4,6-tetra-
O-methyl galactitol; 7, 1,3,4,5-tetra-O-acetyl-2-mono-O-methyl arabitol; 8, 1,2,4,5-tetra-O-acetyl-3-mono-O-methyl rhamnitol; 9,
1,4,5-tri-O-acetyl-2,3,6-tri-O-methyl (6,6-dideutero)galactitol; 10, 1,4,5-tri-O-acetyl-2,3,6-tri-O-methyl galactitol; 11, 1,3,5-tri-O-
acetyl-2,4,6-tri-O-methyl galactitol; 12, 1,5,6-tri-O-acetyl-2,3,4-tri-O-methyl galactitol; and 13, 1,3,5,6-tetra-O-acetyl-2,4-di-O-
methyl galactitol.
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Summary

We screened innate immunostimulant-producing bacteria using a silkworm muscle
contraction assay, and isolated Rhizobium sp. strain M2 from soil. We purified the innate
immunostimulant from strain M2, and characterized the chemical structure by nuclear
magnetic resonance spectroscopy and chemical analyses. The innate immunostimulant (M2
EPS) comprised glucose, galactose, pyruvic acid, and succinic acid with a molar ratio of
6.8:1.0:0.9:0.4, and had a succinoglycan-like high molecular-weight heteropolysaccharide
structure. To determine the structural motif involved in the innate immunostimulating
activity, we modified the M2 EPS structure chemically, and found that the activity was
increased by removal of the succinic and pyruvic acid substitutions. Strong acid hydrolysis
completely inactivated the M2 EPS. Unmasking of the p-1,3/6-glucan structure of the side-
chain by deacylation and depyruvylation may enhance the innate immune-stimulating
activity of M2 EPS. These findings suggest that the succinoglycan-like polysaccharide
purified from strain M2 has innate immune-stimulating activity, and its glycan structure is
necessary for the activity.

Keywords: Rhizobium, extracellular polysaccharide, structure, innate immune-stimulating
activity, silkworm muscle contraction assay

1. Introduction

Innate immunity is an important defense mechanism
against microbe infection and tumor development.
Natural agents that stimulate innate immunity may
contribute to maintain human health. Medicinal
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herbs and mushrooms are sources of antitumor and
immunomodulating agents based on their empirical
drug actions, and many active polysaccharides have
been extracted (/). The structures of these active
polysaccharides, however, are limited to B-glucans and
pectins because they are mainly extracted from the cell
walls of fungi and plants, respectively (/). Because
polysaccharides extracted from cell walls are generally
heterogeneous, the structural motif involved in their
immune-stimulating activities is difficult to determine.
Chemical synthesis of the highly polymerized glycan
structure to imitate the active polysaccharide is also
difficult.

Several applications of extracellular polysaccharide
(EPS) secreted by bacteria have been proposed,
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including those taking advantage of their antitumor
or immunomodulating activities (2). Bacteria produce
EPS with diverse structures made up of various kinds
of monosaccharides, and are frequently substituted with
organic or inorganic substances, such as organic acids,
phosphate, and sulfate (2). EPS secreted to an ambient
environment by bacteria are usually homogeneous
compared to the cell wall polysaccharides extracted
from fungi or plants, and their structures are constructed
of regularly repeating units (2). This homogeneous
and consistent structure may have advantages for
determining the structure-activity relations. Wide
screening of innate immune stimulants from bacterial
EPS using a convenient method to evaluate innate
immune-stimulating activities has not been performed.

We previously proposed using silkworm larvae,
Bombyx mori, as an animal model for the discovery of
drug candidates (3). We isolated lysocin E, a bactericidal
antibiotic from the soil bacterium Lysobacter sp.
RH2180-5, using a silkworm model of infection, and
characterized its structure and mechanism of action (4).
Injection of B-glucans from yeast and peptidoglycans
from bacteria into the silkworm Bombyx mori induces
maturation of the insect cytokine paralytic peptide, which
results in muscle contraction of the larvae (5,6). We
established an assay using the silkworm based on muscle
contraction, which is associated with the activation
of innate immunity (7), and isolated a polysaccharide
with innate immune-stimulating activity from green
tea (8). We also evaluated the activities of natural
polysaccharides from various origins using the silkworm
muscle contraction assay (9). This assay system does not
respond to lipopolysaccharides (LPS) due to the presence
of LPS-absorbing proteins in the silkworm hemolymph,
which may be highly advantageous for screening innate
immune-stimulating compounds from Gram negative
bacteria, as contamination of the assay system by LPS
during the first screening is negligible.

In the present study, we screened bacteria that
produce EPS with innate immunostimulating activity
using the silkworm muscle contraction assay system, and
isolated Rhizobium sp. strain M2 from soil. Furthermore,
we purified the EPS from culture of strain M2, and
characterized the chemical structure. The structural motif
involved in the innate immunostimulating activity is also
discussed.

2. Materials and Methods
2.1. Silkworm muscle contraction assay

Eggs of silkworms (Bombyx mori, HuYo Tukuba Ne)
were purchased from Ehime Sanshu (Ehime, Japan),
and larvae were reared on an artificial diet (Silkmate
2S, Nihon Nosan, Yokohama, Japan) at 27°C. A
silkworm muscle contraction assay was performed
to evaluate innate-immunity activation, as described

previously (5). Samples were dissolved in sterile saline,
and 100 pL of each sample was injected into the body
fluid of a specimen. The muscle contraction value was
calculated by measuring the maximum length of each
specimen before (x cm) and after (y cm) the injection
using the formula (x — y)/x. One unit of activity was
defined as that causing muscle contraction with a value
of 0.15. The specific activities of the samples were
determined by creating a titration curve with diluted
samples.

2.2. Screening of innate immune-stimulant producing
bacteria

First, we screened bacteria that form mucoid colonies on a
glucose-asparagine (GA) agar plate [containing (I'): 10 g
glucose, 0.5 g L-asparagine, 0.5 g K,HPO,, and 15 g agar
(pH 7)] from diluted soil samples collected from various
sites in Japan. Isolated mucoid strains were grown on
GA agar plates at 30°C under aerobic conditions. After
a 5-day incubation, the cells were collected by scraping
and suspended in saline. The cell suspensions were
vigorously vortexed and centrifuged at 10,000x g for 10
min. The supernatant was saved, two volumes of ethanol
were added, and the mixture was centrifuged. Precipitates
were lyophilized, and the innate immunostimulating
activity was evaluated using the silkworm muscle
contraction assay.

Taxonomic analysis of the isolated strain was
performed as described previously (/0). The 16S
rRNA gene of the isolated strains (~1,500 bp) was
amplified by polymerase chain reaction using universal
primers (/7). The phylogenetic relationship with
closely related species was determined using MEGA
version 7 (/2) and CLUSTAL X (/3). Evolutionary
distances were computed as described previously (/4),
and the phylogenetic tree was constructed using the
neighbor-joining method (/5). The reliability of the tree
topology was evaluated by bootstrap analysis with 1000
replicates (/6).

2.3. Purification of M2 EPS

Strain M2 was grown on GA agar plates at 30°C for
5 days under aerobic conditions, and the cells were
collected by scraping and suspended in saline. M2 EPS
was extracted from the supernatant of the suspension
as described previously (/7), except the Sevag method
was used instead of phenol—chloroform treatment (/8).
M2 EPS was further purified by DEAE-Toyopearl 650
M column chromatography as described previously
(19). Fractions containing saccharides were monitored
using the phenol-H,SO, method (20). Two volumes of
ethanol were added to each fraction, and the mixture
was centrifuged. The precipitates were dissolved in
saline, and the innate immunostimulating activity
was evaluated using the silkworm muscle contraction
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assay. The fractions contained in the activity peak
were combined, dialyzed against MilliQ water, and
lyophilized.

To confirm the homogeneity of M2 EPS, gel-
filtration column chromatography was performed on
a Sephacryl S1000 (850 mm x 15 mm; Amersham
Biosciences UK Ltd., Buckinghamshire, UK) column
with 1 mM Tris-HCI buffer (pH 8.0) containing 0.1 M
NaCl as the eluent (/7). Dextran T2000 (Amersham
Biosciences UK Ltd., Buckinghamshire, UK) was used
as a size marker. Fractions containing saccharide were
monitored using the phenol-H,SO, method.

2.4. Monosaccharide analysis

Monosaccharide analysis was performed as described
previously (/7). Briefly, M2 EPS was hydrolyzed by 4
M trifluoroacetic acid at 100°C for 3 h, and the obtained
monosaccharides were labeled with aminobenzoic acid
ethyl ester (ABEE) and analyzed by high performance
liquid chromatography (HPLC; 1500 HPLC system,
Waters, Milford, MA).

2.5. Nuclear magnetic resonance (NMR) experiments

All NMR spectra were recorded at 500 MHz ('H) and
125 MHz ("°C) with an ECA 500 instrument (JEOL
Ltd. Tokyo, Japan). Chemical shifts were given in 6
units, with acetone (8 'H 2.23, § “C 31.1) was used
as an internal reference for samples measured in
D,0 solutions. Two-dimensional (2D) homonuclear
correlation spectroscopy, total correlated spectroscopy,
heteronuclear multiple quantum coherence, and
heteronuclear multiple bond coherence experiments
were used to assign signals. 'H NMR chemical shifts
of overlapping signals were obtained from the center of
the cross-peaks in the 2D spectra.

2.6. Methylation analysis

Polysaccharide methylation was performed according
to the Ciucanu method using sodium hydroxide and
CH;I (21). The methylated polysaccharide was then
hydrolyzed, reduced, and acetylated before analysis by
gas chromatography/mass spectroscopy (GLC-MS).
The GLC-MS analysis was performed with a QP-2010
plus instrument (Shimadzu, Kyoto, Japan) fitted with a
fused silica capillary column (Rtx-5, 30 m x 0.25 mm x
0.25 um; Restek, Shimadzu).

2.7. Structural modifications of M2 EPS

O-Deacylation and depyruvylation of M2 EPS were
performed as described previously (/7,22). Acid
hydrolysis was performed under the same conditions
described above (Monosaccharide analysis). The
modified structures of M2 EPS were confirmed by

NMR analysis, and the innate immunostimulating
activity was evaluated in the silkworm muscle
contraction assay.

3. Results

3.1. Isolation of Rhizobium sp. strain M2, innate
immune stimulant-producing bacteria

First, we screened bacteria from soil that formed mucoid
colonies on an agar plate. To prevent contamination
of the innate immune stimulant by components of the
medium, (e.g., B-glucan from yeast extract), we used
a GA agar plate, a chemically defined media. Next,
EPS were roughly extracted from the isolated mucoid
strains, and the innate immunostimulating activity was
evaluated using the silkworm muscle contraction assay.
Crude EPS from a strain named M2 exhibited immune-
stimulating activity (data not shown). The nearly
complete 16S rRNA gene sequence (1479 bp) of strain
M2 showed high similarities to sequences of other strains
of species belonging to the genus Rhizobium, and the
highest sequence similarities were found with the strain
of R. pusense (98% similarity). The phylogenetic tree
constructed using the neighbor-joining method is shown
in Figure 1. Rhizobium sp. strain M2 was deposited as
NBRC 108899 to the National Institute of Technology
and Evaluation, Japan. Next, we purified the active
compound from the crude EPS fraction of strain M2.

3.2. Purification of innate immune stimulant from
Rhizobium sp. strain M2

The innate immune stimulant produced by Rhizobium
sp. strain M2 was extracted and purified by DEAE-
Toyopearl column chromatography, eluted with a linear
gradient (0-1 M) of NaCl. This procedure gave a single
peak of carbohydrate at ~0.5 M concentration of NaCl
detected by the phenol-H,SO, method (Figure 2). The
silkworm muscle contraction activity in each fraction
was also evaluated, and a single peak of activity was
detected in the carbohydrate-cluted fractions. The
fractions contained in this peak were combined as the
M2 EPS.

M2 EPS was eluted as a symmetric single peak
earlier than Dextran T2000 by Sephacryl S1000 gel-
filtration chromatography (Figure 3), suggesting an
apparent molecular weight greater than 2,000,000.
These data indicate that the innate immune stimulant
from Rhizobium sp. strain M2 was purified to
homogeneity as M2 EPS.

M2 EPS induced silkworm muscle contraction
in a dose-dependent manner, with a specific activity
of 1.4 units/mg (Figure 4). Spectrophotometrically,
no absorption was detected at 280 nm or at 255 nm,
suggesting that the M2 EPS did not contain proteins or
nucleic acids.
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99 - Rhizobium sp. M2
53 [ R. pusense NRCPB10T(FJ969841)
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Figure 1. Neighbor-joining tree based on nearly complete 16S rRNA gene sequences, showing the position of the strain M2
among its phylogenetic neighbors. Numbers at branch nodes are percentages of bootstrap support based on 1000 resampling; only
values over 50% are given. Bar, 0.002 substitutions per nucleotide position.
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Figure 2. Ion-exchange chromatography of M2 EPS. M2
EPS was dissolved in 10 mM Tris-HCI buffer (pH 8.0), applied 0.00 :
to a DEAE-Toyopearl column (100 mm x 25 mm ¢), and eluted 10 20 30 40 50

with a 300-mL linear gradient (0-1 M) of NaCl. Closed circles, .
OD at 490 nm; opened diamonds, muscle contraction activity. Fraction number

Figure 3. Gel filtration column chromatography of M2
0.20 EPS. M2 EPS was applied to a Sephacryl S1000 gel filtration
column (1150 mm % 15 mm ¢) and 1 mM Tris-HCI (pH 8.0)
containing 0.1 M NaCl as an eluate. Blue dextran 2000 was
used as a size marker. The arrow indicates the total volume of
0.15 + the gel (Vt). Closed circles, M2 EPS; opened diamonds, Blue
dextran 2000.

0.10
3.3. Structural analysis of M2 EPS

Contraction value

005 | The monosaccharide composition of M2 EPS,
determined by trifluoroacetic acid hydrolysis and HPLC
analysis, revealed glucose (Glc) and galactose (Gal)
0.00 ! ! ! ! in a molar ratio of 6.8:1.0 (Figure 5). '"H and "C NMR

0 200 400 600 800 1000 analysis showed that the pattern of signals detected

in M2 EPS was characteristic of a polysaccharide,

M2 EPS (ug) not a protein or lipid (Figure 6). Although the signals

detected in anomeric regions of both 1D spectra

Figure 4. Muscle contraction of silkworm larval specimens overlapped (3 4.54-4.82 for 'H and § 101.7-104.4 for

by injecting of M2 EPS. The data-points represent the means 5 T
+S.D.,n=23. C), all anomeric signals detected were allocated to a
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Figure 5. HPLC elution profile of acid hydrolysate of
M2 EPS. Panel A, standard monosaccharides; and B, acid
hydrolysate of M2 EPS. Standard monosaccharides: 1,
D-glucuronic acid; 2, D-galacturonic acid; 3, D-galactose;
4, D-mannose; 5, D-glucose; 6, L-arabinose; 7, D-ribose;
8, N-acetyl-D-mannosamine; 9, D-xylose; 10, N-acetyl-D-
glucosamine; 11, L-fucose; 12, L-rhamnose; and 13, N-acetyl-
D-galactosamine.

Table 1. Methylation analysis of M2 EPS

HDO
A

e

4.0 3.0 2.0
Chemical shift (3)

—

180 150 120
Chemical shift (3)

Figure 6. NMR spectra of M2 EPS. A, 'H NMR; B, °C
NMR spectrum.

Peak Derivatives Structural feature Native" Depyruvylated® Succinoglycan®
1 1,5-Di-0O-acetyl-2,3,4,6-tetra-O-methyl-glucitol Glep-(1— 0.1 0.6

2 1,3,5-Tri-O-acetyl-2,4,6-tri-O-methyl-glucitol —3)-Glep-(1— 1.5 2.1 2.0

3 1,4,5-Tri-O-acetyl-2,3,6-tri-O-methyl-glucitol —4)-Glep-(1— 1.6 1.6 2.0

4 1,3,5-Tri-O-acetyl-2,4,6-tri-O-methyl-galactitol —3)-Galp-(1— 1.2 1.1 1.0

5 1,5,6-Tri-O-acetyl-2,3,4-tri-O-methyl-glucitol —6)-Glep-(1— 1.0 1.0 1.0

6 1,4,5,6-Tetra-O-acetyl-2,3-di-O-methyl-glucitol —4,6)-Glep-(1— 1.9 1.3 2.0

“Ratio of peak area. * Theoretical ratio (24).

B configuration based on the observed chemical shift
values (23). Next, we performed methylation analysis
to elucidate the details of the connectivity of the sugar
residues detected by the monosaccharide analysis. Five
major peaks of the partially methylated alditol acetate
(PMAA) derivatives were detected from M2 EPS by
GLC-MS analysis (Supplementary Figure 1A). The
connectivity of the sugar residues was determined
based on the retention times and mass fragmentation
patterns of the detected peaks (Table 1). M2 EPS
mainly comprised —3)-Glep-(1—, —4)-Glep-(1—,
—3)-Galp-(1—, —6)-Glcp-(1—, and —4,6)-Glcp-
(1— in an approximate molar ratio of 2:2:1:1:2. These
results indicate that M2 EPS consists of octasaccharide
repeating units. The molar ratio of the detected sugar
connectivity was in good agreement with the theoretical
ratio of PMAA from succinoglycan, a representative
polysaccharide produced by genus Rhizobium (24).
Signals of the glycan structure detected in the 'H
and "C NMR spectra of M2 EPS (Figure 6) were
almost the same as those previously reported for
succinoglycan of R. meliloti (25). The glycan chain of
succinoglycan is substituted by succinic acid, pyruvic

acid, and acetic acid (25). Succinyl-methylene (5 2.46
and 2.62 for 'H and & 29.9 for °C) and pyruvate-methyl
(8 1.46 for 'H and & 26.1 for C) signals were detected
in the one-dimensional NMR spectra of M2 EPS (Figure
6). The contents of the succinate and pyruvate residues
were 40% and 85%, respectively, as estimated by
the ratio of succinyl-methylene and pyruvate-methyl
resonances to anomeric protons of the glycan backbone
in the '"H NMR spectra. No methyl signal of an acetyl
residue was detected in M2 EPS.

To determine the pyruvylated position of the M2
EPS, we prepared the depyruvylated M2 EPS by
mild acid hydrolysis. In the methylation analysis of
depyruvylated M2 EPS, the molar ratio of 1,4,5,6-tetra-
O-acetyl-2,3-di-O-methyl-glucitol was decreased,
and that of 1,5-di-O-acetyl-2,3,4,6-tetra-O-methyl-
glucitol was increased compared with the native M2
EPS (Supplementary Figure 1, Table 1). These results
indicate that the pyruvate residue was bound to both
the O-4 and O-6 positions of terminal glucose residue
of side-chain structure. The chemical shift of the
pyruvate-methyl carbon (26.1 ppm) indicated that the
pyruvate acetal carbon atom had the (S) configuration
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(26). These findings revealed that M2 EPS consists of
branching octasaccharide repeating units substituted by
succinate and pyruvate residues shown in Figure 7.

3.4. Effects of structural modifications on the innate
immune-stimulating activity of M2 EPS

To determine the structural motif involved in the innate
immunostimulating activity of M2 EPS, we modified its
structure by chemical treatment. We prepared deacylated
(weak alkali hydrolyzed), depyruvylated (weak acid
hydrolyzed), deacylated and depyruvylated, and strong
acid hydrolyzed M2 EPS. The modified structures of the
M2 EPS were confirmed by 'H NMR analysis (Figure
8), and the succinate and pyruvate residue content
was estimated by the ratio of succinyl-methylene and
pyruvate-methyl resonances to anomeric protons of the
glycan backbone in the spectra (Table 2). Succinate was
successfully removed from M2 EPS by the weak alkali
hydrolysis, but a small amount of pyruvate remained in
the weak acid-hydrolyzed M2 EPS.

The innate immunostimulating activities of
chemically modified M2 EPSs were evaluated using the
silkworm muscle contraction assay. The activities were
increased by removal of the substitution of succinate and
pyruvate. Strong acid hydrolysis completely inactivated
the M2 EPS.

