DD & T

Drug Discoveries & Therapeutics

www.ddtjournal.com

ISSN: 1881-7831
Online ISSN: 1881-784X
CODEN: DDTRBX
Issues/Year: 6
Language: English
Publisher: IACMHR Co., Ltd.

Drug Discoveries & Therapeutics is one of a series of peer-reviewed journals of the International Research and

Cooperation Association for Bio & Socio-Sciences Advancement (IRCA-BSSA) Group and is published bimonthly by the
International Advancement Center for Medicine & Health Research Co., Ltd. (IACMHR Co., Ltd.) and supported by the
IRCA-BSSA and Shandong University China-Japan Cooperation Center for Drug Discovery & Screening (SDU-DDSC).

Drug Discoveries & Therapeutics publishes contributions in all fields of pharmaceutical and therapeutic research
such as medicinal chemistry, pharmacology, pharmaceutical analysis, pharmaceutics, pharmaceutical administration, and
experimental and clinical studies of effects, mechanisms, or uses of various treatments. Studies in drug-related fields such
as biology, biochemistry, physiology, microbiology, and immunology are also within the scope of this journal.
Drug Discoveries & Therapeutics publishes Original Articles, Brief Reports, Reviews, Policy Forum articles,
Case Reports, News, and Letters on all aspects of the field of pharmaceutical research. All contributions should seek to
promote international collaboration in pharmaceutical science.

Editorial Board
Editor-in-Chief:
Kazuhisa SEKIMIZU
The University of Tokyo, Tokyo, Japan

Fengshan WANG
Shandong University, Ji'nan, China
Wenfang XU
Shandong University, Ji'nan, China

Co-Editors-in-Chief:

Managing Editor:

Xishan HAO
Tianjin Medical University, Tianjin, China
Munehiro NAKATA
Tokai University, Hiratsuka, Japan

Hiroshi HAMAMOTO
The University of Tokyo, Tokyo, Japan

Chief Director & Executive Editor:

Yu CHEN
The University of Tokyo, Tokyo, Japan

Web Editor:

Wei TANG
The University of Tokyo, Tokyo, Japan

Proofreaders:

Senior Editors:
Guanhua DU
Chinese Academy of Medical Science and Peking Union Medical
College, Beijing, China
Xiao-Kang LI
National Research Institute for Child Health and Development,
Tokyo, Japan
Masahiro MURAKAMI
Osaka Ohtani University, Osaka, Japan
Yutaka ORIHARA
The University of Tokyo, Tokyo, Japan
Tomofumi SANTA
The University of Tokyo, Tokyo, Japan
Hongbin SUN
China Pharmaceutical University, Nanjing, China

Curtis BENTLEY
Roswell, GA, USA
Thomas R. LEBON
Los Angeles, CA, USA

Editorial and Head Office:
Pearl City Koishikawa 603,
2-4-5 Kasuga, Bunkyo-ku,
Tokyo 112-0003, Japan
Tel.: +81-3-5840-9697
Fax: +81-3-5840-9698
E-mail: office@ddtjournal.com

www.ddtjournal.com

i

Drug Discoveries & Therapeutics
Editorial and Head Office
Pearl City Koishikawa 603, 2-4-5 Kasuga, Bunkyo-ku,
Tokyo 112-0003, Japan

Tel: +81-3-5840-9697, Fax: +81-3-5840-9698
E-mail: office@ddtjournal.com
URL: www.ddtjournal.com

Editorial Board Members
Alex ALMASAN
(Cleveland, OH)
John K. BUOLAMWINI
(Memphis, TN)
Jianping CAO
(Shanghai)
Shousong CAO
(Buﬀalo, NY)
Jang-Yang CHANG
(Tainan)
Fen-Er CHEN
(Shanghai)
Zhe-Sheng CHEN
(Queens, NY)
Zilin CHEN
(Wuhan, Hubei)
Shaofeng DUAN
(Lawrence, KS)
Chandradhar DWIVEDI
(Brookings, SD)
Mohamed F. EL-MILIGI
(6th of October City)
Hao FANG
(Ji'nan, Shandong)
Marcus L. FORREST
(Lawrence, KS)
Takeshi FUKUSHIMA
(Funabashi, Chiba)
Harald HAMACHER
(Tübingen, Baden-Württemberg)
Kenji HAMASE
(Fukuoka, Fukuoka)
Junqing HAN
(Ji'nan, Shandong)
Xiaojiang HAO
(Kunming, Yunnan)
Kiyoshi HASEGAWA
(Tokyo)
Waseem HASSAN
(Rio de Janeiro)
Langchong HE
(Xi'an, Shaanxi)

ii

Rodney J. Y. HO
(Seattle, WA)
Hsing-Pang HSIEH
(Zhunan, Miaoli)
Yongzhou HU
(Hangzhou, Zhejiang)
Yu HUANG
(Hong Kong)
Hans E. JUNGINGER
(Marburg, Hesse)
Amrit B. KARMARKAR
(Karad, Maharashra)
Toshiaki KATADA
(Tokyo)
Gagan KAUSHAL
(Philadelphia, PA)
Ibrahim S. KHATTAB
(Kuwait)
Shiroh KISHIOKA
(Wakayama, Wakayama)
Robert Kam-Ming KO
(Hong Kong)
Nobuyuki KOBAYASHI
(Nagasaki, Nagasaki)
Norihiro KOKUDO
(Tokyo, Japan)
Toshiro KONISHI
(Tokyo)
Chun-Guang LI
(Melbourne)
Minyong LI
(Ji'nan, Shandong)
Xun LI
(Ji'nan, Shandong)
Jikai LIU
(Kunming, Yunnan)
Xinyong LIU
(Ji'nan, Shandong)
Yuxiu LIU
(Nanjing, Jiangsu)
Hongxiang LOU
(Jinan, Shandong)

Xingyuan MA
(Shanghai)
Ken-ichi MAFUNE
(Tokyo)
Sridhar MANI
(Bronx, NY)
Tohru MIZUSHIMA
(Tokyo)
Abdulla M. MOLOKHIA
(Alexandria)
Yoshinobu NAKANISHI
(Kanazawa, Ishikawa)
Weisan PAN
(Shenyang, Liaoning)
Rakesh P. PATEL
(Mehsana, Gujarat)
Shivanand P. PUTHLI
(Mumbai, Maharashtra)
Shaﬁ qur RAHMAN
(Brookings, SD)
Adel SAKR
(Cairo)
Gary K. SCHWARTZ
(New York, NY)
Yuemao SHEN
(Ji'nan, Shandong)
Brahma N. SINGH
(New York, NY)
Tianqiang SONG
(Tianjin)
Sanjay K. SRIVASTAVA
(Amarillo, TX)
Chandan M. THOMAS
(Bradenton, FL)
Murat TURKOGLU
(Istanbul)
Hui WANG
(Shanghai)
Quanxing WANG
(Shanghai)
Stephen G. WARD
(Bath)

www.ddtjournal.com

Yuhong XU
(Shanghai)
Bing YAN
(Ji'nan, Shandong)
Yun YEN
(Duarte, CA)
Yasuko YOKOTA
(Tokyo)
Takako YOKOZAWA
(Toyama, Toyama)
Rongmin YU
(Guangzhou, Guangdong)
Guangxi ZHAI
(Ji'nan, Shandong)
Liangren ZHANG
(Beijing)
Lining ZHANG
(Ji'nan, Shandong)
Na ZHANG
(Ji'nan, Shandong)
Ruiwen ZHANG
(Amarillo, TX)
Xiu-Mei ZHANG
(Ji'nan, Shandong)
Yongxiang ZHANG
(Beijing)

(As of February 2015)

CONTENTS

Volume 9, Number 4, 2015

Reviews
234 - 237

Usefulness of silkworm as a model animal for understanding the molecular
mechanisms of fungal pathogenicity.
Masaki Ishii, Yasuhiko Matsumoto, Kazuhisa Sekimizu