4. Discussion

In this study, we screened innate immunostimulant-
producing bacteria using the silkworm muscle contraction

[4)-B-Glep-(1—4)-B-Glep-(1—4)-B-Glep-(1—3)-B-Galp-(1—1],

B-Glep-(1—3)-B-Glep-(1—3)-B-Glep
6 4

Succinyl ester: 40%
CH;CCO:H

)
Pyruvic acetal: 85%

Figure 7. Predicted structure of M2 EPS from Rhizobium
sp. strain M2

assay, and isolated the bacterial strain M2 from soil. The
16S rRNA gene sequence of strain M2 had the highest
similarities with sequences of R. pusense. Rhizobium
is a genus of Gram-negative soil bacteria frequently
isolated from plant rhizospheres or root nodules (27).
R. pusense is a remarkable species as an opportunistic
human pathogen in the genus Agrobacterium/Rhizobium
(28). Many bacterial strains producing EPS belong to
this genus (27). Recently, an extracellular -glucan
possessing antitumor activity was purified from the
Rhizobium sp. N613 (29). To our knowledge, however,
this is the first report of the screening of innate immune
stimulants from bacterial EPS using a convenient method
such as the silkworm muscle contraction assay. Because
the silkworm muscle contraction assay does not respond
to LPS, the innate immune stimulant produced by strain
M2, which is a Gram-negative bacterium, is not LPS.

We purified the innate immunostimulant from
the strain M2, and characterized the chemical
structure as a succinoglycan like high-molecular
weight heteropolysaccharide (structural model
is shown in Figure 7). Succinoglycans are acidic
heteropolysaccharides produced by a variety of bacteria
belonging to the Rhizobium, Agrobacterium, Alcaligenes,
and Pseudomonas (30). Succinoglycan is important for
plant living rhizobia to evade plant immunity (37). A
succinoglycan was also isolated from Agrobacterium

Pyruvate

CH,
A HDO
Residual
B Succinyl pyruvate
CH, CH,

I l

Residual
pyruvate
CH;

|

T T T
2.0

MMM

Chemical shift (8)

Figure 8. '"H NMR spectra of chemically modified M2
EPS. A, deacylated; B, depyruvylated; and C, deacylated and
depyruvylated M2 EPS.

Table 2. Effects of structural modifications on the innate immune-stimulating activity of M2 EPS

Samples Succinate contents (%)" Pyruvate contents (%)" Specific activity (units/mg)
M2 EPS 40 85 1.4
Deacylated M2 EPS ND" 100 1.6
Depyruvylated M2 EPS 66 7.0 2.6
Deacylated- depyruvylated M2 EPS ND" 32 3.4
Acid hydrolyzed M2 EPS NA® NA® <1

“Percentage of repeating unit substituted by the residue. "Not detected. “ Not analyzed.
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radiobacter, a clinical isolate from a patient with cystic
fibrosis (24). Innate immunostimulating activity of
succinoglycans, however, has not been reported. Further
studies are necessary to evaluate whether M2 EPS exerts
innate immunostimulating activity in a mammalian
system.

To determine the structural motif involved in
the innate immunostimulating activity of M2 EPS,
we modified its structure by chemical treatment.
The activities were increased by the removal of the
substitution of succinic and pyruvic acid. Because the
deacylation (alkaline hydrolysis) of M2 EPS did not
attenuate the innate immune stimulating activity, the
active substance is not LPS contaminating the culture of
strain M2, reliably. Strong acid hydrolysis completely
inactivated the M2 EPS. These results suggest that the
acidic residues present in M2 EPS do not participate
in the innate immunostimulating activity, and the
polysaccharide structure is necessary for the activity.
To our knowledge, this is the first report of the glycan
chain of succinoglycan possessing innate immune-
stimulating activity. A pyruvate residue was bound to
both O-4 and O-6 positions of the terminal glucose
residue of the side-chain of M2 EPS. Although we could
not determine the binding position of the succinate in
the M2 EPS, succinate groups bind to glucose residues
in the side-chains of succinoglycan from various
microbial sources (24,25). The glycan structure of the
side-chain of deacylated and depyruvylated M2 EPS is
a B-1,3/6-glucan with the following structure:

B-Glep-(1—3)-B-Glep-(1—3)-B-Glep-(1—6)-B-Glep-
(1—-6)-B-Glep-(1—

Previously, the innate immunostimulating activities of
B-1,3/6-glucan from various sources were evaluated
using the silkworm muscle contraction assay (9), and
the activities varied according to the origin. Unmasking
of the B-1,3/6-glucan structure of the side chain by
deacylation and depyruvylation may enhance the innate
immune-stimulating activity of M2 EPS. Detailed
analysis of the structure-activity relations of the p-1,3/6-
glucan will be an interesting topic for future studies.
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Supplementary Figure 1. GLC patterns of partially
methylated alditol acetate derivatives from M2 EPS. Panel
A, native M2 EPS; and B, depyruvylated M2 EPS. 1, 1,5-Di-
O-acetyl-2,3.4,6-tetra-O-methyl-glucitol; 2, 1,3,5-Tri-O-acetyl-
2,4,6-tri-O-methyl-glucitol; 3, 1,4,5-Tri-O-acetyl-2,3,6-tri-
O-methyl-glucitol; 4, 1,3,5-Tri-O-acetyl-2,4,6-tri-O-methyl-
galactitol; 5, 1,5,6-Tri-O-acetyl-2,3,4-tri-O-methyl-glucitol;
and 6, 1,4,5,6-Tetra-O-acetyl-2,3-di-O-methyl-glucitol.
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Glycyrrhizin inhibits human parainfluenza virus type 2
replication by the inhibition of genome RNA, mRNA and protein
syntheses
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The effect of glycyrrhizin on the replication of human parainfluenza virus type 2 (hPIV-2)
was examined. Cell fusion induced by hPIV-2 was inhibited by glycyrrhizin, and glycyrrhizin
reduced the number of viruses released from the cells. Glycyrrhizin did not change cell
morphology at 1 day of culture, but caused some damage at 4 days, as determined by
the effect on actin microfilaments. However, it affected the cell viability at 1 day: about
20% of the cells were not alive by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay at 1 day of culture. Real-time polymerase chain reaction (PCR) and
PCR showed that virus genome synthesis was largely inhibited. mRNA synthesis was also
inhibited by glycyrrhizin. Viral protein synthesis was largely inhibited as observed by an
indirect immunofluorescence study. Multinucleated giant cell formation was studied using
a recombinant green fluorescence protein (GFP)-expressing hPIV-2 without matrix protein
(rhPIV-2AMGFP). A few single cells with fluorescence were observed, but the formation of
giant cells was completely blocked. Taken together, it was shown that viral genome, mRNA
and protein syntheses, including F and HN proteins, were inhibited by glycyrrhizin, and
consequently multinucleated giant cell formation was not observed and the infectious virus
was not detected in the culture medium.
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1. Introduction

Human parainfluenza virus type 2 (hPIV-2) is a member
of the genus Rubulavirus in the family Paramyxoviridae.
hPIV-2 infects the human respiratory tract in infants
and children. hPIV causes recurrent infection and there
is no vaccine or anti-hPIV drug at present. It possesses
a single-stranded, non-segmented, negative stranded
RNA genome of 15,654 nucleotides (/). The genomic
RNA codes 7 structural proteins, nucleoprotein (NP),
V, phospho (P), matrix (M), fusion (F), hemagglutinin-
neuraminidase (HN) and large (L) proteins, like other
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paramyxoviruses. V protein is the fifth structural protein
of paramyxovirus (2). The gene order of hPIV-2 is
3'-(leader)-NP-V/P-M-F-HN-L-(trailer)-5' (3).

We have already reported some substances of
large molecular weight (MW) that have inhibitory
effects on hPIV-2 replication in vitro. Fucoidan,
sulfated polysaccharides extracted from the brown alga
Okinawa mozuku, inhibited hPIV-2 genome and protein
syntheses, owing to the inhibition of viral adsorption to
the cells (4). Bovine lactoferrin partially inhibited viral
genome and protein expression (5). Legume lectins
with different sugar binding specificities, concanavalin
A, lens culinaris agglutinin and peanut agglutinin, also
prevented hPIV-2 adsorption by binding to the specific
lectin receptors (6).

Glycyrrhizin is extracted from the roots of
Glycyrrhiza glabra and it has many biological and
pharmacological activities, such as anti-inflammatory
and anti-viral effects. Glycyrrhizin is a small molecule
with MW 823. Glycyrrhizin inhibits production of pro-
inflammatory cytokines (7,8). Anti-viral activities of
glycyrrhizin have been reported previously. For instance,
glycyrrhizin has inhibitory effects on HSN1 influenza A
virus (9), hepatitis C virus (HCV) (10,11), rotavirus (12)
and Kaposi's sarcoma-associated herpes virus (/3).

In the present investigation, glycyrrhizin was
tested for hPIV-2 replication. The number of viruses
released from infected cells cultured with glycyrrhizin
was determined. The effects of glycyrrhizin on actin
microfilaments were analyzed using rhodamine
phalloidin. Cell viability was determined by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. The effect of glycyrrhizin on
viral genome synthesis was examined: viral RNA was
prepared and analyzed by real-time polymerase chain
reaction (PCR) and PCR. The effect of glycyrrhizin
on mRNA synthesis was analyzed: cDNA was
synthesized using oligo dT primer, and PCR was
carried out. Viral protein syntheses were observed by
indirect immunofluorescence study using monoclonal
antibodies (mAbs) against NP, F and HN proteins
of hPIV-2 (14). The effect of glycyrrhizin on hPIV-
2-induced multinucleated giant cell formation was
analyzed using recombinant green fluorescence protein
expressing hPIV-2 without matrix protein (rhPIV-
2AMGFP) (6,15,16).

2. Materials and Methods
2.1. Glycyrrhizin

Glycyrrhizin (Cokey Systems, Matsusaka, Japan; more
than 75% pure) was dissolved at 20 mg/mL in 10 mM
phosphate buffered saline, pH 7.2 (PBS). The pH of
the solution was about 5, and was adjusted to 7.1-
7.2 by 1 M NaOH, and it was sterilized by filtration.
Glycyrrhizin was stored at — 20°C before use.

2.2. Virus and recombinant virus

The uses of the virus and recombinant virus were
approved by the Microbiology Biosafety Committee
and Recombinant DNA Biosafety Committee of Suzuka
University of Medical Science, respectively.

We used hPIV-2 (Toshiba strain) that causes visible
cell fusion. rhPIV-2AMGFP was constructed according
to the method described previously (6,15,16), and no
production of infectious virus particles without addition
of M protein gene in trans was ascertained (15,16). The
virus yield was about 1 x 10° TCID,/mL.

2.3. Cell line and cultivation of cells

LLCMK, cells (rhesus monkey kidney cell line) were
cultured in a flat-bottomed 24-well plate in 1 mL
culture medium. The culture medium was minimum
essential medium o (MEMa: Wako, Osaka, Japan),
supplemented with 2% fetal calf serum (FCS) and 0.1
mg/mL kanamycin. The cells were cultured at 37°C in a
humidified atmosphere with 5% CO,. After 3 days, the
cells became confluent (5 x 10° cells), and the medium
was changed to MEMa with 0.5% FCS and 0.1 mg/mL
kanamycin. Glycyrrhizin was added to the cells, and
after about 5 min, the cells were infected with hPTV-2
(about 1 x 10” TCIDs).

2.4. Cytopathogenic assay and MTT assay

Cell fusion was observed under a cell culture light
microscope at 4 days post infection. MTT assay was
carried out according to the manufacturer's method using
CellTiter 96 Aqueous One Solution Cell Proliferation
Assay (Promega, Tokyo, Japan) at 1 day and at 4 days
post addition of glycyrrhizin.

2.5. RNA preparation, cDNA synthesis and real time
PCR

RNA was extracted from the cells (2 x 10° cells)
cultured in a flat-bottomed 6-well plate using TRIZOL
reagent (Invitrogen, CA, USA) according to the
manufacturer's method at 4 days post infection. cDNA
was synthesized with 1 pg RNA using Reverse Tra
Ace qPCR RT Master Mix (TOYOBO, Osaka, Japan)
and NP gene specific primer (nucleotide number 1661-
1679: 5'-CAACATTCAATGAATCAGT-3"). Real-
time PCR was performed on the ABI PRISM 7700
Sequence Detection System (Life Technologies, Tokyo,
Japan) using TagMan Probe (1932-1956: 5'-FAM-
AAGCACCGGATTTCTAACCCGTCCG-TAMRA-3"),
forward primer (1851-1875: 5'-~ACACACTCATCCAG
ACAAATCAAAC-3"), and reverse primer (1958-1980:
5'-TGTGGAGGTTATCTGATCACGAA-3").

2.6. Detection of viral RNA

www.ddtjournal.com



Drug Discoveries & Therapeutics. 2017; 11(5):246-252. 243

cDNA was synthesized with 1 ug RNA using forward
primers for NP (nucleotide number 1,081-1,100:
5'-CATGGCCAAGTACATGGCTC-3"), F (5,821-
5,840: 5'-CCCTATCCCTGAATCACAAT-3") and HN
(7,741-7,760: 5'-ATTTCCTGTATATGGTGGTC-3") and
superscript II reverse transcriptase (Invitrogen), and PCR
was carried out with forward primers for NP (nucleotide
number 1,081-1,100), F (5,821-5,840) and HN (7,741-
7,760), and reverse primers for NP (1,466-1,489: 5'-CC
TCCGAGTATCGATTGGATTGAA-3"), F (6,661-6,681:
5'"TGTCACGAGACGTTACGGACA-3") and HN
(8,481-8,500: 5'-GAACTCCCCTAAAAGAGATG-3")
genes and Ex Taq (Takara, Shiga, Japan).

2.7. Detection of mRNA

cDNA was synthesized with 1 pg RNA using oligo
dT primer (S'-TTTTTTTTTTTTTTTTTTTT-3") and
superscript II reverse transcriptase (Invitrogen), and PCR
was carried out with forward primers for NP (nucleotide
number 1,081-1,100), F (5,821-5,840) and HN (7,741-
7,760), and reverse primers for NP (1,466-1,489), F
(6,661-6,681) and HN (8,481-8,500) genes and Ex Taq
(Takara).

2.8. Immunofluorescence study

Actin was detected using rhodamine phalloidin
(Invitrogen) at 1 day and 4 days of cultivation with
or without glycyrrhizin. All the following procedures
were carried out at 37°C, except for the microscopic
observation. The cells were fixed with 3.7%
formaldehyde solution in PBS for 10 min, washed with
PBS, were further incubated with 0.1% Triton X-100
in PBS for 3 min, and observed under a fluorescence
microscope (Olympus, Tokyo, Japan).

To detect virus proteins in the infected cells, the
cells were fixed with 3.7% formaldehyde solution
in PBS at room temperature for 10 min at 4 days of
cultivation. After washing with PBS, the cells were
further incubated with 0.1% Triton X-100 in PBS at
room temperature for 3 min, washed with PBS, and
incubated with mouse mAbs against NP, F and HN
proteins of hPTV-2 (/4) at room temperature for 30 min.
After washing with PBS, the cells were incubated with
Alexa 488 conjugated secondary antibody to mouse
IgGs (Invitrogen) at room temperature for 30 min, and
observed under a fluorescence microscope.

2.9. Observation of multinucleated giant cell

The cells were added with glycyrrhizin and after about
5 min they were infected with thPIV-2AMGEFP (1 x 10*
TCIDs,). After 4 days, the cells were washed with PBS
and fixed with 1.2% formaldehyde solution in PBS at
room temperature for 10 min, and observed under a
fluorescence microscope.

3. Results
3.1. Titration of virus released from the infected cells

The titers of virus released from the cells cultured with
and without glycyrrhizin at 4 days post infection were
determined. Glycyrrhizin inhibited dose-dependently
the virus release from the cells (Figure 1). Without
glycyrrhizin, the virus titer was about (1.9 + 0.7) x 10°
TCID,/mL (mean £ SEM of 3 independent experiments),
and with glycyrrhizin (3 mg/mL), it was less than 10
TCID,,/mL (results of 3 independent experiments).
Glycyrrhizin almost completely inhibited the virus
replication and the release of virus from the cells.

In the following experiments, 3 mg/mL of
glycyrrhizin was added to the cell culture.

3.2. The effect of glycyrrhizin on actin microfilaments
and cell viability

Glycyrrhizin was added to the cells, and actin
microfilaments were observed under a fluorescence
microscope at 1 day and 4 days of cultivation. Figures
2A and B show actin microfilaments at 1 day and 4 days,
respectively. As shown in Figure 2, glycyrrhizin did not
disrupt actin microfilaments at 1 day of culture (Figure
2C), but caused some damage at 4 days (Figure 2D). The
results indicated that glycyrrhizin did not cause severe
morphological change in the cells.

Cell viability was determined by MTT assay at 1
day and 4 days. Figure 3 shows that glycyrrhizin caused
some effect on the cell viability. About 20% of the cells
were not alive after the addition of glycyrrhizin at 1 day.

3.3. Viral genome RNA and mRNA syntheses

RNA was prepared from the infected cells at 4 days
post infection, and the viral genome RNA was analyzed

10’
10°
10°
10*
10°% oo
102 oo
107 proeees
10°

Virus Titer

0

Glycyrrhizin (mg/mL)

Figure 1. The effect of glycyrrhizin on the virus released
from the cells. Glycyrrhizin inhibited the virus release in a
dose-dependent manner.
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by real-time PCR. The relative copy number in the
glycyrrhizin-treated infected cells was about 0.033
compared with the copy number of the infected cells.
Viral genome RNAs of NP, F and HN were
analyzed using hPIV-2 specific primers by PCR (Figure
4). The number of base pairs between forward and
reverse primers of NP, F and HN genes was about 400,
860 and 760, respectively. Lane 1 (NP), 2 (F) and 3
(HN) were non-infected cells, and no visible bands
were observed. In the virus-infected cells, NP (lane 4),

Figure 2. The effect of glycyrrhizin on actin microfilaments
at 1 day and 4 days. The cells were cultured with and without
glycyrrhizin for 1 day and 4 days, and actin microfilaments
were stained with thodamine phalloidin. Figure 2 shows actin
microfilaments of LLCMK, cells cultured without glycyrrhizin
for 1 day (A) and 4 days (B), and those of the cells cultured
with glycyrrhizin for 1 day (C) and 4 days (D). (bar: 50 pum).
Glycyrrhizin did not cause severe morphological change in the
cells.
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Figure 4. Viral genome RNA synthesis was inhibited by
glycyrrhizin. Lane M: marker (base pair), lanes 1 (NP), 2
(F) and 3 (HN): non-infected cells, lanes 4 (NP), 5 (F) and 6
(HN): hPIV-2 infected cells, lanes 7 (NP), 8 (F) and 9 (HN):
hPIV-2 infected cells cultured with glycyrrhizin. No visible
bands were observed in lanes, 7, 8 and 9. The results were the
same as those of real-time PCR, indicating that glycyrrhizin
inhibited viral genome synthesis.

F (lane 5) and HN (lane 6) genes were clearly detected.
In the glycyrrhizin-treated infected cells, NP (lane 7),
F (lane 8) and HN (lane 9) gene syntheses were almost
completely inhibited.

In the following experiment, mRNA synthesis was
analyzed. cDNA was synthesized using oligo dT primer,
and PCR was carried out using hPIV-2 specific primers.
Figure 5 shows that in non-infected cells, no bands
were detected, and NP (lane 4), F (lane 5) and HN (lane
6) mRNAs were detected in the virus-infected cells.

A B

1 day 4 days

120

p < 0.001 n.s.

=

100

80%
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i

40

Normalized cell viability (%)

20
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0

Glycyrrhizin Control Glycyrrhizin Control

Figure 3. Cell viability determined by MTT assay at 1
day and 4 days. The cells were cultured with and without
glycyrrhizin for 1 day (A) and 4 days (B). Glycyrrhizin caused
a slight effect on the cell viability at 1 day (A).
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Figure 5. Viral mRNA synthesis was largely inhibited by
glycyrrhizin. cDNA was synthesized using oligo dT primer
and PCR was carried out using NP, F and HN specific primers.
Lane M: marker (base pair), lanes 1 (NP), 2 (F) and 3 (HN):
non-infected cells, lanes 4 (NP), 5 (F) and 6 (HN): hPIV-2
infected cells, lanes 7 (NP), 8 (F) and 9 (HN): hPIV-2 infected
cells cultured with glycyrrhizin. In lane 7, 8 and 9, slight bands
were seen. Glycyrrhizin largely inhibited mRNA synthesis.
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Glycyrrhizin

Figure 6. Glycyrrhizin inhibited the expression of NP, F and HN proteins of hPIV-2. The expression of NP (A), F (B) and HN
(C) proteins of hPIV-2 infected cells. A small number of cells had fluorescence, indicating that glycyrrhizin largely inhibited the

expression of NP (D), F (E) and HN (F) proteins. (bar: 50 um).

But mRNAs were only slightly seen in the glycyrrhizin-
treated infected cells (NP: lane 7, F: lane 8 and HN:
lane 9). These results show that glycyrrhizin largely
inhibited the transcription of NP, F and HN genes.

3.4. Viral protein synthesis

Viral protein synthesis was analyzed by indirect
immunofluorescence study using mAbs against hPIV-
2. Glycyrrhizin was added to the cells, and they were
infected with hPIV-2. At 4 days post infection, the
cells were fixed, stained with the mAbs and secondary
antibody. Figures 6A, B and C show the NP, F and
HN protein expression in hPIV-2 infected cells,
respectively. Non-infected cells had no fluorescence
of the proteins (data not shown). In hPIV-2 infected
cells, NP, F and HN proteins were observed in almost
all the cells: NP protein was observed in many strong
fluorescent dots mainly in the cytoplasm; F and HN
proteins were in small dots in the cytoplasm and on the
cell surface. In glycyrrhizin-treated infected cells, a few
cells had fluorescence, indicating that the syntheses
of NP (Figure 6D), F (Figure 6E), and HN (Figure
6F) proteins were almost completely inhibited by
glycyrrhizin. As shown in Figure 5, mRNA was only
slightly detected in glycyrrhizin-treated infected cells.
Therefore, it was suggested that the protein synthesis
inhibition by glycyrrhizin was caused by the inhibition
of transcription.

3.5. The effect of glycyrrhizin on multinucleated giant
cell formation

The above results showed that glycyrrhizin inhibited
viral genome RNA synthesis and consequently
inhibited mRNA and protein syntheses. In the following
experiment, we determined the effect of glycyrrhizin on

Glycyrrhizin

Figure 7. The effect of glycyrrhizin on rhPIV-2AMGFP
replication. The cells were infected with thPIV-2AMGFP and
cultured for 4 days (A), the thPIV-2AMGFP infected cells were
cultured with glycyrrhizin for 4 days (B). Figure 7B shows
that there are a few fluorescent cells with single nucleus, but
there were no multinucleated giant cells, indicating that cell-
cell spreading of hPIV-2 was inhibited due to insufficient
expression of F and HN proteins. (bar: 50 um).

the formation of multinucleated giant cells using rhPTV-
2AMGFP (Figure 7). Figure 7A is rthPIV-2AMGFP
infected cells at 4 days and there were multinucleated
giant cells with strong fluorescence. In non-infected
cells, there were no giant cells or fluorescent cells (data
not shown). Figure 7B shows that a few fluorescent
cells with single nucleus were observed in the infected
cells cultured with glycyrrhizin. The results indicate
that glycyrrhizin blocked giant cell formation by the
inhibition of F and HN protein expressions.

4. Discussion

The present study showed that glycyrrhizin had an
inhibitory effect on hPIV-2 replication in LLCMK,
cells mainly by the inhibition of viral genome RNA and
mRNA syntheses.

It was reported that glycyrrhizin has anti-human
immunodeficiency virus activity by inhibiting virus
replication by interfering with virus to cell binding
(17). Glycyrrhizin also exhibited anti-HCV activity
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by the inhibition of the expression of HCV core gene
when combined with interferon (/0). Matsumoto et
al. (15) also reported that glycyrrhizin inhibited the
release of infectious HCV particles due to the inhibition
of phospholipase A2. Hardy et al. (12) also reported
glycyrrhizin primary metabolite 18B-glycyrrhetinic
acid reduced rotavirus yield by 99% when added to
infected cell culture post virus adsorption, occurring at
a step or steps subsequent to virus entry. In addition,
glycyrrhizin inhibited respiratory viruses such as
respiratory syncytial virus (RSV) mainly by preventing
viral attachments (/8), and severe acute respiratory
syndrome corona virus by affecting many cellular
signaling pathways, but the real mechanism is unclear
(19). Glycyrrhizin was shown to inhibit HSN1 influenza
virus replication and also caused anti-inflammatory
responses, indicating that glycyrrhizin is beneficial
for treatment of H5N1 virus (9). Wang et al. showed
that glycyrrhizin directly inactivated coxsackievirus
A16, but its inhibitory effect on enterovirus 71 was
associated with an event(s) post virus entry (20).
However, the effects of glycyrrhizin on parainfluenza
virus, which causes respiratory infection, have not been
reported. The present investigation is the first report on
the inhibitory effect of glycyrrhizin on parainfluenza
virus replication.

Glycyrrhizin did not cause morphological change of
actin microfilaments at 1 day of culture but caused some
damage at 4 days. Cytoskeleton was reported to have
an important role in paramyxovirus replication. Actin
microfilaments are important in the hPIV-3 life cycle,
specifically at the level of viral transport and replication
(21). The results indicate that the inhibitory effect of
glycyrrhizin on hPIV-2 replication was in part caused by
the slight disruption of actin microfilaments at 4 days.
MTT assay shows that about 20% of the cells were not
alive at 1st day after the addition of glycyrrhizin without
virus infection. There is some discrepancy between the
actin morphology and cell viability.

Almost no virus was released into the culture
medium from glycyrrhizin-treated cells infected with
hPIV-2. Viral genome RNA was not detected in the
glycyrrhizin-treated infected cells. As the viral genome
RNA and mRNA syntheses were inhibited, syntheses
of viral proteins were suppressed, consequently cell-
cell spreading of hPIV-2 and giant cell formation were
inhibited due to insufficient expression of F and HN
proteins.

Ribavirin, a drug, which is effective on both DNA
and RNA viruses, also inhibits hPIV-2 replication in
vitro (22). Ribavirin aerosol (20 mg/mL) was effective in
the treatment of viral pneumonia caused by hPIV-3 and
RSV in severe combined immunodeficiency disease of
two boys (23). Thus, the aerosol method may be useful
for the treatment of hPIV-2 by glycyrrhizin, because its
optimal concentration in vitro is high (3 mg/mL).

In summary, the present investigation reported that

glycyrrhizin, one of the important components of herbal
medicines, inhibited hPIV-2 replication in LLCMK,
cells by the inhibition of viral genome RNA, mRNA
and protein syntheses, resulting in the inhibition of
giant cell formation and viral release from the infected
cells into the culture medium. Herbal medicines
containing glycyrrhizin or glycyrrhizin may become
useful drugs for the treatment of viruses that infect the
respiratory tract, such as hPIV and RSV.
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Summary

Various generic transdermal formulations of tulobuterol containing rubber and acrylate
base polymers are commercially available in Japan. However, none of the formulations
have been compared directly with respect to the skin permeability of tulobuterol and to
their follow ability. Tulobuterol Tape Sawai of rubber base and Tulobuterol Tape NP of
acrylate base were used to conduct the in vitro 24-hour skin permeability test of tulobuterol
at receiver solution temperatures of 32°C, 37°C, and 40°C. Furthermore, the followability
of these tapes were examined by measuring the depth of the pores that were formed in
their adhesive layer. Consequently, the maximum flux of tulobuterol was greater for
Tulobuterol Tape NP. Arrhenius plot analysis revealed that Tulobuterol Tape Sawai was
more sensitive to skin surface temperature compared with Tulobuterol Tape NP. Skin
abrasion had a greater effect on the skin permeability of tulobuterol in Tulobuterol Tape
Sawai than in Tulobuterol Tape NP. Followability was greater for Tulobuterol Tape NP
than for Tulobuterol Tape Sawai. These results suggest that a transdermal formulation of
acrylate base is preferable to that with a rubber base when skin surface temperature varies
or when the skin is abraded. In clinical settings, therefore, a formulation of acrylate base is
preferable to a formulation of rubber base when skin surface temperature varies or when
the skin is abraded. The formulation needs to be applied to the skin of less asperity for the
achievement of better transdermal absorption of tulobuterol.

Keywords: Tulobuterol, transdermal, rubber base, acrylate base, intact skin, abraded skin

1. Introduction

Various transdermal formulations of tulobuterol,
including the pioneer transdermal patch, Hokunalin®,
are commercially available in Japan (Table 1).
Hokunalin® contains a rubber base polymer, in which
only a small portion of tulobuterol is dissolved and
most of the drug crystals is suspended in the adhesive
layer. Thus, the concentration of tulobuterol dissolved
in the layer is thus kept constant by a mechanism called
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the "crystal reservoir system (CRS)" that enables the
stable release of tulobuterol from the formulation across
the skin (/,2). In generic transdermal formulations, on
the other hand, tulobuterol is dissolved in two types of
base polymers (i.e., rubber and acrylate; Table 1).

Previous studies compared the skin permeability of
tulobuterol between the pioneer and generic products
(1-3). In an in vitro hairless mouse skin permeability
test, the difference in permeability between the intact
and abraded skin was smaller in the pioneer than
generic products, suggesting that the drug release
across the skin is well controlled by the CRS and that
generic drugs were more prone to be influenced by skin
abrasion.

The skin permeability of tulobuterol has not been
compared directly among generic products of different
base polymers. The rubber base polymers contain
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Table 1. Characteristics of the transdermal formulations of tulobuterol commercially available in Japan

Approval year Manufacturer Product name Base polymer
1998 Abbott Japan Co., Ltd. Hokunalin® PIB
2006 Sawai Pharmaceutical Co., Ltd. Tulobuterol Tape Sawai SIS
Nichi-Iko Pharmaceutical Co., Ltd. Tulobuterol Tape Nichi-Iko
Yutoku Pharmaceutical Ind. Co., Ltd. Tulobuten Tape
Hisamitsu Pharmaceutical Co., Inc. Tulobuterol Tape HMT Acrylate
Towa Pharmaceutical Co., Ltd. Sekinarin Tape
Takata Pharmaceutical Co., Ltd. Tulobuterol Tape Takata
2007 Ohara Pharmaceutical Co., Ltd. Tulobuterol Tape Ohara SIS
Teikoku Seiyaku Co., Ltd. Tulobuterol Tape Teikoku
Medisa Shinyaku Inc. Tulobuterol Tape MED
2008 Shiono Chemical Co., Ltd. Tulobuterol Tape SN SIS
2009 Nipro Corporation Tulobuterol Tape NP Acrylate

PIB, polyisobutylene; SIS, styrene-isoprene-styrene.

nonpolar functional groups, while acrylate base
polymers contain polar functional groups (e.g., amido).
The polar functional groups of acrylate base polymers
interact with the polar functional groups (e.g., hydroxyl
groups) of drugs, resulting in retention of drugs in
base polymers (4,5). Hence, the skin permeability of
tulobuterol that has the hydroxyl group may be affected
by the polarity of base polymers.

Morimoto et al. conducted the release test of drugs
containing the amido, carboxyl, or ester group into the
40% aqueous solution of polyethyleneglycol (PEG)
at 37°C; they calculated the distribution coefficients
(logD), glass-transition temperature (Tg), and
wavelength of the hydroxyl group and reported the
amido group, amino group, carboxyl group, and ester
group in decreasing order of the interactions of the
function groups with base polymers (4,5).

Kato et al. prepared the transdermal formulations
of tulobuterol containing gum, silicon, or acrylate
polymers to examine the 24-hour releasability of the
drug across rabbit skin (/). Consequently, they reported
gum base, silicon base, and acrylate base in decreasing
order of drug releasability. These findings led us to
hypothesize that drug releasability would be controlled
by base polymers, and we conducted an in vitro hairless
mouse skin permeability test to confirm our hypothesis.

Transdermal formulations, also called pressure-
sensitive agents (PSAs), acquire adhesion between
the skin and their adhesive layer by applying a slight
pressure when attached to the skin. Transdermal
formulations are endowed with the function of PSAs by
selecting base polymers with a low Tg to exert adhesion
or by adding a tackifier at skin surface temperature (6,7).

Tojo et al. reported lower elasticity and greater
peeling strength in association with the lower Tg of
acrylate base polymers (3). Furthermore, Zhao et al.
added isopropyl myristate to the acrylate adhesive
to decreases Tg and degree of elasticity (G') and to
increase tack adhesiveness (8).

Another important index of base polymers for the
transdermal formulations is followability that enables

close contact between the formulation and the skin
surface (6). In the present study, we examined the skin
permeability of tulobuterol in and the followability of
two tulobuterol tapes.

2. Materials and Methods
2.1. Materials, animals, and devices

Tulobuterol Tape Sawai (2 mg; 32 x 32 mm, Sawai
Pharmaceutical Co., Ltd., Osaka, Japan) and Tulobuterol
Tape NP (2 mg; 32 x 32 mm, Nipro Corporation, Osaka,
Japan) were purchased from the market.

Male Hos:HR-1 hairless mice aged 7-8 weeks (17-
25 g in body weight) were purchased from Japan SLC
Co., Inc. (Shizuoka, Japan). Animals were handled
in accordance with the rules established by the
Institutional Animal Care and Use Committee at Josai
International University.

In an in vitro 24-hour hairless mouse skin
permeability test of tulobuterol, a vertical diffusion cell
(LGA-1084-CL, Laboratory Glass Apparatus, Berkeley,
CA) was used to diffuse tulobuterol across the resected
hairless mouse skin and an autosampler (FOXY200,
Nikkaki Bios Co., Ltd., Tokyo, Japan) to collect the
sample solution.

2.2. In vitro 24-hour hairless mouse skin permeability
test of tulobuterol

The skin was resected from mice after cervical
dislocation. The resected skin was inverted to remove
subcutaneous fat, followed by standing of the dermis
placed downward onto the filter paper that was
impregnated with saline.

Tulobuterol Tape Sawai and Tulobuterol Tape NP
were punched out into 15 round pieces of 24 mm in
diameter, and the protective liner was peeled off and then
attached to the resected skin. Test material was set onto
the vertical diffusion cell, and the upper and lower rims
of the cell were fixed with a metallic pinch clamp. The
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interior of the cell was filled with the receiver solution
(40% PEG 400 [NOF Corporation, Tokyo, Japan]) to
remove air bubbles, followed by passage through the
cell at a rate of 10 mL/h. Aliquots of the solution were
collected every 2 h up to 24 h. Subsequently, 500 pL of
the internal reference solution (760 pg/mL celecoxib,
Edmond Pharma, Paderno Dugnano, Italy) were mixed
with 400 pL of the sample solution, and an ultra-
performance liquid chromatograph (Nihon Waters Co.,
Ltd., Tokyo, Japan) with a ODS C18 column (2.1 x 50
mm; detection wavelength: 215 nm; column temperature
at measurement: 40°C; and injection volume of sample:
5 pL) was used to measure the tulobuterol concentration.
Tulobuterol (Shiono Chemical Co., Ltd., Tokyo, Japan)
was used as reference standard and celecoxib as internal
standard. The flow rate for the mobile phase (0.5%
phosphoric acid [Wako Pure Chemical Industries Ltd.,
Osaka, Japan], 0.01 M sodium dodecyl sulfate [Wako
Pure Chemical Industries], and 55% acetonitrile [Wako
Pure Chemical Industries]) was 5.0 mL/min (3). In
consideration of clinical application, the temperature of
the receiver solution was varied from the skin surface
temperature, 32°C to the temperature at the time of
taking a sauna or bath, 40°C (9).

The flux was calculated based on the ratio of
tulobuterol in the reference standard solution to that
in the internal standard, and the Flux (pg/cm’/h) and
maximum flux values (Jmar) were calculated according
to the following equation (/0):

Flux = (VdC/dy)/A

where, C: drug concentration in the sample, t:
measurement time (hr), V: volume (mL) of the receiver
in the sample, and A: effective diffusion area (cm”).

2.3. Preparation of the abraded skin and measurement
of water content in the skin surface

The resected skin was placed onto an aluminum tray,
followed by the stripping of the stratum corneum (SC)
7 times with Scotch Brand BookTape 845 (3M Japan
Co., Ltd., Tokyo, Japan) as described previously (9). A
water content meter (Corneometer” CM 825; Courage
+ Khazaka Electronic GmbH, Cologne, Germany) was
used to measure water content in the skin surface. The
probe was cleaned with absorbent cotton impregnated
with ethanol before application onto the skin surface.
Water content in the skin surface was measured six times
to calculate the mean value.

2.4. Followability test of 2 transdermal formulations

At a room temperature of 25°C, a sandpaper (Fuji Star
#120, Sankyo Rikagaku Co., Ltd., Saitama, Japan) was
cut into 2 sheets (3 x 4 cm in size), and each sheet was
placed on a table, with the grinding surface upward.

Subsequently, the adhesive surface of the sample was
applied to the grinding surface of the sandpaper, a sheet
of paper towel (Kim Towel®, Nippon Paper Crecia Co.,
Ltd., Tokyo, Japan) was put onto each sample, and a 1-kg
cylinder weight was then placed onto the sample for 1
min. Subsequently, the weight, the paper towel, and the
sandpaper were removed, and a laser microscope (LS-
5040, Keyence Co., Ltd., Osaka, Japan) was used to
measure the depth of the pores that were formed in the
adhesive layer of the examined tapes.

2.5. Statistical analysis

Welch's ¢-test was conducted to test differences in
flux between the intact and abraded skin in the skin
permeability test of tulobuterol and differences in pore
depth before and after treatment in the followability
test by using Microsoft Excel for windows (Microsoft,
Tokyo, Japan). A value of p < 0.05 was considered
statistically significant. All values are expressed as
mean = SE.

3. Results
3.1. Skin permeability of tulobuterol at 3 temperatures

Tulobuterol Tape Sawai and Tulobuterol Tape NP
have rubber and acrylate base polymers, respectively.
Time-course changes in the Flux of tulobuterol from
both formulations at 32°C, 37°C, and 40°C are shown
in Figure 1. At all temperatures, the Juar values were
higher in Tulobuterol Tape NP than in Tulobuterol
Tape Sawai. Both formulations showed an increase in
Jmax In association with temperature elevations (Figure
1). Tulobuterol Tape Sawai exhibited a greater rate
of increase than did Tulobuterol Tape NP (Table 2).
Namely, the Jumax of Tulobuterol Tape Sawai increased
1.19- and 1.29-fold at 37°C and 40°C, respectively,
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Figure 1. Time-course changes in J at various receiver
solution temperatures. The F/ux of tulobuterol released
from Tulobuterol Tape Sawai and Tulobuterol Tape NP was
determined at 32°C (a), 37°C (b), and 40°C (c). Values are
expressed as mean + SE (n = 3). SE, standard error.
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Table 2. Jumax values of tulobuterol in tulobuterol Tape Sawai and tulobuterol Tape NP in an in vitro, 24-hour hairless

mouse skin permeability test

Items Juar (ng/cm’/h), Tulobuterol Tape Sawai (1 = 3) Juar (ng/ecm’/h), Tulobuterol Tape NP (1 = 3)
Temperature
32°C 1437+ 0.29 23.34+0.52

37°C (vs. 32°C)
40°C (vs. 32°C)
Skin
Intact skin
Abraded skin (vs. intact skin)

10.73 £0.99

17.10 % 0.19 (1.19 fold)
18.50 + 2.28 (1.29 fold)

15.66 % 0.40 (1.46 fold)

21.07 +0.33 (0.90 fold)
24.99 + 0.33 (1.07 fold)

22.44+0.76
28.94 £ 0.11 (1.29 fold)

Values are expressed as mean = SE. SE, standard error. Jyar, maximum value of flux.

11 & ¥=-160.74 x + 1.6
: R*=0.06
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K

Figure 2. Arrhenius plot analysis on the skin permeability
of tulobuterol. The natural logarithms of Jue of the skin
permeability of tulobuterol in Tulobuterol Tape Sawai and
Tulobuterol Tape NP were plotted against the inverse of skin
surface temperature to depict linear approximations of skin
permeability. In, skin permeation; Jmer, maximum flux; K, skin
surface temperature.

against at 32°C. On the other hand, the Jwax of
Tulobuterol Tape NP increased 0.09- and 1.07-fold at
37°C and 40°C, respectively, against at 32°C. Arrhenius
plot analysis disclosed a steeper slope by linear
approximations for Tulobuterol Tape Sawai compared
to Tulobuterol Tape NP (Figure 2), suggesting that the
former is more prone to be influenced by skin surface
temperature.