238 - 246

Studies of host-pathogen interactions and immune-related drug development using
the silkworm: interdisciplinary immunology, microbiology, and pharmacology
studies.
Kenichi Ishii, Hiroshi Hamamoto, Kazuhisa Sekimizu

247 - 257

Oesophageal squamous cell carcinoma (ESCC): Advances through omics
technologies, towards ESCC salivaomics.
Juan José González-Plaza, Nataša Hulak, Eduardo García Fuentes, Lourdes GarridoSánchez, Zhaxybay Zhumadilov, Ainur Akilzhanova

258 - 266

Evaluation of antithrombotic effect: Importance of testing components and
methodologies.
Junichiro Yamamoto, Yukinori Tamura, Yoshinobu Ijiri, Masahiro Iwasaki, Masahiro
Murakami, Osamu Matsuo

267 - 273

An examination on the modern significance of "Yakushokudougen" in
transferring to organic agriculture
Bai Hu

Original Articles
274 - 281

Association between maternal diabetes mellitus and the risk of congenital
malformations: A meta-analysis of cohort studies.
Enfa Zhao, Yafei Zhang, Xianling Zeng, Baomin Liu

282 - 288

Niemann-Pick disease type C2 protein induces autophagy and inhibits growth in
FM3A breast cancer cells.
Tatsuo Adachi, Yasuhiko Matsumoto, Yoshinori Inagaki, Kazuhisa Sekimizu

www.ddtjournal.com

iii

CONTENTS

(Continued )

289 - 295

Combination of immunoprecipitation (IP)-ATP_Glo kinase assay and
melanogenesis for the assessment of potent and safe PAK1-blockers in cell
culture.
Binh Cao Quan Nguyen, Pham Thi Be Tu, Shinkichi Tawata, Hiroshi Maruta

296 - 302

Evaluation of stroke volume variation and pulse pressure variation as predictors
of ﬂuid responsiveness in patients undergoing protective one-lung ventilation.
Qiang Fu, Mingda Duan, Feng Zhao, Weidong Mi

303 - 309

Fabrication of porous ethyl cellulose microspheres based on the acetone-glycerinwater ternary system: Controlling porosity via the solvent-removal mode.
Masahiro Murakami, Akihiro Matsumoto, Chie Watanabe, Yu Kurumado,
Masashi Takama

Guide for Authors

Copyright

iv

www.ddtjournal.com

Drug Discoveries & Therapeutics. 2015; 9(4):234-237.

Mini-Review

234
DOI: 10.5582/ddt.2015.01052

Usefulness of silkworm as a model animal for understanding the
molecular mechanisms of fungal pathogenicity
Masaki Ishii, Yasuhiko Matsumoto, Kazuhisa Sekimizu*
Laboratory of Microbiology, Graduate School of Pharmaceutical Sciences, The University of Tokyo, Tokyo, Japan.

Summary

Candida albicans, Candida tropicalis, Candida grabrata, and Cryptococcus neoformans are
causative pathogens of opportunistic diseases in immunocompromised human patients.
Silkworms are killed by injection of these pathogenic fungi into their hemolymph. In this
paper, we describe recent results by our laboratory and other researchers using genedeficient strains of these pathogenic fungi. The silkworm is considered to be a useful model
animal for understanding the pathogenicity of these fungi. Silkworms are also beneficial for
evaluating therapeutically active anti-fungal reagents.
Keywords: Fungi, silkworm, infectious disease

1. Introduction
Pathogenic fungi cause serious infectious diseases,
such as pneumonia, in humans. Older persons, HIVinfected patients, and patients undergoing treatment
with immunosuppressive therapies are particularly
susceptible to fungal infections. Pathogenic fungi
have various virulence factors that are required for
their survival in host environments. The expression
of virulence factors in fungi seems to be regulated in
response to the host environments. Understanding the
molecular mechanisms of pathogenicity by fungi will
help to establish effective therapeutic strategies for
fungal infection.
In general, animal models mimicking human
infectious diseases are used to identify virulence factors
in pathogens. Mice are widely used as a model animal
for fungal infections (1). The use of large numbers of
mammalian animals, however, is costly and associated
with ethical issues regarding animal welfare. To address
these problems, we propose the use of silkworms as
an animal model to study human pathogens (2-4). The
cost to purchase and rear silkworms is much lower
than that of mice, and the use of silkworms avoids the
ethical problems of killing mammals. We previously
reported silkworm-infection model of Staphylococcus
*Address correspondence to:
Dr. Kazuhisa Sekimizu, Laboratory of Microbiology, Graduate
School of Pharmaceutical Sciences, The University of Tokyo,
Hongo 7-3-1, Bunkyo-ku, Tokyo 113-0033, Japan.
E-mail: sekimizu@mol.f.y-tokyo.ac.jp

aureus, which causes opportunistic diseases in humans
(5-9). We recently demonstrated that the silkworm S.
aureus infection model was useful for discovering novel
antibiotics effective in a mouse model (5,6). Moreover,
disruption mutants of S. aureus with attenuated killing
abilities in silkworms exhibited less pathogenicity than
wild-type strains in mice (7-9). Silkworms are killed
by injection of Candida albicans (10,11), Candida
tropicalis (10), Candida grabrata (12), or Cryptococcus
neoformans (13). Therefore, the silkworm seems
to be a suitable animal model for identifying genes
of bacteria and fungi responsible for the expression
of pathogenicity. In this mini review, we describe
recent findings in silkworm infection models of each
pathogenic fungus.
2. Silkworm-fungal infection models
2.1. Candida albicans
C. albicans is frequently isolated from patients with
fungal infection. We previously reported that injection
of C. albicans kills silkworms and that administration
of anti-fungal drugs has therapeutic effects (10). The
regulatory mechanisms of the pathogenesis of C.
albicans mediated by protein kinases in C. albicans
have been reported (14,15). Important roles for type 2B
serine/threonine protein kinases, called the calcineurin
complex CMP1 (also known as CNA1), in the
pathogenicity of C. albicans have been demonstrated
(15). Protein kinase SIT4 and YVH1 are also involved
in the pathogenicity (16,17). Hanaoka et al. screened
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virulence factors among protein kinases in C. albicans
using the silkworm infection model (11). They injected
21 gene-disrupted mutants of genes encoding protein
kinases into the hemolymph of silkworms, and found
four gene mutants (cmp1, sit4, yvh1, and ptc1) with
attenuated killing ability in silkworms (11). Among
these genes, the pathogenicity of the ptc1 gene had
not been previously reported. Thus, this gene was first
identified as a virulence gene of fungi in a study using
silkworms. The ptc1 gene-disrupted mutant exhibited
low hyphae formation activity and low protease
activity. Moreover, the mutant also exhibited attenuated
pathogenicity in mice (11). The other three genes were
previously shown to be associated with pathogenicity
by altered expression of virulence genes in a mouse
infection model (16-18). These findings suggest that
the silkworm-C. albicans infection model is useful for
identifying the virulence factors of C. albicans.
2.2. Candida tropicalis
C. tropicalis is a pathogenic fungus that is frequently
isolated from human patients. We demonstrated that
antifungal reagents have therapeutic effects in a silkworm
infection model with C. tropicalis (10). C. tropicalis
is a fungus closely related to C. albicans. Thus, future
experiments with C. tropicalis gene-disrupted mutants
using the silkworm fungal infection model may allow us
to identify the virulence genes of the fungus.
2.3. Candida grabrata
C. grabrata resides in the human intestinal tract. This
fungus causes opportunistic infections in patients with
the metabolic diseases, such as diabetes (19). Ueno et
al. screened C. grabrata mutants with low pathogenicity
in hyperglycemic silkworms, created by feeding a high
glucose diet (20). They demonstrated that the cyb2
gene of C. grabrata is required for the pathogenicity