3.2. Skin permeability of tulobuterol across the intact
and abraded skin

The J values of tulobuterol in the intact and abraded
skin at 32°C were compared between Tulobuterol Tape
Sawai and Tulobuterol Tape NP (Figure 3). Namely, the
Jnae Of tulobuterol in Tulobuterol Tape Sawai increased
1.46-fold in the abraded skin against the intact skin,
while that of Tulobuterol Tape NP increased 1.29-fold
(Table 2).

Water content of the skin was measured because of
its importance for skin permeability. The water contents
of the intact (n = 6) and abraded (n = 6) skin were
26.83 £ 10.72 a.u. and 75.5 £+ 8.5 a.u., respectively.
A statistically significant difference (p < 0.05) was
found between these two types of skin, indicating that
the water content of the abraded skin had increased
as a consequence of SC stripping. In the test using
Tulobuterol Tape Sawai, a statistically significant
difference (p < 0.05) was found in the water contents of
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Figure 3. Time-course changes in flux with intact and

abraded skin. The flux of tulobuterol from Tulobuterol Tape

NP (a) and Tulobuterol Tape Sawai (b) was determined at 32°C

in intact or abraded skin. Values are expressed as mean + SE (n

=3). *p <0.05 (Welch's t-test). SE, standard error.

Tulobuterol Tape NP Tulobuterol Tape Sawai
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Figure 4. Followability test. Tulobuterol Tape Sawai and
Tulobuterol Tape NP were placed on sandpapers. 1 min later,
the sandpaper was removed to measure the depth of 6 pores
with a laser microscope. Values are expressed as mean + SE (n
=6). p <0.05 (Welch's ¢-test). SE, standard error.

the intact and abraded skin (32.3 + 13.1 a.u. and 77.5
+ 10.1 a.u., respectively). In the test using Tulobuterol
Tape NP, a statistically significant difference (p <
0.05) was also found in the water contents of the intact
and abraded skin (26.5 + 8.6 a.u. and 75.2 £ 11.9 a.u.,
respectively).

3.3. Followability test of 2 transdermal formulations

A statistically significant difference (p < 0.05) was
found in the depths of the pores that had been formed
in the adhesive layer of Tulobuterol Tape Sawai and
Tulobuterol Tape NP (33.9 £ 4.6 um and 78.0 + 8.5 um,
respectively). This result suggests that followability is
greater for Tulobuterol Tape NP than for Tulobuterol
Tape Sawai (Figure 4).
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4. Discussion

Tulobuterol containing the hydroxyl group in its
molecule interacts with the polar function group of
the acrylate base polymer with the amido group, while
Tulobuterol Tape Sawai with a rubber base that does
not contain the polar function groups exhibits no such
interaction. Kato et al. conducted a 24-hour rabbit
skin releasability test of the transdermal formulations
of tulobuterol of gum, silicon, and acrylate bases and
reported gum base, silicon base, and acrylate base in
decreasing order of drug releasability (/). Furthermore,
Kokubo et al. prepared the transdermal formulations of
dipropylphthalate, ketoprofen, ampicillin, and lidocaine
that contained acrylate, gum, and silicon base polymers
to examine drug releasability (/7). Consequently, they
reported no effect of gum and silicon base polymers on
drug releasability and a decrease in drug releasability
in the transdermal formulations of acrylate base due
to the interactions of carboxyl group-containing
drugs and acrylate base polymers. Therefore, the skin
permeability of tulobuterol was predicted to be greater
in Tulobuterol Tape Sawai. Surprisingly, however,
the skin permeability of tulobuterol was greater for
Tulobuterol Tape NP than for Tulobuterol Tape Sawai;
the result was probably attributable to the greater
followability of Tulobuterol Tape NP compared with
Tulobuterol Tape Sawai.

The skin permeability of tulobuterol in both
Tulobuterol Tape Sawai and Tulobuterol Tape NP
increased in association with elevations in receiver
solution temperature. Similar results were obtained in
an in vitro skin permeability test of nonsteroidal anti-
inflammatory drugs in the transdermal formulations
of rubber base (/2). Drug solubility into the skin
increased exponentially in association with elevations
in receiver solution temperatures, resulting in higher
skin permeability at higher temperatures (/2,13). We
speculate that a similar mechanism is responsible for
higher skin permeability at higher receiver solution
temperatures in the present study. Arrhenius plots
analysis suggested that Tulobuterol Tape Sawai is
more sensitive to changes in skin surface temperature
compared to Tulobuterol Tape NP. The interaction of
the polar functional groups of acrylate base polymers
with tulobuterol probably reduces the skin permeability
of tulobuterol at 37°C and 40°C where the skin
permeability of tulobuterol is increased.

The skin is composed of the epidermis containing
the stratum corneum (SC) and dermis. The SC is a
biobarrier that prevents water evaporation and the
penetration of foreign matter from the exterior into the
body and also functions as a biomembrane that controls
drug diffusion into the skin (/4-17). Both Tulobuterol
Tape Sawai and Tulobuterol Tape NP showed a higher
Jmar in abraded skin than in intact skin. We consider
that these findings are attributable to the fact that the

thinner SC of the abraded skin lost its function as the
drug release-controlling membrane. Furthermore, the
increase rate of Jwer in the abraded skin was higher for
Tulobuterol Tape Sawai than for Tulobuterol Tape NP.
Again, we speculate that the interaction of the polar
functional groups of the acrylate base with tulobuterol
inhibits the skin permeability of tulobuterol which is
enhanced by skin abrasion.

The followability of Tulobuterol Tape NP was
greater compared with Tulobuterol Tape Sawali,
suggesting that the former is more flexible than the
latter. The skin surface has asperity. The transdermal
formulations of drugs that do not follow the asperity
produce a less effective area of contact between the
adhesive surface and the skin and cause concerns about
a decrease in the skin absorbability of the drugs.

Miyazaki et al. used the transdermal formulations
of acrylate base with different storage elastic moduli
to examine the relationships between the followability
of the formulations and the severity of SC detachment
(6). Consequently, they reported the better followability
to skin surface asperity with respect to the transdermal
formulations of adhesive bases that had lower
storage elastic moduli and that these formulations
homogeneously detached the SC. Tojo et al. reported
lower storage elastic moduli and greater peeling
strengths in acrylate base polymers with lower Tg
values (7). Thus, in general, base polymers with a lower
Tg value and/or a lower storage elastic modulus exhibit
greater followability at skin surface temperature (6-8).

Tulobuterol Tape Sawai has styrene-isoprene-
styrene (SIS) block copolymers that contain
polyisoprene as a soft segment and polystyrene as a
hard segment. On the other hand, Tulobuterol Tape
NP has acrylate 2-ethylhexyl as a soft segment and
diacetone-acrylamide, acetoacetoxyethyl methacrylate,
and methyl methacrylate copolymers as a hard
segment (/8-20). SIS block copolymers, which
contain polystyrene, have a higher Tg compared with
diacetone-acrylamide, acetoacetoxyethyl methacrylate,
and methyl methacrylate copolymers; therefore,
Tulobuterol Tape Sawai would have a higher Tg
compared with Tulobuterol Tape NP, resulting in lower
followability.

In conclusion, a formulation of acrylate base is
clinically preferable to a formulation of rubber base
when skin surface temperature varies or when the skin
is abraded. The formulation needs to be applied to
the skin of less asperity for the achievement of better
transdermal absorption of tulobuterol.
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Summary

Invertebrate infection models that can be evaluated at human body temperature are limited.
In this study, we utilized the two-spotted cricket, a heat-tolerant insect, as an animal infection
model of human pathogenic fungi. Injection of human pathogenic fungi, including Candida
albicans, Candida glabrata, and Cryptococcus neoformans killed crickets within 48 h at both
27°C and 37°C. The median lethal dose values (LD, values) of C. albicans and C. glabrata
against crickets were decreased at 37°C compared to that at 27°C, whereas the LD, value of C.
neoformans was not different between 27°C and 37°C. Heat-killed cells of the three different
fungi also Killed crickets, but the LD;, value of the heat-killed cells was higher than 5-fold
that of live fungal cells in the respective species. C. neoformans gene-knockout strains of cnal,
gpal, and pkal, which are required for virulence in mammals, had greater LD, values than
the parent strain in crickets. These findings suggest that the two-spotted cricket is a valuable
infection model of human pathogenic fungi that can be used to evaluate fungal virulence
at variable temperatures, including 37°C, and that the killing abilities of C. albicans and C.

glabrata against animals are increased at 37°C.

Keywords: Cricket, animal infection model, temperature, virulence, human pathogenic fungi

1. Introduction

Human pathogenic fungi such as Candida albicans,
Candida glabrata, and Cryptococcus neoformans cause
superficial infections in the skin and oral cavity as well
as deep infections in organs such as the lung and brain.
Immunocompromised patients, such as those with
AIDS and cancer, are especially susceptible to lethal
fungal infection (/-4). Because fungi are eukaryotes,
limited numbers of antifungal drugs are available and
thus novel antifungal drugs are desired. To develop
new antifungal drugs, it is important to understand the
molecular mechanisms of fungal infectious processes
using an animal infection model and to identify new drug
targets. Many mammalian pathogens including fungi
are assumed to detect an increase in the environmental
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temperature as information regarding the host
environment (5). At 37°C, the human body temperature,
C. albicans modulates its nucleosome structure with
temperature-induced transcription factors to accomplish
physiologic alterations that enhance virulence, such
as hyphae formation (6,7). To clarify the significance
of such temperature-dependent processes for fungal
infectious processes, it is essential to utilize animal
infection models at both low and high temperatures.
Animal models of infection that can withstand
both low and high temperatures, however, are scarce.
Mammals such as mice and rabbits have been used to
evaluate fungal virulence properties in various organs,
including the skin (8), lung (9), stomach (/0), oral cavity
(11), urethral tube (/2), and vagina (/3). Mammals are
homeothermic animals, however, and cannot be used to
evaluate fungal virulence at low temperatures. Many non-
mammalian animals have been used as animal models
of fungal infection to overcome the ethical and cost-
related issues associated with mammalian model animals
(14,15); a vertebrate model such as zebra fish (/6), and
invertebrate models such as nematode (Caenorhabditis
elegans) (17), fruit fly (Drosophila melanogaster)
(18), silkworm (Bombyx mori) (19,20), and the greater
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wax moth larva (Galleria mellonella) (21,22). The
heterothermic characteristics of zebra fish were used
to evaluate fungal virulence at a high temperature of
33°C (23,24). The applicability of this model at 37°C,
however, is not known. The nematode C. elegans and
the fruit fly D. melanogaster cannot survive at 37°C.
Silkworms and the greater wax moth larva can be used
as animal infection models at 37°C (25-27), but their
infection sensitivities to fungi are drastically increased
at 37°C compared to that at a lower temperature (/9,28-
31). The increased infection sensitivity of these insects at
37°C is considered to be due to damage to the immune
system at a high temperature (32-34).

We focused on the two-spotted cricket, Gryllus
bimaculatus, an Orthopteran insect that is distributed
across tropical and subtropical regions in the world, to
investigate the effects of temperature on the infectious
processes of human pathogens. The two-spotted cricket
develops from nymph to adult at a wide range of
temperatures, from 19°C to 37°C (35,36). We previously
reported that the two-spotted cricket is infected
and killed by human pathogenic bacteria, including
Staphylococcus aureus, Pseudomonas aeruginosa,
and Listeria monocytogenes (37). The infection
sensitivity of the two-spotted cricket to S. aureus and P,
aeruginosa does not differ between 27°C and 37°C, but
the infection sensitivity to L. monocytogenes is higher
at 37°C than at 27°C (37). Thus, the two-spotted cricket
does not generally increase the infection sensitivity to
pathogens at 37°C, and is an animal infection model
that can be used to evaluate the effect of temperature
on infectious processes without perturbing host system
to identify the temperature-dependent virulence
mechanisms of specific pathogens. In addition, the two-
spotted cricket is available at a low price throughout
the world, because crickets are cultured as food for
amphibians and reptiles. The body size of the cricket is
appropriate for injecting accurate amounts of samples
and to quantitatively evaluate the virulence properties of
pathogens by determining the median lethal dose (LDs)
value (37). In this study, we examined the virulence
properties of human pathogenic fungi, including C.
albicans, C. glabrata, and C. neoformans, using the
cricket infection model at 27°C and 37°C. The findings
revealed that the two-spotted cricket can be used as an
animal infection model of human pathogenic fungi,
and that C. albicans and C. glabrata exhibit increased
killing abilities against crickets at a high temperature.

2. Materials and Methods

2.1. Crickets

Two-spotted crickets in the final nymph stage were
purchased from Tsukiyono Farm (Tone-gun, Gunma,

Japan) and raised to adults by feeding them water and
food at 27°C, as previously reported (38,39). Briefly,

Table 1. Fungal strains used in this study

Strain Genotypes and Characteristics ~ Ref.
Candida albicans
ATCC10231 Serotype A (56)
Candida glabrata
CBS138 ATCC2001 57)
Cryptococcus neoformans
H99 Serotype A, clinical isolate (58)
Acna H99, cnal::ade2, mata (43)
Agpal H99, gpal:: ade2, mata (45)
Apkal H99, pkal:: ade2, mato (47)

100 crickets were kept in a plastic cage (W320 x L170
x H210) with food 'Koorogi-food' (Tsukiyono-Farm),
wet paper towel, and paper egg trays. Adult crickets
within 1 week after eclosion were used for the infection
experiments.

2.2. Fungal strains and culture conditions

Fungal strains, including C. albicans, C. glabrata,
C. neoformans, and the gene-knockout strains of C.
neoformans, which were stocked at -80°C, were streaked
on YPD agar plates and cultured overnight at 30°C. A
single colony of each strain was inoculated into 30 ml
of YPD liquid medium in a 225-mL conical tube (cat.
no. 352075, BD Falcon, Bedford, MA) and aerobically
cultured overnight by shaking at 150 rpm (BR-3000LF,
TAITEC co., Itd., Koshigaya, Saitama, Japan) at 30°C.
The details of the fungal strains used in this study are
listed in Table 1.

2.3. Infection experiments using crickets

Overnight fungal cultures were centrifuged at 5,000
g for 6 min and the precipitated cells were suspended
in saline. The fungal cell solution was serially diluted
with saline. Crickets were injected with 50 pL of fungal
solution via an intra-hemolymph route from the ventral
abdominal region using a 1-mL syringe equipped
with a 30 gauge-needle, as previously reported (37).
The injected crickets (n = 5/group) were maintained
in a disposable cylindrical dish (®129 x H97 mm,
MINERON KASEI Co., Ltd., Higashi-Osaka, Osaka,
Japan) with food and wet Kimwipes (NIPPON PAPER
CRECIA Co., Ltd., Chiyoda-ku, Tokyo, Japan) in
dark conditions at 27°C or 37°C. Cricket survival was
monitored after the injection. The fungal solution used
for the infection experiment was 10°-fold diluted with
saline, spread onto YPD agar plates, and incubated
overnight at 30°C. The appearing colonies were counted
and the number of live fungal cells injected into the
crickets was calculated. The LD, values of fungal
strains against the crickets were determined by logistic
regression from the dose-survival plots. All the survival
data are listed in Table S1 (http://www.ddtjournal.com/
action/getSupplementalData.php?ID=16).
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2.4. Preparation of heat-killed fungal cells

Overnight fungal cultures were centrifuged at 5,000 g
for 6 min, and the precipitated cells were suspended in 1
mL of saline and transferred to a 2-mL Eppendorf tube.
A small part of the fungal solution was 10°-fold diluted
with saline, spread onto YPD agar plates, and incubated
overnight at 30°C to measure the number of fungal
cells. The fungal solution in a 2-mL Eppendorf tube
was autoclaved at 121°C for 20 min, serially diluted
with saline, and used for the infection experiments.

2.5. Measurement of fungal doubling time

Single colonies of C. albicans, C. glabrata, or C.
neoformans were inoculated into 10 mL of YPD liquid
medium in a 50-mL conical tube (Cat. No. 352070, BD-
Falcon) and aerobically cultured overnight at 30°C by
shaking at 150 rpm. A 100-puL aliquot of the overnight
culture was inoculated into 10 mL of YPD liquid medium
in a 50-mL conical tube and aerobically cultured by
shaking at 150 rpm at 27°C or 37°C. The ODy,, values
were measured over time using a spectrophotometer
(UV-1280, SHIMADZU Co., Kyoto, Japan). To measure
the condensed cell culture, the culture was appropriately
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diluted with saline. The doubling time was calculated
from the exponential growth phase by linear regression,
as previously reported (40,41).

2.6. Statistical analysis

Cricket survival at different fungal doses were plotted
on an X-Y graph and the dose-response survival curves
were determined by logistic regression. To compare the
two dose-survival curves, a likelihood ratio test was
performed using R ver. 3.2.3 (42). The LDs, value and
the standard error were determined using 'Mass' in R.

3. Results
3.1.Cricket killing by human pathogenic fungi

To determine whether human pathogenic fungi kill
the two-spotted crickets, we injected C. albicans, C.
glabrata, and C. neoformans into crickets via the intra-
hemolymph route and maintained the crickets at 27°C or
37°C. At both temperatures, a high number of C. albicans
cells killed crickets within 18 h after the injection,
whereas a low number of C. albicans cells killed crickets
40 h after injection (Figure 1A). A similar tendency was
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Figure 1. Killing of crickets after injecting human pathogenic fungi. Crickets (n = 5/group) were injected with saline or various
doses of C. albicans (A), C. glabrata (B), or C. neoformans (C), and were maintained at 27°C or 37°C. The time-course of cricket

survival was monitored.
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Figure 2. Effect of temperature on cricket sensitivity against fungal infection. (A) The dose-response survival curve of crickets
injected with C. albicans, C. glabrata, or C. neoformans was examined at 27°C or 37°C. Serial dilutions of the fungal solution were
injected into crickets (n = 5/dose) and survival was monitored at 24 h (C. albicans and C. glabrata) or 48 h (C. neoformans) after
the injection. Results from independent experiments (C. albicans [27°C], three times; C. albicans [37°C], two times; C. glabrata
[27°C], three times; C. glabrata [37°C], three times; C. neoformans [27°C], three times; C. neoformans [37°C], two times) were
pooled and the survival curve was determined by logistic regression. The p-values determined by using likelihood ratio tests
between the survival curves at 27°C and 37°C are presented in the graphs. All survival data are presented in Table S1 (Supporting
Information) and no crickets injected with saline died in any of the experiments. (B) The LDy, values of C. albicans, C. glabrata, or C.

neoformans at 27°C or 37°C were determined by logistic regression in (A). Error bars indicate standard errors.

C. albicans

C. glabrata

C. neoformans

Figure 3. Effect of temperature on fungal growth curve. Overnight cultures of C. albicans, C. glabrata, or C. neoformans were
inoculated into 100-fold amounts of fresh YPD medium and aerobically cultured at 27°C or 37°C. ODy,, was measured during the

time-course.

observed in the injection of C. glabrata cells (Figure 1B).
C. neoformans killed crickets 43 h after injection (Figure
1C). In all experiments, injection of saline did not kill the
crickets (Figures 1A-1C). These results suggest that C.
albicans, C. glabrata, and C. neoformans kill crickets.

3.2. Comparison of cricket killing ability by fungi
between 27°C and 37°C

Because the two-spotted cricket does not universally
increase infection sensitivity to pathogens (37), the two-
spotted cricket is useful for evaluating the temperature
effect on the infection properties of pathogens. We
examined whether C. albicans, C. glabrata, and C.
neoformans increase their killing activities against
crickets at a higher temperature. Crickets were injected
with fungi, maintained at 27°C or 37°C, and survival
was measured. The dose-response survival curve of C.
albicans differed between 27°C and 37°C (Figure 2A),
and the LDy, value at 37°C was less than one-fifth that at

27°C (Figure 2B). The dose-response survival curve of C.
glabrata was different between 27°C and 37°C (Figure
2A), and the LDy, value at 37°C was less than one-fifth
that at 27°C (Figure 2B). In contrast, the dose-response
survival curve of C. neoformans did not differ between
27°C and 37°C (Figure 2A). These results suggest that
C. albicans and C. glabrata have increased killing ability
against crickets at 37°C compared to 27°C.

3.3. Comparison of fungal growth between 27°C and
37°C

We hypothesized that one reason for the increased
virulence of C. albicans and C. glabrata at a high
temperature is an increased growth rate at high
temperature. To address this point, we measured the
growth curves of C. albicans, C. glabrata, and C.
neoformans at 27°C and 37°C, and determined the
doubling times. All fungal strains showed logarithmic
growth from 2 h to 6 h after inoculation (Figure 3). The
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doubling times of C. albicans and C. glabrata were
shorter at 37°C than at 27°C (Table 2). In contrast, the
doubling time of C. neoformans was not shorter at 37°C
than at 27°C (Table 2). These results suggest that the
growth rates of C. albicans and C. glabrata increase at
37°C compared to at 27°C.