of C. grabrata against hyperglycemic silkworms (12).
In addition, a hap2 gene mutant and hap5 gene mutant
in which the RNA level of the cyb2 gene is decreased,
exhibit less virulence in the hyperglycemic silkworm.
The cyb2 gene encodes a protein with 65% homology
to lactate dehydrogenase in Saccharomyces cerevisiae
(12). A C. grabrata cyb2 deficiency mutant exhibits
decreased colonization ability in the gastrointestinal tract
based on a mouse model of diabetes (12). These findings
indicate the usefulness of the silkworm infection model
with C. grabrata for searching for virulence factors of C.
grabrata.
2.4. Cryptococcus neoformans
C. neoformans is a causal microbial of severe fungal
infections, such as pneumonia and encephalitis.
Antifungal agents have therapeutic effects in silkworms
infected with C. neoformans (13). C. neoformans has
a characteristic capsular structure on the cell surface.
The capsular structure is suggested to be required for
the pathogenicity of C. neoformans. C. neoformans
has at least two serotypes, serotype A and serotype
D. Serotype A of the fungus has higher capsuleforming ability and higher pathogenicity in mammals
than the serotype D (21). As in mammalian infection
experiments, the C. neoformans serotype A exhibits
higher pathogenicity in the silkworm infection model
than C. neoformans serotype D (13). Furthermore,
mutants of the can, gpa1, and pka1 genes, which are
required for C. neoformans pathogenicity in mammals,
also exhibit lower virulence in silkworms. The protein
encoded the cna gene is suggested to contribute to the
pathogenicity via calcineurin signaling (22).
The gpa1 gene encodes a G-protein α-subunit that
contributes to the capsular formation (23). Protein
kinase A acts downstream of Gpa1 and contributes to
capsule formation (24). We also demonstrated that the
pathogenicity of C. neoformans is significantly altered

Figure 1. Effect of temperature on the capsular formation of C. neoformans in the hemolymph of live silkworms. Cells of C.
neoformans were injected into the silkworm hemolymph. Twenty-four hours after injection, C. neoformans cells were harvested
from the silkworm hemolymph, stained with Indian ink, and observed under a microscope. (A) Cells of C. neoformans in the
hemolymph of silkworms reared at 27°C. (B) Cells of C. neoformans in the hemolymph of silkworms reared at 37°C. (C) Mean
diameters of C. neoformans cells at 27°C and 37°C. Figures were taken from Matsumoto et al. (13).
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Table 1. Virulence genes tested in the silkworm-fungal
infection-model

2.
3.

Species

Genes

Conditions

Ref.

Candida albicans

cmp1
syt4
yvh1
PTC1

27°C
27°C
27°C
27°C

(11)
(11)
(11)
(11)

cyb2
hap2
hap5

37°C, Diabetic
37°C, Diabetic
37°C, Diabetic

(12)
(12)
(12)

5.

gpa1
pka1
cna1

37°C
37°C
37°C

(13)
(13)
(13)

6.

Candida grabrata

Cryptococcus neoformans

by temperature; the pathogenicity of the fungi against
silkworms is much stronger at 37°C than at 27°C. The
capsule size and cell size of C. neoformans at 37°C
in the silkworm hemolymph is significantly greater
than that at 27°C condition (Figure 1). This finding
suggests that capsule formation is required for the
pathogenicity of C. neoformans in both silkworms and
mammals. Taken together, these findings suggest that
the silkworm is a suitable animal model for evaluation
of the pathogenicity of C. neoformans.

4.

7.

8.

9.

10.

3. Conclusions
The silkworm fungal infection model was used to
evaluate the pathogenicities of four different species
of fungi, C. albicans, C. tropicalis, C. grabrata, and
C. neoformans. Among these pathogenic fungi, genedisrupted mutants of pathogenic genes in C. albicans, C.
grabrata, and C. neoformans exhibited less pathogenicity
in silkworms (Table 1). In particular, strains deficient
in genes encoding the intracellular signaling proteins
such as protein kinases and G proteins had decreased
killing ability in silkworms. In C. albicans and C.
grabrata, pathogenic genes identified by screening in
silkworm infection models are required for pathogenicity
in mammals. Therefore, we suggest that the silkworm
fungal infection model is useful for identifying the genes
necessary for fungal pathogenicity in mammals.
Fungal infections, which cause opportunistic
diseases, are anticipated to become a serious problem
in future along with advances in medical care and
increasing number of aged people in our society.
Identification of virulence factors in fungi using
silkworm infection models will help to elucidate the
molecular mechanisms of fungal pathogenesis and
facilitate the development of strategies for preventing
and treating fungal infections.

12.

13.

14.

15.

16.

17.
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Studies of host-pathogen interactions and immune-related drug
development using the silkworm: interdisciplinary immunology,
microbiology, and pharmacology studies
Kenichi Ishii1, Hiroshi Hamamoto2, Kazuhisa Sekimizu2,*
1
2

Department of Biological Sciences, Graduate School of Science, The University of Tokyo, Tokyo, Japan;
Laboratory of Microbiology, Graduate School of Pharmaceutical Sciences, The University of Tokyo, Tokyo, Japan.

Summary

Innate immunity acts as a front-line barrier against invading pathogens, and the majority
of the components are widely conserved among species. Regulation of innate immunity
is important for overcoming infections and preventing self-damaging sepsis. Using the
silkworm (Bombyx mori) as an animal model, we elucidated the activation processes of
innate immunity with emphasis on a multifunctional insect cytokine called paralytic
peptide. Moreover, we established an ex vivo system using silkworm larval specimens to
quantitatively evaluate the immunostimulatory activity of natural compounds. We observed
that overactivation of innate immunity in silkworms induces tissue damage followed by host
death, resembling sepsis-induced multi-organ failure in humans. Here, we summarize our
recent findings and propose the usefulness of the silkworm as an animal model for studying
immune regulation and for evaluating compounds with the potential to regulate innate
immunity.
Keywords: Innate immunity, insect cytokine, sepsis, virulence factors, antibiotics

1. Insect innate immunity
Animals continuously encounter pathogenic
microorganisms throughout life. The immune system
has thus evolved to overcome infection and maintain
health. The immune system in higher animals is
categorized as either innate or acquired. Innate
immunity acts as the first-line barrier at an early stage
of infection and sends signals to alert the acquired
immune system, which produces specific antibodies.
Rapid and coordinated activation of innate immunity
is vital to prevent the growth of microorganisms.
Therefore, understanding the regulatory mechanisms
underlying innate immunity is crucial in terms of
medical treatment and drug development for infectious
diseases in humans.
Released online in J-STAGE as advance publication April 10,
2015.
*Address correspondence to:
Dr. Kazuhisa Sekimizu, Laboratory of Microbiology, Graduate
School of Pharmaceutical Sciences, The University of Tokyo.
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan.
E-mail: sekimizu@mol.f.u-tokyo.ac.jp