3.4. Killing activity of heat-killed fungal cells against
crickets

To address whether the cricket killing ability by fungi
is caused by live fungal cells, we examined the killing
activities of heat-killed fungal cells against crickets. C.
albicans, C. glabrata, and C. neoformans cells were
autoclaved and injected into crickets. In all fungal
species, the dose-response survival curve was different
between the live fungal cells and the heat-killed fungal
cells (Figure 4A). The LDy, value of heat-killed fungal
cells was higher than 5-fold that of live fungal cells in

Table 2. Doubling times of fungal strains

Temperature C. albicans C. glabrata C. neoformans
27°C 1.56 £ 0.09 1.34+0.16 1.80+0.04
37°C 1.05+0.04 0.802 = 0.020 2.16+0.22
P value 0.0099 0.0259 0.0776

Doubling time (h) was calculated from fungal growth curves at 27°C
or 37°C. Data are the means + standard errors from three independent
experiments. Student's ¢-test p values between 27°C and 37°C are
presented.

each species (Figure 4B). These results suggest that live
fungal cells have higher killing activity against crickets
than dead fungal cells.

3.5. Killing activities of C. neoformans gene-knockout
strains against crickets

To determine the applicability of the cricket model for
evaluation of fungal virulence factors, we examined
whether the C. neoformans gene-knockout strains of
cnal, gpal, and pkal, which are virulence factors in
mammals, exhibit decreased killing activities against
crickets. cnal encodes a subunit of calcineurin, a protein
phosphatase involved in the signaling pathway (43,44).
gpal and pkal are involved in capsule formation and
melanin synthesis via a calcineurin-independent pathway
(45-47). Crickets were injected with the gene-knockout
strains and the dose-response survival curve at 37°C
was determined. The survival curve differed between
the parent strain and the respective gene-knockout strain
(Figure 5A). The LDy, values of the cnal-, gpal-, and
pkal-knockout strains were higher than 2-fold that of the
parent strains (Figure 5B). These results suggest that the
cricket-fungus infection model is effective for evaluating
fungal virulence factors.

4. Discussion

This study revealed that human pathogenic fungi,
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Figure 4. Killing effects of heat-killed fungal cells against crickets. (A) The dose-response survival curve of crickets injected with
heat-killed cells of C. albicans, C. glabrata, or C. neoformans was examined at 37°C. Serial dilutions of heat-killed fungal solutions
were injected into crickets (n = 5/dose) and survival was monitored at 24 h (C. albicans and C. glabrata) or 48 h (C. neoformans)
after the injection. Results from three independent experiments were pooled and the survival curve was determined by logistic
regression. Results of live fungal cells (closed symbols and red line) are the same as in Figure 2A. The p-values determined by using
likelihood ratio tests between the survival curves of dead fungal cells and of live fungal cells are presented in the graphs. All survival
data are presented in Table S1 (Supporting Information), and no crickets injected with saline died in any of the experiments. (B) The
LDy, values of heat-killed fungal cells were determined by logistic regression in (A). The LDy, values of live fungal cells were the

same as those in Figure 2B. Error bars indicate standard errors.
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Figure 5. Evaluation of C. neoformans virulence factors in the cricket infection model. (A) The dose-response survival curves of
crickets (n = 5/dose) injected with C. neoformans gene knockout strains of cnal, gpal, and pkal were determined at 37°C. Survival
was monitored at 48 h after fungal injection. Results from two independent experiments were pooled and the survival curve was
determined by logistic regression. All survival data are presented in Table S1 (Supporting Information) and no crickets injected with
saline died in any of the experiments. The p-values determined using likelihood ratio tests between the parent strain and the gene-
knockout strain are presented in the graphs. The survival curve of crickets infected with the parent strain of C. neoformans was the
same as in Figure 2A (C. neoformans, 37°C). (B) The LDy, values of C. neoformans gene knockout strains of cnal, gpal, and pkal
were determined by logistic regression in (A) and compared with the parent strain. The LD, value of the parent strain was the same
as that in Figure 2B (C. neoformans, 37°C). Error bars indicate standard errors.

including C. albicans, C. glabrata, and C. neoformans,
kill the two-spotted cricket. The killing activity of the
fungi was drastically decreased by heat inactivation
of the fungal cells, indicating that live fungal cells
contribute to kill crickets. Furthermore, we evaluated
fungal virulence against crickets at both 27°C and 37°C,
and revealed that the killing activities of C. albicans and
C. glabrata were increased at 37°C compared to that at
27°C, but the killing activity of C. neoformans was not
different between the two temperatures. This study also
demonstrated that the C. neoformans gene-knockout
strains of virulence factors attenuated the killing activities
against crickets. Based on these results, we propose that
the two-spotted cricket is a useful animal infection model
of human pathogenic fungi, and is effective for clarifying
the temperature-dependent virulence system of fungal
pathogens.

To our knowledge, this study is the first to reveal
that C. albicans and C. glabrata exhibit a temperature-
dependent increase in killing activity against animals.
This finding was obtained because we utilized the two-
spotted cricket, a heterothermic animal, which can grow
at both 27°C and 37°C. We found that the growth rate
of these two fungi increases at 37°C, compared to that
at 27°C, and assumed it to be a possible reason for the
increased killing activities at 37°C. In addition to the
growth rate, increasing the temperature leads to many
physiologic alterations of fungi. C. albicans forms hyphae
at high temperature, and a gene-knockout strain that
is unable to form hyphae exhibits attenuated virulence

(48,49). C. glabrata alters cell surface polysaccharides
and shows different cell surface hydrophobicity at
37°C compared to that at a lower temperature (50,51).
C. neoformans upregulates nucleotide metabolism and
capsule formation at a high temperature, enabling growth
at a high temperature (52,53). Because C. neoformans
did not exhibit increased killing activity against crickets
at 37°C, the physiologic alteration that is present in the
two Candida species but is absent in C. neoformans may
contribute to the temperature-dependent killing activity
against crickets. These points should be investigated in
future studies by evaluating the virulence properties of
fungal genetic mutants for each physiologic process in
the cricket infection model to clarify the temperature-
dependent virulence system of these fungi.

Heat-killed fungal cells showed killing activity
against crickets, although the killing activity of the
heat-killed fungal cells was drastically lower than that
of live fungal cells. It is plausible that live fungal cells
proliferate in the cricket body and the proliferated
fungal cells kill crickets in the same manner as the heat-
killed cells. In silkworms, B-glucan, a component of
the fungal cell wall, excessively activates the humoral
immune system, which kills silkworms (54,55). To
optimize the utility of the two-spotted cricket as an
animal infection model of human pathogenic fungi,
further studies are needed to investigate the immune
response of crickets against fungal cells and to reveal
the molecular mechanism underlying infection-induced
death in crickets.
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Summary

We performed low-temperature cultivation of soil samples in Tokyo, Japan, and isolated
30 bacterial strains that formed colonies at 4°C. All the culture supernatants of these
bacteria exhibited antibacterial activity against Escherichia coli. The 16S rDNA sequences
of 29 strains showed similarity to that of the Pseudomonas genus, whereas the 16S rDNA
sequence of one strain showed similarity to that of the Janthinobacterium genus. We
classified the 29 strains into 10 groups according to the 16S rDNA sequence similarities, and
performed two phylogenetic analyses using the 16S rDNA and rpoD gene sequences. Four
groups formed a unique branch within Pseudomonas species in both phylogenetic analyses.
Four other groups were closely related to the Pseudomonas species, but the most closely
related species differed between the two phylogenic tree analyses. These results suggest that
low-temperature cultivation of temperate soil is effective for isolating new bacterial sources
for producing antibiotics.

Keywords: Low-temperature cultivation, Pseudomonas species, phylogenetic analyses, soil

bacteria

1. Introduction

Many antibiotics have been identified from bacterial
culture supernatants. Unfortunately, however, the
discovery rates of novel antibiotics from bacterial
sources have been steadily decreasing over the years (/).
Thus, new sources are needed for the development of
novel antibiotics.

An estimated 99% of all bacterial species on earth
are uncultured (2). These uncultured bacteria are
expected to produce secondary metabolites distinct from
those of known bacteria and are promising sources of
new antibiotics (3). Thus, many methods have been
investigated for culturing these bacteria or for isolating
new genetic sources without culturing bacteria. A recent
study identified a novel antibiotic from uncultured
bacteria that is effective against drug-resistant bacteria (4).

Low temperature cultivation is a useful method of

Released online in J-STAGE as advance publication October
29,2017.

*Address correspondence to:

Dr. Chikara Kaito, Laboratory of Microbiology, Graduate
School of Pharmaceutical Sciences, The University of Tokyo,
3-1, 7-chome, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan.
E-mail: kaito@mol.f.u-tokyo.ac.jp

culturing bacteria from cold areas, because bacteria
in cold areas can grow at low temperature. Such
psychrophilic microorganisms have been targeted as new
biologic resources for antibiotics, protein expression
systems, or environmental pollution control (5,6). In
contrast, bacteria in temperate regions are normally
cultivated at 20-30°C, because many bacteria in these
regions have optimal temperature growth at this range.
The temperature of temperate soil falls to around 0°C
in the winter with a year-round mean temperature
below 20°C. In the present study, we performed low
temperature cultivation of temperate soil bacteria to
search for new bacterial sources for novel antibiotics.

2. Materials and Methods
2.1. Isolation of environmental strains

Soil samples were collected from the ground at the
University of Tokyo (35° 71' 20.56" N 139° 76' 2775"
E) in February 2016 and March 2016. Approximately
5 g of soil was suspended in 50 mL of sterilized saline.
One hundred microliters of the suspended solution was
spread on a Luria-Bertani (LB) plate and incubated at
4°C for 7 to 10 days.
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2.2. Bacteria or fungi

Escherichia coli IM109 was cultured in LB medium
at 37°C, Staphylococcus aureus RN4220 was cultured
in tryptic soy broth medium at 37°C, and Candida
albicans ATCC10231 was cultured in YPD medium at
37°C.

2.3. Assay of antimicrobial activities of the supernatants
of the isolates

The isolates were cultured for 1 week at 4°C on a rotary
shaker at 150 rpm. The cultures were centrifuged at
20,400g for 5 min and the supernatants were filtered
with 0.44-um filters and stored at 4°C until the assay
was performed. Overnight cultures of the microbes
(Escherichia coli IM109, Staphylococcus aureus RN4220,
and Candida albicans ATCC10231) were diluted 100-
fold with Muller-Hinton broth. A 100-uL aliquot of the
supernatant was serially diluted, mixed with 100 pL of
the microbial solution in 96-well round bottom plates, and
then incubated at 37°C overnight. The microbial growth
in each well was observed by visual inspection. The
maximum dilution that inhibited microbial growth was
defined as the growth inhibitory activity.

2.4. Extraction of genomic DNA

Genomic DNA (gDNA) of the bacteria was extracted
as described previously (7) with minor modification.
Bacterial cells were collected from 2 mL liquid culture
by centrifugation at 20,400g for 5 min. The bacteria were
lysed in 200 pL extraction buffer (0.05 M Tris-HCI [pH
8.0], 0.05 M NaCl, 0.05 M EDTA, 0.5% sodium dodecyl
sulfate), 25 mg acid-washed glass beads, and 200 pL
PCI (phenol: chloroform: isoamyl alcohol = 25:24:1, v/
v) by vortex for 5 min. Four hundred microliters of TE
buffer (0.01 M Tris-HCI, 1 mM EDTA, pH8.0) and 200
puL of PCI was added to the sample, and the sample was
centrifuged at 20,400g for 5 min. Forty microliters of 3
M sodium acetate (pH 7.0) and 400 pL of 2-propanol
were added to the centrifuged supernatant (400 pL).
After incubating at room temperature for 5 min, the
samples were centrifuged at 20,400g for 10 min. The
precipitate was washed with 70% ethanol and solved in
50 uL TE. The gDNA solutions were preserved at 4°C.

2.5. 16s rRNA gene phylogeny reconstruction

The 16s rRNA genes of isolates were amplified by
polymerase chain reaction (PCR) from the extracted
gDNA with four universal primers: E9F, E939R,
E334F, and E1541R (8). After analysis of the products
by electrophoresis on 1% agarose gels, the amplified
PCR products were purified by phenol-chloroform
extraction and ethanol precipitation. The purified PCR
products were sequenced with an ABI PRISM 3730

Genetic Analyzer (Applied Biosystems) following
the manufacturer's instructions. The sequences were
compared with those of the type strains of bacterial
species recorded in the EzTaxon database (9). The
sequences of the isolates were aligned with the
sequences of similar strains of the genus Pseudomonas
using the ClustalW software (/0). Based on the
16s rRNA gene sequences, phylogenetic trees were
reconstructed using the maximum-likelihood (/1)
and neighbor-joining (/2) methods with the MEGA7
package (/3). The 16s rRNA gene sequences of the
bacterial isolates in this study were registered in
Genbank (LC230063-LC230092).

2.6. rpoD gene phylogeny reconstruction

The rpoD genes of isolates were amplified by PCR
from gDNA extracted with two primers, PSEG30F
and PSEG790R (/4). The amplified rpoD gene was
sequenced as described above. The obtained rpoD
sequences were compared with those from the GenBank
database in BLAST (/5). The phylogenetic trees were
constructed using the rpoD sequences that showed
high similarity in the BLAST search, as described
above. The rpoD sequences of the bacterial isolates
in this study were registered in Genbank (LC230053-
LC230062).

2.7. Growth assay at different temperatures

The isolates were cultured overnight at 17°C in LB
medium. A 150-uL aliquot of the overnight cultures was
inoculated into 5 mL of fresh LB broth. The cultures
were incubated at four different temperatures (4, 17,
30, 37°C) on a rotary shaker at 150 rpm. The optical
densities at 600 nm (ODy,,) were measured at four time-
points (0, 3, 6, and 24 h). The experiment was repeated
three times. The ODg,, values at each time-point were
averaged and plotted with the standard errors of the
mean.

3. Results

Five grams of soil samples were obtained in Tokyo,
Japan, which is a temperate region. The samples were
suspended in sterilized saline, spread on Luria-Bertani
agar plates, and cultured at 4°C for 7 to 10 days. Thirty
microbial strains that formed colonies were isolated.

To investigate whether the 30 isolated strains are
potential sources of antibiotics, we examined the
antimicrobial activities of the culture supernatants of
these strains. All supernatants of the isolated strains
inhibited the growth of E. coli (Table 1). A supernatant
of one strain (P-11) weakly inhibited the growth of S.
aureus, but the supernatants of the others did not inhibit
S. aureus growth (Table 1). None of the supernatants
inhibited the growth of C. albicans (Table 1). These
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Table 1. Antimicrobial activities of the culture supernatants
of the 30 isolated strains

Growth inhibitory activity”

Strain'
E. coli S. aureus C. albicans

P-1 2 ND ND
P-2 2 ND ND
P-3 2 ND ND
P-4 2 ND ND
P-5 2 ND ND
P-6 2 ND ND
P-7 4 ND ND
P-8 4 ND ND
P-9 4 ND ND
P-10 4 ND ND
P-11 16 2 ND
P-12 4 ND ND
P-13 8 ND ND
P-14 2 ND ND
P-15 2 ND ND
P-16 2 ND ND
P-17 2 ND ND
P-18 2 ND ND
P-19 2 ND ND
P-20 2 ND ND
P-21 2 ND ND
P-22 16 ND ND
P-23 16 ND ND
P-24 32 ND ND
P-25 2 ND ND
P-26 2 ND ND
P-27 4 ND ND
P-28 4 ND ND
P-29 2 ND ND
P-30 2 ND ND

' "Strain" indicates the ID of the isolated strains. > "growth inhibitory
activity" indicates the growth inhibitory activities of the supernatants
of the isolates against microbes (E. coli, S. aureus, and C. albicans).
The growth inhibitory activity was defined as the maximum dilution of
the supernatants that inhibited the growth of the pathogens. ND means
that the two-fold diluted culture supernatants did not inhibit microbial
growth.

results suggest that all of the isolated strains secrete
antimicrobial substances against E. coli.

To investigate the novelty of the isolated
microorganisms, we analyzed the taxonomies of the
isolates. We performed phylogenetic analyses with
the /6s rRNA gene sequences, which are widely used
to classify bacteria (/6,17). The full length of each
of the /6s rRNA genes was amplified with PCR and
sequenced. Microbial species that have /6s rRNA
gene sequences highly similar to those of the isolated
strains were searched using the EzTaxon-e database (9)
(Table 2). One strain (P-20) had high similarity to the
Janthinobacterium genus, and the other 29 strains had
high similarity to the Pseudomonas genus. According to
the closest match species, we classified the 29 strains into
10 groups as follows: Pseudomonas helmanticensis (18),
Pseudomonas moorei (19), Pseudomonas koreensis (20),
Pseudomonas mohnii (19), Pseudomonas vancouverensis
(21), Pseudomonas baetica (22), Pseudomonas
frederiksbergensis (23), Pseudomonas congelans
(24), Pseudomonas mandelii (25), or Pseudomonas

mediterranea (26) (Table 2). We selected 10 strains (P-
1, P-7, P-12, P-13, P-14, P-16, P-22, P-23, P-25, and
P-26) as representative strains of each group for further
phylogenetic analysis (Table 2).

A phylogenic tree based on the /6S rRNA sequences
was constructed between the Pseudomonas-type strains
and the 10 representative strains using the maximum
likelihood method (/7) (Figure 1). P-22, P-23, P-25,
and P-26 formed a cluster that is clearly distinct from
the Pseudomonas genus type strains. P-13 branched off
from P. mohnii (19) and P. umsongensis (20). P-7 and
P-14 branched off from a cluster including P. moorei
(19), P. vancouverensis (21), and P. jessenii (25). P-1 and
P-16, respectively, branched off from a cluster including
P granadensis (27) and P. helmanticensis (18). P-12
branched off from P. batumici (28). A phylogenic tree
constructed by the neighbor-joining method (/2) also
confirmed the distinct cluster of P-22, P-23, P-25, and
P-26 and the branches of P-13, P-14, P-12, and P-1, but
not those of P-7 and P-16 (Figure 2).

The 16s rRNA sequences are widely used in
the phylogenetic analyses of bacteria including
Pseudomonads (16,17,29,30), but phylogenic analysis
based on the /65 rRNA sequences does not have
sufficient resolution to distinguish different species
of the Pseudomonas genus. Thus, other housekeeping
genes, including gyrB, rpoB, and rpoD are used for
phylogenetic analyses of Pseudomonas species (14,31-
37). Because analysis using the rpoD gene has the
highest resolution (/4), we used the rpoD gene for
additional phylogenetic analyses. The rpoD gene was
amplified by PCR and sequenced. Microbial species with
similar 7poD sequences to those of the 10 representative
strains were searched in the BLAST database (/5). Eight
representative strains other than P-7 and P-13 showed
similarities lower than 96% to the rpoD sequences of
known species (Table 3). A phylogenic tree based on the
rpoD sequences was constructed between Pseudomonas-
type strains and the 10 representative strains using the
maximum likelihood method (Figure 3). P-7 branched
off from P. umsongensis and P-13 branched off from P.
Jessenii. P-14 formed a distinct branch with P-7, P-13, P
umsongensis, and P, jessenii. P-12 and P-16, respectively,
branched off from P. koreensis and P. helmanticensis.
P-22, P-23, P-25, and P-26 formed a distinct cluster.
P-1 formed a distinct branch from P. proteolytica. The
phylogenetic tree branches, except those of P-1, P-14,
and P-16, were also observed in the phylogenic tree
constructed using the neighbor-joining method (Figure
4). The phylogenetic tree branches of P-1, P-14, and P-16
were slightly different between the maximum likelihood
method and the neighbor-joining method, but both
methods indicated that P-1 was related to P. aeruginosa
and P. proteolytica, P-14 was related to P. umsongensis, P.
putida, and P. vancouverensis, and P-16 was related to P.
marginalis and P. helmanticensis.

Phylogenetic trees based on the /6S rRNA
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Table 2. Closest matched species estimated from 765 rRNA gene sequences

Strain' Closest Match? Accession Number’ Similarity (%) Completeness (%)’
P-1* P. helmanticensis HG940537 99.4 100
P-2 P. helmanticensis HG940537 99.4 100
P-3 P. helmanticensis HG940538 99.6 100
P-4 P. helmanticensis HG940539 99.4 100
P-5 P. helmanticensis HG940539 99.6 100
P-6 P. helmanticensis HG940539 99.6 100
P-15 P. helmanticensis HG940537 99.7 100
P-7* P. moorei AM293566 99.7 100
P-8 P. moorei AM?293565 99.9 100
P-9 P. mohnii AM293567 100 100
P-10 P. mohnii AM293567 99.7 100
P-12% P. koreensis AF468452 99.6 99.7
P-30 P. koreensis AF468452 99.7 99.7
P-13* P. mohnii AM293567 99.6 100
P-11 P. vancouverensis AJO11507 99.9 100
P-14* P. vancouverensis AJO11507 99.7 100
P-16* P. baetica FM201274 99.4 99.1
P-21 P. baetica FM201274 99.6 99.1
P-20* J. swalbardensis DQ355146 99.7 96.8
P-22%* P, frederiksbergensis AJ249382 98.8 100
P-27 P. frederiksbergensis AJ249383 98.6 100
P-28 P, frederiksbergensis AJ249383 98.6 100
P-29 P. frederiksbergensis AJ249383 98.7 100
P-23* P. congelans AJ492828 98.6 100
P-24 P. congelans AJ492828 98.5 100
P-17 P. mandelii AF058286 98.7 100
P-18 P. mandelii AF058286 98.7 100
P-19 P. mandelii AF058286 98.7 100
P-25% P. mandelii AF058286 98.7 100
P-26* P. mediterranea AUPB01000004 98.9 100

""Strain" indicates the ID of the isolated strains. > "Closest match" indicates the species with which the 765 YRNA gene sequences of the isolated
strain were most similar. > "Accession Number" indicates the accession number of the sequence of the most similar species in Genbank. *"Similarity"
indicates the similarity of the sequences of the isolated strain and the closest matched species. * "Completeness" indicates the ratio of the length of the
query sequence to the full-length sequence. 11 groups are segmented by horizontal lines, and asterisks indicate the representative strain in each group.
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Figure 1. 16S rRNA-based phylogenetic tree by the maximum likelihood method. The evolutionary history was inferred with
the maximum likelihood method. The bootstrap values (1,000 replicates) are shown above the branches. Only the topology is shown.
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Figure 2. 16S rRNA-based phylogenetic tree by the neighbor-joining method. The evolutionary history was inferred with the
neighbor-joining method. The bootstrap values (1,000 replicates) are shown above the branches. The evolutionary distances are in
the units of the number of base substitutions per site.

Table 3. Closest matched species estimated from the rpoD gene sequences

Strain' Closest Match Accession Number® Identity (%)* Query Cover (%)’
P-1 P. marginalis AB039544.1 95 100
P-7 P. putida D86031.1 98 99
P-12 P, fluorescens CP000094.2 96 99
P-13 P. jessenii FN678364.1 97 99
P-14 P. reinekei FN678362.1 94 99
P-16 P. marginalis AB039544.1 95 100
P-22 P. mandelii CP005960.1 93 100
P-23 P. mandelii CP005960.1 93 99
P-25 P. mandelii CP005960.1 93 100
P-26 P. mandelii CP005960.1 93 100

'"Strain" indicates the ID of the isolated strains. > "Closest Match" indicates bacterial species with the highest similarity to the rpoD gene sequences
of the isolated strains. *"Accession Number" indicates the accession numbers of the rpoD gene sequences of the closest matched species in Genbank.
*"Identity" indicates the similarity of the 7poD gene sequences of the isolated strains and closest matched species. * "Query Cover" indicates the ratio
of the sequences of the isolated strains aligned to the those of the closest matched species.
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Figure 3. The rpoD gene-based phylogenetic tree by the maximum likelihood method. The evolutionary history was inferred
with the maximum likelihood method. The bootstrap values (1,000 replicates) are shown above the branches. The branch lengths are
measured in the number of substitutions per site.
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Figure 4. The rpoD gene-based phylogenetic tree by the neighbor-joining method. The evolutionary history was inferred with
the neighbor-joining method. The bootstrap values (1,000 replicates) are shown above the branches.
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Table 4. Comparison of the closest matched species between 16s rRNA- or rpoD-based phylogenies

Strain Closest Match®
train
16s rRNA rpoD
P-1 P. helmanticensis, P. granadensis, P-16 P. aeruginosa, P. proteolytica
P-7 P. moorei, P. vancouverensis, P. jessenii P. umsongensis
P-12 P. batumici P. koreensis
P-13 P.mohnii, Pumsongensis P. jessenii
P-14 P. vancouverensis, P. moorei, Pjessenii, P-7 P, vancouverensis, P. umsongensis, P. putida
P-16 P. helmanticensis, P. granadensis P. helmanticensis, P. marginalis
P-22 P-23, P-25, P-26 P-23, P-25, P-26

'"Strain" indicates the ID of the isolated strains. * "Closest match" indicates the closest match species estimated from the sequences of conserved

genes.
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Figure 5. Growth curves of the isolated bacterial strains at different temperatures. The growth curves of the isolated strains
were examined at several temperatures (4, 17, 30, or 37°C). The vertical axis represents the optical densities (ODy,,) and the
horizontal axis represents incubation time. The experiment was independently performed three times. Mean values with standard

errors of the mean are shown.
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sequences and rpoD gene sequences estimated the
closest matched species of each representative strain
(Table 4). Both analyses consistently estimated that
P-22, P-23, P-25, and P-26 were related to each other,
and formed a cluster distant from Pseudomonas-type
strains. Also, both analyses estimated that P-14 was
related to P. vancouverensis, and P-16 was related to P,
helmanticensis (Table 4). The closest match species of
P-1, P-7, P-12, and P-13, however, were not consistent
between the analyses using /6S rRNA sequences and
the rpoD sequences.

Psychrophilic bacteria are defined as bacteria that
grow optimally at or below 15°C, and psychrotolerant
bacteria are defined as bacteria that can grow below
15°C, but have a higher optimal temperature (5). To
determine whether the isolated strains were psychrophilic
or psychrotolerant bacteria, growth curves of seven
representative strains (P-1, P-7, P-12, P-13, P-14, P-16,
and P-23), which were related to the Pseudomonas genus,
and P-20, which was related to the Janthinobacterium
genus, were measured at several temperatures (4, 17, 30,
or 37°C; Figure 5). The optical densities of the culture
medium of all strains increased over time at 4, 17, and
30°C. At 37°C, the optical densities increased from 0
to 3 h, but did not increase from 6 to 24 h. The rank
order of optical density at 6 h was 30°C > 17°C > 37°C
> 4°C. These results suggest that the optimal growth
temperature of the isolates was between 17°C and 37°C
and these bacteria are psychrotolerant.

4. Discussion

In the present study, we isolated bacteria from temperate
soil by culturing at a low temperature and performed
phylogenetic analyses of 10 representative isolates
using the two housekeeping genes: /6S rRNA and rpoD.
Both analyses estimated that four representative isolates
(P-22, P-23, P-25, P-26) formed a distinct cluster from
Pseudomonas-type strains. The two phylogenetic
analyses differed with respect to the related species for
four other representative isolates (P-1, P-7, P-12, P-13).
These results suggest that the bacterial strains isolated
in this study are novel Pseudomonas species. All of
the isolated bacteria exhibited antimicrobial activity
against E. coli. Thus, we propose that low temperature
incubation of temperate soil is an effective method of
isolating novel bacterial sources of antibiotics.

In this study, most isolated strains belonged to the
genus Pseudomonas. The genus Pseudomonas comprises
218 species of Gram-negative gamma proteobacteria.
Members of the genus Pseudomonas are isolated
from many environments including land, freshwater,
and seawater. Its high stress-resistance capability is
one reason for its wide range of habitats. Optimal
temperatures of the genus Pseudomonas are around 25-
30°C, but many of them can grow at low temperature,
around 5°C (38). These characteristics are consistent

with those of the Pseudomonas strains isolated in this
study, which grew at 4°C and had a growth-optimal
temperature of around 30°C.

The supernatants of the isolated Pseudomonas
strains showed antibiotic activities against E. coli. The
supernatants, except that of P-11, did not inhibit the
growth of S. aureus, and none of them inhibited the
growth of C. albicans. Several antimicrobial drugs have
been discovered from Pseudomonads; two beta-lactams
including sulfazecin and isosulfazecin (39) effective
against both S. aureus and E. coli, and many anti-fungal
chemicals (40,41). Because the antimicrobial activities
of the isolates in this study are more effective against
E. coli than S. aureus and C. albicans, the antimicrobial
compounds are expected to differ from the known
antibiotics obtained from other Pseudomonas species.
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Several chemicals, such as methyl p-hydroxybenzoate (MHB), have been widely used as
preservatives in the water baths of CO, incubators used for mammalian cell culture, and
they are not considered to produce any biological effects. However, no detailed analyses of
the effects of these compounds on cultured cells have been reported. In this study, we thus
examined whether MHB in the incubator water bath affects cell viability or genome-wide
gene expression in mouse embryonic stem cells under control conditions [using only dimethyl
sulfoxide (DMSO) in the culture medium] and under chemical-treated conditions using
benzene and chloroform; conditions that simulate a cell-based toxicity assay. We found that
(/) MHB significantly altered cell growth rate, and (i{) MHB affected gene expression levels
related to pathways that modulate cell growth and basic molecular processes, not only under
control conditions but also the chemical-treated conditions. Furthermore, Gene Ontology
term analyses revealed that the effects of MHB cannot be accounted for by subtracting the
gene expression pattern in the control conditions from that in the chemical-treated conditions.
Thus, we suggest that the use of MHB or other preservatives in a CO, incubator water bath is
reconsidered in terms of potential confounding effects on cultured cells.

Summary

Keywords: Methyl p-hydroxybenzoate, mouse embryonic stem cells, deep sequencing; incubator,
toxicological assessment

1. Introduction

In regular laboratory practice, mammalian cells
are cultured in a CO, incubator using chemical
compounds such as methyl p-hydroxybenzoate (MHB),
sodium dehydroacetic acid, sodium dodecyl sulfate,
ethylenediaminetetraacetic acid, sodium azide, or copper
sulfate in the incubator water bath as a preservative to

*Address correspondence to:

Dr. Hidenori Tani, Environmental Management Research
Institute, National Institute of Advanced Industrial Science and
Technology (AIST), 16-1, Onogawa, Tsukuba, Ibaraki 305-
8569, Japan.

E-mail: h.tani@aist.go.jp

prevent bacterial or mycoplasma contamination. These
chemicals are not considered to produce any biological
effects on the cultured cells. For example, MHB, which
is widely used for this purpose, was reported to be
mostly non-toxic by both oral and parenteral routes,
and non-irritating and non-sensitizing to normal skin at
acute toxicity levels in animal experiments (/). However,
no detailed analyses of in vitro cell responses to these
chemicals have been reported. Cell stress responses are
highly conserved responses to environmental changes
with transient reprogramming of transcriptional,
translational, and post-translational activities (2). Thus,
culture conditions are critical for correct and reproducible
studies using cultured cells.

In this study, we investigated the effect of MHB
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in the incubator water bath on the cell viability, and
performed deep sequencing analyses (RNA-seq) on
mouse embryonic stem cells (mESCs) cultured with
MHB to determine the effects of MHB exposure on
genome-wide gene expression. We chose mESCs
because mESCs are basic cells and have a normal
karyotype, maintain high telomerase activity, and
exhibit remarkable long-term proliferative potential.
We also examined two chemicals listed in the Japan
Pollutant Release and Transfer Register as a class I
designated chemical substances.

2. Materials and Methods
2.1. Chemicals

MHB, benzene, and chloroform were obtained from
Wako, Osaka, Japan. MHB was used in a water bath.
Benzene and chloroform were dissolved in dimethyl
sulfoxide (DMSO) (Wako) and diluted in culture
medium at a 0.1% vol/vol final concentration.

2.2. Cell culture

The mESC line H-1 was isolated from C3H/He
mice by Kitani ef al. (3). mESCs were maintained in
Dulbecco's modified Eagle's medium (4.5 g/L glucose)
with L-glutamine, without sodium pyruvate, (Nacalai
Tesque, Kyoto, Japan) supplemented with 15% fetal
bovine serum (Gibco, MA, USA), 1,000 U/mL Stem
Sure Leukemia Inhibitory Factor (mouse, recombinant,
solution; Wako), 0.1 mM Stem Sure 2-mercaptoethanol
solution (Wako), and penicillin-streptomycin (Gibco).
Cells were grown on mitomycin C (Kyowa Kirin,
Tokyo, Japan)-treated mouse embryonic fibroblast
feeder cells (C57BL/6J) at 37°C in a humidified
incubator with 5% CO, without MHB. For the feeder-
free culturing, mESCs were cultured in ESGRO
complete plus serum-free clonal grade medium (Merck
Millipore, Darmstadt, Germany) on gelatin (Sigma,
MO, USA)-coated dishes without feeder cells at 37°C
in a humidified incubator with 5% CO, without MHB
for 4 days (pre-culture). In the following experiments,
mESCs without feeder-free cells were used for chemical
stress treatments. For chemical stress treatments,
mESCs were cultured with or without 2% MHB (4 g
in 200 mL sterilized water) in the incubator water bath,
which is the concentration of MHB used commonly in
our lab.

2.3. Chemical stress treatments

Cells without feeder cells (pre-culturing without MHB
for 4 days) were seeded at 3.8 x 10’ cells per well (6-
well plate) in 2 mL medium or at 1.9 x 10* cells per
well (96-well plate) in 100 uL medium. The cells
were incubated overnight at 37°C with 5% CO, with

or without MHB for 24 h. In separate analyses, cells
were treated with 2 pL benzene (final concentration
of 1,000 uM) or 2 pL chloroform (1,000 uM) for 24
h. Total RNA was extracted from cells in the 6-well
plate with 400 puL RNAiso Plus (Takara, Kyoto,
Japan) according to the manufacturer's instructions.
The amount of total RNAs were analyzed using Nano
Drop 2000¢ spectrophotometer (Thermo scientific,
MA, USA). The numbers of viable cells in the 96-
well plate were counted using a Cell Counting Kit-8
(Dojindo, Kumamoto, Japan) in accordance with the
manufacturer's instructions.

2.4. RNA-seq and data analysis

RNA-seq analyses were performed by Takara, Japan.
First, ribosomal RNA was removed using a Ribo-Zero
Magnetic Gold Kit (Human/Mouse/Rat) (Illumina, CA,
USA) from 6 pg total RNA. An RNA-seq library was
constructed using the TruSeq Standard mRNA Sample
Prep Kit (Illumina). One hundred base pair-end read
RNA-seq tags were generated using an [llumina HiSeq
2500 sequencer according to the standard protocol.
Fluorescence images were processed to sequences
using the analysis pipeline supplied by Illumina.
RNA-seq tags were mapped to the mouse genome
(hg19) from the National Center for Biotechnology
Information using TopHat mapping software. Genic
representations using fragments per kilobase of exon
per million mapped fragments (FPKM) to normalize for
gene length and depth of sequencing were calculated.
RNA-seq tags were assigned to corresponding RefSeq
transcripts when their genomic coordinates overlapped.
We used RNA sequences available from public
databases: mRNA from NM of RefSeq and IncRNA
candidates from NR of RefSeq.

2.5. Data access

Short-read sequence archive data in this study are
registered in GenBank (http.//www.ncbi.nlm.nih.gov/
genbank)/DDBIJ (http://ddbj.sakura.ne.jp). The data
to determine the expression levels of transcripts are
registered as follows: accession nos. DRA005417;
DRX076620, DRX076621, DRX076628, DRX076629,
DRX076638, and DRX076638 (with MHB; MHB
+), and DRX076650, DRX076651, DRX076658,
DRX076659, DRX076668, and DRX076669 (without
MHB; MHB -).

3. Results
3.1. Effect of MHB on cell viability
First, to examine the effect of MHB in the incubator

water bath on the cell viability of cultured cells,
mESCs were cultured with or without MHB for 24 h.
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Figure 1 shows a phase-contrast image of the mESCs.
No floating cells (dead cells) were observed under
microscopic observation (data not shown). Moreover,
the amounts of isolated RNAs from one well (6-well
plate) in duplicate with or without MHB were 5.1 +
0.3 or 5.8 + 0.3 pg (mean =+ errors, n = 2), respectively.
Taken together, after culture with MHB, the number of
mESCs was significantly decreased compared with the
number of mESCs after culture without MHB.

3.2. Effect of MHB on genome-wide gene expression

To examine the effect of MHB on genome-wide gene
expression patterns, we performed deep sequencing
analyses (RNA-seq) on mESCs cultured with (MHB +)
or without MHB (MHB -) for 24 h. We then analyzed
more than 40 million RNA-seq tags from each sample.
Genic representations were calculated using FPKM
to normalize for gene length and depth of sequencing.
Sequencing tags were then mapped to the mouse
reference genome sequence using mapping software,
allowing no mismatches. In total, 32,586 RNAs from
the NM and NR categories of the Reference Sequence
(RefSeq) Database were used for RNA annotation. The
above examinations were also conducted for cultured
cells under control conditions (DMSO only in the
culture medium) and under benzene-treated conditions,
and chloroform-treated conditions. This is a simplified
simulation cell-based toxicity assay.

To quantify the effect of MHB on gene expression
patterns, correlation coefficients of the logarithms
of FPKMs were determined, both between MHB
+ and MHB —, and between replicated samples of
MHB —, respectively, in the control conditions and
in the chemical-treated conditions (the benzene- and
chloroform-treated conditions). Figure 2 shows that the
correlation coefficient between MHB + and MHB —
was significantly lower than that of the replicated MHB
— in the control conditions by approximately 0.1. A
similar tendency was observed for the benzene-treated
conditions (Figure 3) and for the chloroform-treated
conditions (Figure 4). Moreover, cell viabilities were

Scale Bar = 100 ym

MHB + MHB -

Figure 1. Phase-contrast microscopic observation of
mESCs. mESCs were cultured at 37°C in a humidified CO,
incubator with or without 2% methyl p-hydroxybenzoate
(MHB) for 24 h. MHB + or MHB - indicates that mESCs
were cultured with or without MHB in the incubator water
bath, respectively.

measured after exposure to 1,000 uM benzene and 1,000
puM chloroform for 24 h without MHB. Cell viabilities
were decreased to 79 = 13% and 66 = 10% (mean + SD,
n = 4) after exposure to 1,000 uM benzene and 1,000
pM.

3.3. Gene ontology term classification of mRNAs

A two-sample t-test between MHB + and MHB — in
the control conditions was conducted, and the RNAs
having the 10 lowest p-values were extracted. We then
categorized the RNAs according to their Gene Ontology
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Figure 2. Scatter plot for gene expression pattern
determined by RNA-seq under DMSO (control) conditions.
mESCs were cultured at 37°C in a humidified CO, incubator
with DMSO and with or without 2% MHB for 24 h. MHB +
or MHB — indicates that mESCs were cultured with or without
MHB in the incubator water bath, respectively. The relative
quantitative values (FPKMs from RNA-seq data) of 32,586
RNAs were plotted on MHB + versus MHB — (n = 2; left four
panels), and between replicated samples of MHB — (n = 2; right
four panels), respectively. MHB + and MHB — experiments
were performed in duplicate, and each "r" indicates correlation
coefficient. Same experiments (MHB — "-1 versus -1" or "-2
versus -2"; right two panels) also indicates that histogram of
relative quantitative values.
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Figure 3. Scatter plot for gene expression pattern
determined by RNA-seq under benzene conditions. mESCs
were cultured at 37°C in a humidified CO, incubator with 1,000
UM benzene and with or without 2% MHB for 24 h. MHB +
or MHB - indicates that mESCs were cultured with or without
MHB in the incubator water bath, respectively. The relative
quantitative values (FPKMs from RNA-seq data) of 32,586
RNAs were plotted on MHB — versus MHB + (n = 2; left four
panels), and between replicated samples of MHB — (n = 2; right
four panels), respectively. MHB + and MHB — experiments
were performed in duplicate, and each "r" indicates correlation
coefficient. Same experiments (MHB — "-1 versus -1" or "-2
versus -2"; right two panels) also indicates that histogram of
relative quantitative values.
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Figure 4. Scatter plot for gene expression pattern
determined by RNA-seq under chloroform conditions.
mESCs were cultured at 37°C in a humidified CO, incubator
with 1,000 uM chloroform and with or without 2% MHB for
24 h. MHB + or MHB - indicates that mESCs were cultured
with or without MHB in the incubator water bath, respectively.
The relative quantitative values (FPKMs from RNA-seq data)
of 32,586 RNAs were plotted on MHB — versus MHB + (n =
2; left four panels), and between replicated samples of MHB
— (n = 2; right four panels), respectively. MHB + and MHB
— experiments were performed in duplicate, and each "r"
indicates correlation coefficient. Same experiments (MHB —
"-1 versus -1" or "-2 versus -2"; right two panels) also indicates
that histogram of relative quantitative values.

(GO) term. We observed significant differences for the
GO terms classified as poly(A) RNA binding, chromatin
binding, and RNA splicing between MHB + and MHB
—. Moreover, cell maturation was also present in the list
of GO terms (Table 1). These results suggest that MHB
affects not only basic molecular processes but also cell
growth. We also conducted the same analysis for the
chemical-treated conditions. For the benzene-treated
conditions, we observed significant differences for the
GO terms classified as cell cycle, RNA splicing, and cell
proliferation between MHB + and MHB — (Table 2). On
the other hand, for the chloroform-treated conditions,
we observed significant differences for the GO terms
classified as cell cycle, positive regulation of cell
migration, and programmed necrotic cell death between
MHB + and MHB — (Table 3). We also examined the
FPKM values of cell growth-related genes between
duplicated samples of MHB —. We focused on the genes
in Tables 1-3 [tumor suppressor candidate 2 (Tusc2),
centrosomal protein 131(Cepl31), RB transcriptional
corepressor like 1 (RbI1), transcription factor Dp-1

Table 1. Functional classification of RNAs having the 10 lowest P-values under DMSO (control) conditions

Refseq Gene name MHB +/MHB - p-value GO term Definition
NM_025669 Pnisr 111954 729 x 107" 0044822 poly(A) RNA binding
NM_025891 Smarcd3 26184 8.08 x 10™° 0003682 chromatin binding
NM_173441 Iwsl 81056 1.53 x 10° 0008380 RNA splicing
NM_008717 Zfp638 141698 239 x 107 0003677 DNA binding
NM_053182 Pagl 6244 4.60 x 10” 0042169 SH2 domain binding
NR_073524 Slfnl0-ps 4809 3.02 x 10 - -

NM_001204333 Cyp4f14 1060 5.40 % 10°* 0050544 arachidonic acid binding
NM_172728 Creb5 3700 791 x10° 0003677 DNA binding
NM_001024922 Ddx49 344879 1.06 x 107 0005524 ATP binding
NM_019742 Tusc2 27527 1.34x 107 0048469 cell maturation

Table 2. Functional classification of RNAs having the 10 lowest P-values under benzene conditions

Refseq Gene name MHB +/MHB — p-value GO term Definition
NM_009734 Cepl3l 20390 1.58 x 10” 0007049 cell cycle
NM_001162922 Zfp931 7742 3.37x10° 0008150 biological process
NM_011249 Rbl1 27763 471 %10 0007049 cell cycle
NM_008717 Zfp638 58978 7.96 x 10° 0008380 RNA splicing
NR_037683 Snord42b 74957 1.07 x 10°* - -

NM_001164769 Fbxw2 0.000032 2.58 x 10 0005515 protein binding
NM_007460 Ap3dl 0.000054 3.91x10® 0072657 protein localization to membrane
NM_010832 Msi3 3004 421x10° 0006325 chromatin organization
NM_011661 Dr 43861 490 x 10°* 0008283 cell proliferation
NM_001040072 Nynrin 0.000009 527x 10" 0003676 nucleic acid binding

Table 3. Functional classification of RNAs having the 10 lowest P-values under chloroform conditions

Refseq Gene name MHB +/MHB — p-value GO term Definition

NM_001291768 Tfdpl 80940 1.69 x 107 0007049 cell cycle

NM 134087 Fam83h 44282 1.84 x 107 0030335 positive regulation of cell migration
NM 001142697 Tpgs2 38260 1.86 x 107 0005575 cellular_component

NM_027777 Pexl 11049 2.06 x 107 0005524 ATP binding

NM_001004142 Nirpla 72514 221 %107 0097300 programmed necrotic cell death
NM_001033378 A430078G23Rik 8986 231 %107 - -

NM_028815 Cep97 7395 2.55x 107 0030030 cell projection organization
NM_001162973 LrreSl 4377 2.58 x 107 0005575 cellular_component

NM_ 133907 Ube3c 177872 2.67 x 107 0004842 ubiquitin-protein transferase activity
NM_001004066 Zfp386 16820 3.12 % 107 0006355 regulation of transcription, DNA-templated
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(Tfdpl), and tyrosinase (7yr)]. The FPKM values of
cell maturation-related gene, Tusc2, were 3.7 and 3.8
in duplicate. Those of cell cycle-related genes, Cepi31,
Rbl1, and Tfdpl, were 0.55 and 0.53, 3.1 and 3.0, and
25.9 and 29.0, respectively. Those of cell proliferation-
related gene, Tyr, were 7.8 and 8.4. These results indicate
that cell growth-related genes were not significantly
different between duplicated samples of MHB —.

4. Discussion

Our results show that MHB has a growth inhibitory effect
on cultured mESCs and that the use of MHB also affects
gene expression patterns both in control conditions
and in chemical-treated conditions. In out experiments,
MHB was not directly added into the culture medium;
therefore, we considered that aerosol of MHB from the
water bath of incubator affected those above-mentioned
effects to cultured cells. The GO term analyses indicate
that MHB clearly affects cell growth pathways in both
control conditions and chemical-treated conditions.
Moreover, the effect of MHB cannot be accounted for
by subtracting the gene expression pattern under control
conditions from those under chemical-treated conditions.
This is because the GO terms that appeared under the
control conditions (Table 1) are not identical to those
under the chemical-treated conditions (Tables 2 and 3).
Therefore, the simple setting of control conditions in
cell-based assays is not adequate.

This study is the first to demonstrate the inconvenient

effect of MHB on cultured mammalian cells used for
gene expression analyses in cell-based toxicity assays.
This effect has, to date, been neglected. We suggest that
other chemicals commonly used as incubator water bath
preservatives should be reconsidered in terms of their
biological effects on cultured cells.
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Ethanol extracts of Aster yomena (Kitam.) Honda inhibit adipogenesis
through the activation of the AMPK signaling pathway in 3T3-L1
preadipocytes
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The leaves of Aster yomena (Kitam.) Honda have long been used as a traditional herb for
treating disorders including coughs, asthma, and insect bites. According to recent studies, A.
yomena leaf extracts have several pharmacological properties, including anti-inflammatory,
antioxidant, and anti-asthmatic activities. However, little information is available regarding
their anti-obesity effect. In this study, we investigated the inhibitory effect of the ethanol
extracts of A. yomena leaves (EEAY) on adipocyte differentiation and adipogenesis using 3T3-
L1 preadipocytes. When 3T3-L1 preadipocytes were treated with various concentrations of
EEAY (ranging from non-toxic), the number of lipid droplets, lipid content, and triglyceride
production, the typical characteristics of adipocytes, were suppressed in a concentration-
dependent manner. During this process, EEAY significantly reduced the expression of
adipogenic transcription factors, including peroxisome proliferator-activated receptor-vy,
CCAAT/enhancer-binding protein a and B, and sterol regulatory element-binding protein-
1c. In addition, EEAY was also found to potently inhibit the expression of adipocyte-specific
genes, including adipocyte fatty acid-binding protein and leptin. In particular, EEAY
treatment effectively enhanced the activation of the AMP-activated protein kinase (AMPK)
signaling pathway; however, the co-treatment with compound C, an inhibitor of AMPK,
significantly restored the EEAY-induced inhibition of pro-adipogenic transcription factors
and adipocyte-specific genes. These results indicate that EEAY may exert an anti-obesity
effect by controlling the AMPK signaling pathway, suggesting that the leaf extract of A.
yomena may be a potential anti-obesity agent.
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1. Introduction

Obesity is a metabolic disorder caused by an imbalance
in the energy intake and expenditure. It is a major
risk factor for several chronic diseases, including
hypertension, atherosclerosis, and type 2 diabetes
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(1,2). Obesity is characterized by an overgrowth of
the adipocytes, indicated by an increase in the number
of adipocytes, resulting from their division and
differentiation. Adipocytes also play a crucial role in
storing excess energy in the form of triglycerides (TGs)
and releasing energy in the form of glycerol and fatty
acids (3,4). In particular, pre-adipocytes differentiate
into mature adipocytes owing to high caloric intake
and various stimulatory factors such as insulin and
glucocorticoids (5,6). The differentiation of pre-
adipocytes into mature adipocytes is accompanied by
the sequential expression and activation of adipogenic
transcription factors, including peroxisome proliferator-
activated receptor-y (PPARY), CCAAT/enhancer-binding
proteins (C/EBPs), and sterol regulatory element-binding
protein-1c (SREBP-1c¢) in a coordinated manner (6,7).
In the final stages of the differentiation, adipocytes
secrete adipose tissue-specific products, including
adipocyte-specific fatty acid binding protein (aP2) and
leptin (8-11). After differentiation, they regulate the lipid
metabolism by synthesizing lipolytic enzymes such
as fatty acid synthase (FAS), acetyl-CoA carboxylase
(ACC), and hormone-sensitive lipase (/2,13). Therefore,
the inhibition of the differentiation of preadipocytes into
adipocytes would reduce the mass of adipose tissue and
reduce the incidence of obesity. Further, the identification
of a factor that inhibits differentiation would be useful
for treating obesity and related metabolic diseases.

Furthermore, the AMP-activated protein kinase
(AMPK), a serine/threonine kinase, is a key sensory
protein that controls energy metabolism (/4,15). Once
AMPK is activated via phosphorylation by the upstream
AMPK kinases, it functions as a cellular energy
sensor through the regulation of fatty acid and glucose
homeostasis (/6,17). The activated AMPK increases
glucose transport and fatty acid oxidation; it also inhibits
the energy-consuming processes such as lipogenesis,
protein synthesis, and gluconeogenesis (/8,79). AMPK
also induces inactivation by phosphorylating ACC, the
key enzyme for fatty acid oxidation and biosynthesis
(13,20). Further, when AMKRP is activated, it may protect
preadipocyte differentiation with the inhibition of the
transcription factors such as PPARy and C/EBPs. In
particular, low levels of AMPK activation are associated
with the onset of obesity and diabetes (21,22); therefore,
AMPK has been identified as a potential target for
treating obesity and the related metabolic disorders
(14,22,23).

Plant-based materials have been used since a long
time as traditional medicines in many cultures and
are well-known sources for developing anti-obesity
compounds. In this study, Aster yomena (Kitam.)
Honda was selected from among traditional Korean
medicine resources for the development of a new anti-
obesity active substance. A. yomena is a perennial herb
widely distributed throughout Asia that has been used
in traditional medicine to treat several diseases such as

cough, asthma, and insect bites (24). Several previous
studies have shown that the leaf extracts or compounds
of A. yomena have many pharmacological activities,
including anti-microbial (25,26), antioxidant (27-29)
and anti-coagulant (30) actions. Kim et al. (31) showed
that the phenolic compounds extracted from the leaves
of this plant significantly inhibited the production of
interleukin-6 by stimulating tumor necrosis factor-a in the
osteoblasts, indicating an anti-inflammatory activity. We
recently reported that the ethanol extract of A. yomena
leaves (EEAY) inhibited lipopolysaccharide-induced
inflammatory responses in the macrophage model owing
to the deactivation of the toll like receptor-mediated
nuclear factor-«B signaling pathway (32). However, to
our knowledge, the efficacy of EEAY as anti-obesity
agents and the underlying molecular mechanisms are still
unclear. Therefore, we designed this study to evaluate the
anti-obesity effect of EEAY using 3T3-L1 preadipocytes
and attempted to study the mechanism associated with
the inhibition of the adipogenesis of 3T3-L1 cells.

2. Materials and Methods
2.1. Cell culture

The murine 3T3-L1 preadipocytes were purchased from
the American Type Culture Collection (Manassas, VA,
USA) and maintained in Dulbecco's modified Eagle's
medium (DMEM, Welgene, Daegu, Republic of Korea)
containing 4.5 g/L D-glucose (Welgene) supplemented
with 10% bovine calf serum (BCS, Welgene) and
1% penicillin/streptomycin (Welgene) at 37°C in a
humidified atmosphere comprising 5% CO, and 95%
air.

2.2. Preparation and treatment of EEAY

The dried leaves of A. yomena used in this study were
provided by the Gurye Wild Flower Institute (Gurye,
Republic of Korea). The EEAY were prepared as per
the method described by Kang et al. (32). The prepared
EEAY were dissolved in dimethylsulfoxide (DMSO;
Sigma-Aldrich Chemical Co. St. Louis, MO, USA) to
achieve a final concentration of 200 mg/mL (extract
stock solution).

2.3. Differentiation of 3T3-L1 preadipocytes

To differentiate the 3T3-L1 preadipocytes into
adipocytes, 3T3-L1 preadipocytes were grown in
culture plates for 2 d to full confluency. Thereafter, the
cells were cultured in a differentiation medium (MDI)
containing 5 pg/mL insulin, 1 mM dexamethasone,
and 0.5 mM isobutylmethylxanthine (Sigma-Aldrich
Chemical Co.). After 2 d, the medium was changed to
DMEM, containing 10% BCS and 5 pg/mL insulin for
2 d and subsequently cultured in a normal medium for
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4 d. Various concentrations of EEAY were added along
with the MDI, and 3T3-L1 preadipocytes that induced
8-d differentiation were used for various experimental
analyses.

2.4. Assessment of cell viability

To evaluate the cytotoxic ability of EEAY, 3T3-
L1 preadipocytes were seeded in 6-well plates at a
density of 1 x 10* cells per well. After 24 h, the cells
were treated with different concentrations of EEAY
for 72 h. Thereafter, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, Sigma-Aldrich
Chemical Co.) was added to each well at a concentration
of 0.5 mg/mL, followed by incubation at 37°C in a dark
environment for 3 h. The MTT solution was removed,
and DMSO (200 uL) was added to dissolve the formazan
complex. The viable cells were detected by reading the
absorbance of formazan at 540 nm using an enzyme-
linked immunosorbent assay (ELISA) microplate reader
(Dynatech Laboratories, Chantilly, VA, USA). The
optical density of the formazan formed in the control
(untreated) cells was used to represent 100% viability.

2.5. Oil red O staining

The cells were washed gently with ice-cold phosphate-
buffered saline (PBS) twice and fixed with 3.7% formalin
(Sigma-Aldrich Chemical Co.) at room temperature
for 1 h. Thereafter, the cells were stained with Oil Red
O solution (0.5% in propylene glycol, Sigma-Aldrich
Chemical Co.) for 20 min and rinsed with 70% ethanol
and PBS. The stained lipid droplets in the cells were then
observed under a microscope (X100, Olympus, Tokyo,
Japan).

2.6. Measurement of the intracellular TG content

The cellular TG contents were measured using a
commercial TG assay kit (Sigma-Aldrich Chemical Co.)
according to the manufacturer's instructions. Briefly, the
harvested adipocytes were washed twice with ice-cold
PBS and lysed in RIPA lysis buffer. Thereafter, the cells
were centrifuged at 13,000 g for 20 min at 4°C, and the
supernatants were used to measure the intracellular TG
content at 550 nm using a microplate reader.

2.7. Protein isolation and Western blot analysis

As described in a previous study (33), the cells were
collected and lysed with a cell lysis buffer. Then, their
protein concentrations were determined by using the Bio-
Rad protein assay kit (Bio-Rad, Hercules, CA, USA).
For Western blotting, equal amounts of protein samples
were electrophoretically transferred onto polyvinylidene
difluoride membranes (Schleicher & Schuell, Keene, NH,
USA) following electrophoretic separation on sodium-

dodecyl sulfate (SDS) gel. Subsequently, the membranes
were blocked with 5% non-fat dry milk/Tris-buffered
saline containing 0.1% Triton X-100 (TBST, Sigma-
Aldrich Chemical Co.) for 1 h and probed overnight
with specific primary antibodies at 4°C. After washing
the primary antibodies with TBST, the membranes were
incubated with the appropriate horseradish peroxidase
(HRP)-conjugated secondary antibodies (Amersham
Biosciences, Westborough, MA, USA) for 2 h at room
temperature. The protein bands were detected using an
enhanced chemiluminescence (ECL) kit (Amersham
Biosciences) as per the manufacturer's instructions.

2.8. Statistical analyses

All numerical data are expressed using mean =+
standard deviation (SD) values. The significance of
the differences between the mean values was analyzed
using the Student's #-test. All statistical analyses were
conducted using the Statistical Package for the Social
Sciences version 17.0 software (SPSS Inc., Chicago, IL,
USA). Values of p < 0.05 were considered statistically
significant.

3. Results
3.1. Effect of EEAY on 3T3-L1 preadipocyte viability

3T3-L1 preadipocytes were exposed to various
concentrations of EEAY to measure its effect on cell
viability using an MTT assay. Our data indicate that
EEAY had no cytotoxic effect on the 3T3-L1 cells at
concentrations < 500 pg/mL (Figure 1), and the cells
did not show morphological changes (data not shown).
Therefore, the maximum concentration of EEAY was set
at 200 pg/mL for future research.

3.2. EEAY inhibits the differentiation of 3T3-L1
preadipocytes

To measure the effects of EEAY on adipogenesis, 3T3-

120
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40

Cell viability (%)

20

0 10 20 40 60 80 100 200 300 400 500

EEAY (pg/ml)

Figure 1. Effects of EEAY on the proliferation of 3T3-L1
mouse preadipocytes. Cells were treated with the indicated
concentrations of EEAY for 72 h. Cell viability was determined
using an MTT assay. Data of the three independent experiments
are expressed as mean + SD values.
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Figure 2. Effects of EEAY on intracellular lipid
accumulation and TG content in the differentiated 3T3-
L1 cells. The 3T3-L1 preadipocytes were treated with various
concentrations of EEAY during differentiation. (A and B) On
Day 8, the cells were directly observed via light microscopy (A)
or the cells were fixed and stained with Oil Red O to visualize
lipid droplets (B) (Magnification, x200). (C) The TG content
was measured to quantify the intracellular lipid content at 500
nm wavelength using the ELISA reader. All values of the three
independent experiments are presented as means + SD values (*p
< 0.05 vs. the differentiated cells without treatment).

L1 preadipocytes were differentiated in the presence or
absence of EEAY. As shown in Figure 2A and B, EEAY
reduced lipid accumulation in 3T3-L1 adipocytes, as
evidenced by the decrease in the cell size and number of
lipid droplets in the mature adipocytes in a concentration-
dependent manner. Further, it is noteworthy that there
was about 60% lipid reduction after treatment with 200
pg/mL EEAY (Figure 2C). These data suggest that EEAY
could exert an anti-adipogenic effect through inhibition
or delay in the differentiation and adipogenesis of the
3T3-L1 preadipocytes.

3.3. EEAY attenuates the expression of adipogenic
transcription factors

The differentiation of preadipocytes into adipocytes
is coordinated by a complex process that involves the
sequential activation of multiple adipogenic transcription
factors, including PPARy, C/EBPa/p, and SREBP-
Ic (6,7). To investigate the role of EEAY in reducing
fat accumulation during the adipogenesis of 3T3-L1
preadipocytes, we examined the effects of EEAY on
the expression of these adipogenic transcription factors.
The immunoblotting results indicated that the increased
expression of the transcription factors was largely
inhibited following EEAY treatment in a concentration-
dependent manner (Figure 3A). These results suggest
that the inhibition of lipid accumulation by EEAY is
associated with the suppression of the expression of
adipogenic transcription factors.
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c
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Figure 3. Effects of EEAY on the levels of adipogenic
transcription factors (A) and adipocyte expressed genes
(B) expression in the differentiated 3T3-L1 cells. At day
0, confluent 3T3-L1 preadipocytes were treated with various
concentrations of EEAY in the absence or presence of an
MDI differentiation medium for 48 h. On day 8, completely
differentiated cells were lysed to extract the total protein. The
cellular proteins were separated electrophoretically using SDS-
polyacrylamide gels and transferred onto membranes. The
membranes were probed with the indicated antibodies. The
proteins were visualized using an ECL detection system. Actin
was used as an internal control.

3.4. EEAY suppress the expression of adipocyte-related
genes

We further examined the influence of EEAY on the
expression of adipocyte-related markers such as aP2
and leptin (9,17). As shown in Figure 3B, the increased
expression of aP2 and leptin protein in differentiated
3T3-L1 cells decreased in a concentration-dependent
manner compared to that in the control group after EEAY
administration. These results support the hypothesis that
the anti-adipogenic effect of EEAY is associated with the
downregulation of the expression of adipocyte-related
markers involved in lipid metabolism.

3.5. EEAY induces the phosphorylation of AMPK and
ACC

AMPK plays a central role in regulating the cellular
metabolism and energy balance in the adipose tissue. The
activation of AMKP inhibits preadipocyte differentiation
and adipogenesis through increased phosphorylation
of ACC, a substrate of AMPK (/3,17). To investigate
whether AMPK is activated by EEAY during 3T3-L1
differentiation, we analyzed the levels of phosphorylated
AMPK and ACC and found that EEAY remarkably
enhanced the phosphorylation of AMPK and ACC
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Figure 4. Effects of EEAY on the phosphorylation of AMPK
and ACC in the differentiated 3T3-L1 cells. The proteins
were isolated cells grown under the same conditions (as
shown in Figure 3), and the total protein levels of AMPK and
ACC, and their phosphorylated states (p-AMPK and p-ACC,
respectively) were determined using the indicated antibodies
and an ECL detection system. Actin was used as an internal
control.

without altering the expression of their total protein
expression, indicating the activation of the AMPK
pathway. (Figure 4). However, when compound C, an
AMPK specific inhibitor, was pretreated in the 3T3-
L1 cells, the phosphorylation of both, AMPK and ACC
induced by EEAY was significantly reduced (Figure 5A).

3.6. Activation of the AMPK signaling pathway is
involved in the inhibitory effects of EEAY on 3T3-L1
adipogenesis

We aimed to analyze the relationship between the
activation of the AMPK signaling pathway and EEAY-
mediated inhibition of adipogenesis. Therefore, we
evaluated the EEAY-induced reduction in the effect
of compound C on the expression of adipogenic
transcription factors such as PPARy, C/EBPa, C/
EBPp, and SREBP-1c. As shown in Figure 5B, the
expression of these transcription factors that was
repressed by EEAY was increased again in the presence
of compound C. These results suggest that the EEAY-
induced inhibition of adipogenesis in the 3T3-L1 cells
is achieved by the activation of at least the AMPK
signaling pathway.

4. Discussion

In this study, we investigated the anti-adipogenesis effect
of EEAY using 3T3-L1 preadipocytes. According to
the results of this study, the lipid accumulation and TG
content in the cytoplasm of differentiated 3T3-L1 cells
was actively increased and was significantly inhibited by
EEAY treatment in a concentration-dependent manner.
Adipocyte differentiation is accompanied by lipid and TG
accumulation; therefore, the results indicate that EEAY
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Figure 5. Effects of AMPK inhibitor on the EEAY-induced
reduction in the expression of adipogenic transcription
factors in the differentiated 3T3-L1 cells. Cells were pre-
treated with compound C, an AMPK inhibitor, for 1 h, and
then treated with 200 mg/mL EEAY. On day 8, completely
differentiated cells were lysed, and the cellular proteins were
separated electrophoretically using SDS-polyacrylamide gels
and transferred onto membranes. The membranes were probed
with the indicated antibodies. Proteins were observed using an
ECL detection system. Actin was used as an internal control.

treatment significantly suppressed the differentiation of
3T3-L1 preadipocytes.

The differentiation of preadipocytes into adipocytes
is regulated by a complicated process that is sequentially
co-ordinated by various transcription factors. Among
them, C/EBPP is induced in the early stages of
differentiation and is known to induce the expression of
PPARy and C/EBPa, major regulators of adipogenesis
and lipogenesis in the late stage differentiation (6,7). In
addition, SREBP-1c is involved in lipid metabolism and
is a further regulator of fatty acid synthesis enzymes. This
transcription factor also enhances the differentiation of
preadipocytes and the expression of down-stream genes
associated with fatty acid metabolism (34,35). In addition
to the activation of adipogenic transcription factors,
transactivating adipocyte-specific genes such as aP2 and
leptin are also critically important for the differentiation
of preadipocytes into mature adipocytes (8,170).
Therefore, the inhibition of adipogenic transcription
and adipocyte-specific factors would decrease the
adipocyte differentiation associated biosynthesis of fatty
acids and TGs. In order to investigate the role of EEAY
in regulating the expression level of the adipogenic
transcription factors during adipogenesis of 3T3-
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L1 cells, we compared their expression levels in the
presence and absence of EEAY. As shown in Figure 3A,
our immunoblotting data indicated that EEAY treatment
of 3T3-L1 adipocytes significantly diminished the
expression of the four transcription factors that were
examined during adipocyte differentiation. These results
indicated that EEAY blocked adipocyte differentiation
by suppressing the expression of transcriptional factors
involved in the different stages of differentiation. In
addition, EEAY also reduced the expression of adipocyte
markers aP2 and leptin on the 3T3-L1 cells. aP2 is a
carrier protein that can trigger the accumulation of lipid
droplets in the cytoplasm of differentiating adipocytes
(36,37), and leptin upregulates the adipocyte genes
involved in lipid oxidation, enhancing lipid accumulation
in the adipocytes (38,39); therefore, our results also
suggest that EEAY strongly suppress the de novo
synthesis of TGs and differentiation of adipocytes.
Accumulating evidence suggests that the AMPK
signaling pathway is a target for the energy balance
and metabolic disorders involved in the maintenance of
lipid and cholesterol homeostasis. During preadipocyte
differentiation and adipogenesis, AMPK is inactivated
by lower phosphorylation levels (/7,19). In addition,
AMPK activation by phosphorylation can reduce the
degree of obesity by inhibiting adipocyte differentiation
by changing the expression and activity of the enzymes
and proteins involved in lipid metabolism (76,19).
Furthermore, ACC, a downstream substrate of AMPK,
is a rate-limiting enzyme that limits the critical rates in
fatty acid synthesis and oxidation, reducing the fatty acid
and lipid synthesis to inhibit the onset and progression
of obesity (/3,18). Therefore, AMPK signaling has
gained the attention of researchers as a molecular target
for fighting obesity. To determine whether AMPK
activation is involved in EEAY-mediated attenuation of
adipocyte differentiation and adipogenesis, we examined
whether EEAY can activate AMPK. According to our
results, EEAY markedly elevates the phosphorylation
level of AMPK in a dose-dependent manner. Moreover,
ACC phosphorylation was also increased, indicating
that the AMPK signaling pathway was activated
following EEAY administration. To investigate whether
EEAY directly weakens adipocyte differentiation and
adipogenesis through AMPK activation, the effect
of compound C, an AMPK inhibitor, on the reduced
adipogenic transcription factors in cultured 3T3-L1 cells
in the presence of EEAY was evaluated. As expected,
the elevated phosphorylation of ACC and AMPK was
inhibited simultaneously by treatment with compound
C (Figure 5A). In addition, the EEAY-induced reduction
in the expression of transcription factors such as PPARYy,
C/EBP members, and SREBP-1c¢ was reversed by
the suppression of AMPK activity by compound C
(Figure 5B). The results collectively indicate that EEAY
stimulated AMPK activity, suppressing the adipocyte
differentiation regulators and consequently their target

lipogenic enzymes and proteins, ultimately resulting in
reduced lipid accumulation.

In summary, our results indicate that EEAY reduced
adipocyte differentiation and adipogenesis in the 3T3-L1
cells by suppressing the adipogenic transcriptional factors
and their downstream target genes without cytotoxicity.
Further, EEAY also increased the phosphorylation of
AMPK and ACC; however, the artificial blockage of
AMPK activity suppressed the inhibitory effects of
EEAY on the expressions of adipogenic transcriptional
factors, demonstrating that EEAY has significant anti-
adipogenic effect that function via the AMPK pathway.
Thus, the activation of the AMPK pathway by EEAY
may be a potential strategy for preventing obesity.
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Summary

We evaluated the innate immune-stimulating activity of amazake using a silkworm muscle
contraction assay. Sake cake, a raw material used to make amazake, had high innate
immunity-stimulating activity, whereas rice malt, another raw material used to make
amazake, did not, even after fermentation. These results suggest that the silkworm muscle
contraction assay is a useful tool to screen foods with high innate immune-stimulating activity
and that amazake made from sake cake has immunomodulatory potential.

Keywords: Amazake, sake cake, sake lees, rice malt, silkworm, innate immunity

1. Introduction

The immune system is comprised of two elements:
acquired immunity and innate immunity. The innate
immune system, which mediates rapid responses to
challenges using germline-encoded components, is
a biological defense system against pathogens. The
complement system, natural killer (NK) cells, and
macrophages play important roles in innate immune
defense. The innate immune system cooperates with the
acquired immune system, which is developed through
responses to antigens in order to protect the body. The
innate immune capabilities of modern humans are
declining due to stress, and environmental and dietary
changes.

The development of a system to evaluate innate
immunity is important for research on the prevention
and treatment of disease. The evaluation of cells in
vitro has limited use because the systems do not reflect
the complexity of innate immunity. The evaluation
of immunity in animals is undesirable from both cost
and ethics perspectives. Therefore, we focused on the
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silkworm as a model organism. The silkworm is an
invertebrate that has no antibody formation organs.
Therefore, in the silkworm, responses to pathogens
depend on the innate immune system. The mechanisms
of innate immunity are highly conserved from
invertebrates to vertebrates, which makes the silkworm
suitable for the evaluation of the innate immune system.
We previously reported the use a basic silkworm-based
research model for drug discovery and the investigation
of new immunostimulators (/-3).

Amazake is a traditional, sweet, Japanese beverage
that originated from "Amanotamuzake", which was
mentioned in the Chronicles of Japan from 720. Rice
malt (koji) amazake is made from glycosylated starch
by the action of amylase in rice malt. Sake cake
amazake is made using sake cake, which contains
fermented yeast and various nutrients, and sugar.
Amazake can also be made using both rice malt
and sake cake. Generally, amazake contains healthy
ingredients, such as sugars, amino acids, and vitamin
B, and it is sometimes called a "drinking drip". In
Japan, amazake is thought beverage to prevent summer
weariness and winter colds. Amazake contains many
bioactive substances, including the fermentation
products of rice malt fungi and yeasts obtained from
rice malt and sake cakes. Amazake reportedly has
antihypertensive effects (4) and tyrosinase-inhibiting
activity (5), while there are few scientific reports on its
effects on immunity.
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In this study, we used a silkworm muscle contraction
assay to evaluate the immunomodulatory activity of the
amazake ingredients sake cake and rice malt. We also
examined the effects of glycosylation on the activity of
rice malt.

2. Materials and Methods
2.1. Sample preparation

Sake cake and rice malt were obtained from Morinaga
& Co., Ltd. (Tokyo, Japan); they were frozen at — 30°C
and freeze-dried (200 g) overnight with an Eyela FDU-
2110 freeze dryer (Tokyo Rikakikai, Tokyo, Japan).
The samples were ground in a mortar, and dissolved
in physiological saline (Otsuka Pharmaceutical,
Tokyo, Japan) at 6.3 mg sake cake/mL and 3.2 mg
rice malt/mL. For rice malt glycosylation, the rice
malt was dissolved in water (2-fold dilution, w/v) and
glycosylated by general method.

2.2. Silkworm muscle contraction assay

We measured the effects of various samples on silkworm
muscle contraction activity, as previously reported (6).
Briefly, samples (50 pL) were injected into the body
fluid of silkworms with a 1-mL syringe via a 27-gauge
needle (Terumo, Tokyo, Japan). The muscle contraction
value (C) was calculated by measuring the maximum
length of each silkworm before (x cm) and after (y cm)
the injection, such that C = (x — y)/x. Physiological saline
was used as a negative control, and 0.2 mL air was used
as a positive control (C: 0.43 £+ 0.03). The concentration
that caused C = 0.15 (one unit) was calculated using a
dose-response curve.

3. Results and Discussion

The compositions of sake cake and rice malt are
presented in Table 1. The moisture content of sake cake
was higher than that of rice malt. The levels of glucose
and sugars with a high degree of polymerization were
lower in sake cake than in rice malt. The results of
amazake-induced muscle contraction activity are
summarized in Table 2. Sake cake showed four times
higher immunity-stimulating activity than green tea,
which is a traditional beverage that is well known in
Japan for its health effects. Rice malt did not show
immunity-stimulating activity, even when glycosylated.
The immunomodulatory activity of sake cake was not
affected by rice malt.

Polysaccharides have been reported to have
immunity-stimulating activity based on silkworm
assays (7). Our results indicated that the carbohydrates
in amazake did not contribute to its immunity-
stimulating activity, whereas sake cake appeared to
have contributed to its activity. Okuda et al. reported

Table 1. Compositions of sake cake and rice malt

g/100g Sake cake Rice malt
Moisture 54.5 15.5
Fat 1.5 0.5
Protein 9.5 6.9
Ash 0.3 0.3
Glucose 6.7 28.4
Maltose 2.8 2.1
Maltotriose 1.5 <0.1
Dietary fiber 2.8 1.3
Alcohol 2.8 1.3

Table 2. Immunity-stimulating activity of sake cake, rice
malt, glycosylated rice malt

Sample Relative activity (units/mg)
sake cake 25+5
rice malt <6.3
glycosylated rice malt <6.3
sake cake + glycosylated rice malt 17+3
green tea 6 (1)

Values were mean + standard deviation. One unit of activity was
defined as the activity required to decrease the length of silkworm
muscle specimens by 15% (6).

that sake cake has natural immunity-stimulating
activity, based on NK cell activity (unpublished
data). Therefore, the evidence suggests that sake cake
amazake may stimulate innate immunity.

In larval hemocytes, immunologic stimulants can
induce the production of reactive oxygen species,
followed by the activation of serine proteases, thereby
mediating the paralytic peptide processing reaction
and leading to defense responses in the silkworm (6).
In humans, NK cell activity is commonly assessed as a
measure of natural immune activation. Broccoli extract
was shown to have immunity-stimulating activity in the
silkworm and to cause NK cell activation in humans
(unpublished data). NK cell activity is lower in the
elderly (&) and is also related to the risk of cancer (9).
Therefore, natural and safe foods that stimulate NK cell
activity would be beneficial, and further studies on sake
cake amazake are needed to verify its NK cell-related
activity.

The most well-known immunity-stimulating food is
yogurt containing Lactobacillus species. Lactobacillus
species improve the gut environment and stimulates NK
cell activity in humans (/0-13). Although we did not
directly compare the efficacy of Lactobacillus species
and amazake, lactic acid bacteria reportedly have
high immunity-stimulating activity (250-460 units/
mg) in the same silkworm muscle contraction assay
(1/4). The amount of sake cake ingested at one time is
about fifty times higher than that of lactic acid bacteria.
Considering the levels ingested, sake cake is expected
to exert high immunomodulatory activity. Kawamoto
et al. reported that sake cake fermented with lactic acid
bacteria prevents allergic rhinitis in mice (/5); thus,

www.ddtjournal.com



Drug Discoveries & Therapeutics. 2017, 11(5):288-290.

290

combining these health-promoting components is an
attractive strategy.

In conclusion, the silkworm muscle contraction
assay is an ecasy method to evaluate the innate
immunity-stimulating activities of foods, and amazake
made from sake cake is one of the expected immunity-
stimulating foods. Studies in human systems will be
required to confirm and extend our findings.
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Summary

In patients with malignancy who receive aflibercept based chemotherapy, gastrointestinal

perforation is among the reported adverse events with a prevalence of 1.9%. This
complication may lead to mortality up to 10.8%. We here report a case of small bowel
perforation that occurred fifteen days after the first cycle of aflibercept in a 58-year old female
who had metachronous colorectal liver metastases. Emergency laparotomy was performed
and revealed a small bowel perforation without any anastomotic dehiscence. Surgery was
followed by uneventful outcome. The use of aflibercept in patients with malignancy may be
associated with very early gastrointestinal perforation and this should be known by oncologist

and surgeons.

Keywords: Aflibercept, chemotherapy, gastrointestinal, perforation, angiogenesis inhibitor

1. Introduction

Spontaneous gastrointestinal perforation is a well-
known and potentially life-threatening adverse event
associated with Bevacizumab-based chemotherapy (/).
Aflibercept, a new angiogenesis inhibitor targeting the
vascular endothelial growth factor (VEGF) pathway,
is currently used in combination with FOLFIRI in
metastatic colorectal cancer patients progressing
following an oxalipatin-based chemotherapy since 2012
(2). As expected, Aflibercept may be also associated
with increased risk of gastrointestinal perforation. The
incidence of gastrointestinal perforation associated
with Aflibercept has been estimated to be 1.9% with
an associated mortality of 10.8% (3). We report here
a case of small bowel perforation that occurred early
in a patient receiving aflibercept for the treatment of
metachronous colorectal liver metastases.

Released online in J-STAGE as advance publication October
11, 2017.
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2. Case Report

Eight months after right colectomy and pancreatico-
duodenectomy for a PT4NOMO right colon
adenocarcinoma, a 58-year old female developed
metachronous liver metastasis. There was no evidence
of tumor recurrence in all small intestine segments or
peritoneal carcinomatosis. Neoadjuvant chemotherapy
included FOLFIRI in combination with Aflibercept.
Fifteen days after the first cycle of FOLFIRI/aflibercept
combination, the patient complained for acute
abdominal pain with nausea. The patient did not report
any corticosteroid or nonsteroidal anti-inflammatory
drug use. In physical examination, there were no signs
of abdominal hernia. Computed tomography showed a
pneumoperiteum due to small bowel perforation. There
were no signs of small intestine volvulus or occlusion,
or internal hernia. In addition, the preoperative
imaging confirmed patency of the superior mesenteric
artery and vein. Emergent laparotomy confirmed the
spontaneous mid-gut perforation (Figure 1A). Primary
direct suture of the perforation was performed. Because
of the softness of the small bowel wall with a risk of
tearing and subsequent risk of secondary perforation,
an obliteration of the perforation was performed using
the round ligament (Figure 1B). The round ligament
was dissected, divided and the umbilical portion of the
round ligament was sutured on the small bowel. The
postoperative course was uneventful. Aflibercept was
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Figure 1. Intraoperative view of the small bowel perforation due to Aflibercept. A. Before obliteration by the round ligament
(white star). B. After primary surgical suture and obliteration by the round ligament (yellow arrow).

discontinued postoperatively. The patient underwent
liver resection 3 months later. She is doing well 3
months after hepatectomy with normal bowel function.

3. Discussion

Gastrointestinal perforation during or after treatment
with Aflibercept was reported in patients with
metastatic colorectal cancer (4,5). The present report
has important clinical implications. First, in the present
case, small bowel perforation occurred fifteen days
after the first cycle of aflibercept. In the literature, time
of occurrence of this complication has, to the best of
our knowledge, never been described (4,5). Second,
gastrointestinal perforation does not usually mean
anastomotic dehiscence.

In the present case, the surgical treatment of the
perforated small bowel consisted in performing simple
surgical suture combined with the interposition of the
round ligament. The use of the round ligament has been
reported in the treatment of perforated peptic ulcer (6),
but its use for obliteration of small bowel perforation
has, to the best of our knowledge, never been reported.

In conclusion, the present report shows that the
use of aflibercept in patients with malignancy may be
associated with very early gastrointestinal perforation
and this should be known by oncologist and surgeons.
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Erratum DOI: 10.5582/ddt.2017.E1

In the article entitled "Sushi repeat-containing protein X-linked 2 promotes angiogenesis through the urokinase-type
plasminogen activator receptor dependent integrin avp3/focal adhesion kinase pathways" by Liu KL et al. (Drug
Discov Ther. 2017, 11(4):212-217.), a mistake in Figure 3a (avp3) has been identified. Figure 3 is printed below.
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Figure 3. SRPX2 recombinant protein promoted tube formation of HUVECs on matrigel and pretreatment of integrinavp3
neutralizing antibody in HUVECs (avp3 group) significantly attenuated this effect (a). IgG group: pretreatment of HUVECs
with control mouse IgG antibody. SRPX2 recombinant protein increased phosphorylation of FAK at sites of Tyr 397 and Tyr
576/577 in HUVECS after 4h culture compared with NC and Blank group (b). *p <0.001.
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