Recent studies revealed that most components of
innate immunity are widely conserved from mammals to
insects (1). Insects possess relatively simple physiologic
systems and, because they lack antibody-producing
organs, rely solely on innate immunity. This makes
insects a suitable model for studying the basis of innate
immunity. A representative insect-oriented immunologic
study is the discovery of Toll in Drosophila, which led
to the identification of mammalian Toll-like receptors.
Insect Toll functions as a receptor for an endogenous
ligand called Spaetzle and relays signals to transcription
factors that produce antimicrobial peptides (AMPs)
(2). Genomic studies revealed that insects possess
several isotypes of the toll gene, and the repertoire and
activation pattern varies among species. The silkworm
(Bombyx mori) has 12 toll isotypes, some of which
are expressed several hours after pathogen infection
(3,4). Batteries of signaling molecules mediate the Toll
pathway, which are also self-induced together with
AMPs (5-9). In addition, infectious stimuli activate
other innate immune pathways, such as IMD (10), JNK
(11), and JAK/STAT (12), to act in concert with the
Toll pathway (13). The production processes of AMPs
and other toxic substances in the cell-free system (e.g.,
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melanization) are referred to as humoral immunity,
whereas immunosurveillence hemocytes are involved in
cellular immunity, such as engulfment and clearance of
non-self agents (e.g., phagocytosis and encapsulation)
(14). Appropriate regulation of the time and degree
of immunoactivation is crucial to achieve efficient
host protection against infectious pathogens. Our
understanding of the regulatory mechanisms in insect
innate immunity, however, remains insufficient at the
molecular level, relative to that of individual responses.
2. Activation of innate immunity by the insect
cytokine, paralytic peptide, in silkworms
As described below, we established an alternative
infection model using the silkworm as a host animal
to evaluate the effectiveness of antibiotics (15) and
to analyze the virulence mechanisms of pathogenic
bacteria (16). In the course of our studies using the
silkworm infection model, we observed that bacteriainfected larvae were paralyzed, accompanied by slow
muscle contraction (17). This paralysis was apparently
different from the rapid and direct stimulation of
muscle contraction by neurotransmitter-like substances
(18), but very similar to that caused by an endogenous
cytokine-like factor named paralytic peptide (PP).
PP was originally identified as the factor responsible
for paralysis caused by "blood donation" between
silkworms; larvae injected with hemolymph isolated
from another silkworm exhibit slow paralysis (19). PP
was initially transcribed as a 14-kDa inactive precursor,
and the N-terminus 23 amino acid residues are cleaved
by proteolysis to generate the active form of PP in the
stimulated hemolymph (20). Although the physiologic

relevance of PP-induced paralysis was unknown at that
time, we considered that PP was involved in bacteriainduced paralysis in silkworms (Figure 1A).
To test the above hypothesis, we first established an
ex vivo assay system to quantitate the degree of paralysis
by measuring the length of the larval muscle specimen
after sample injection (Figure 1B). We confirmed using
this system that injecting both heat-killed bacteria and
a chemically synthesized active form of PP induces
slow muscle contraction, which reaches a maximum
after 5 to 10 min and then recovers to the basal level
within 30 min (17). Among the microorganism-derived
components, we found that peptidoglycan (PG) and betaglucan (BG), major cell wall components of bacteria and
fungi respectively, induce muscle contraction in a dosedependent manner (17). In contrast, lipopolysaccharide
(LPS), another bacterial component that is a potent
immunostimulant, is ineffective even at high
concentrations (21), suggesting ligand specificity. When
the specimens were treated with anti-PP serum that
specifically binds to PP and inhibits its biologic activities
(22), muscle contraction caused by the bacterial PG and
BG, as well as that induced by active PP, is completely
suppressed (17). Moreover, we observed the rapid
generation of active PP in the hemolymph of silkworms
injected with PG and BG (17). These findings suggest
a causative relationship between pathogen-induced
paralysis and PP activation in silkworm hemolymph
(Figure 1A).
The findings that bacterial and fungal cell wall
components induce PP activation raise the following
questions: 1) how is PP activated? 2) what happens after
PP activation? and 3) what is the biologic significance
of the bacteria-induced PP activation? In the following

Figure 1. Activation of the insect cytokine paralytic peptide (PP) induced by pathogens. (A) PP activation processes induced
by pathogens in the silkworm hemolymph. (B) Silkworm larval muscle contraction assay and its application for evaluation of
immune-activating compounds. Abbreviations: AMP, antimicrobial peptides; MAPK, mitogen-activated protein kinase; NO, nitric
oxide; ROS, reactive oxygen species.
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subsections, we summarize our recent findings regarding
these issues.
2.1. Upstream processes of PP activation
For the upstream processes of PP activation, we focused
on reactive oxygen species (ROS). Using specific
pharmacologic inhibitors, we found that the presence
of live hemocytes, ROS, and activated serine proteases
are required for pathogen-induced PP activation (17).
We considered that live hemocytes recognize the
pathogen-derived components and generate ROS (i.e.,
a process called oxidative burst), followed by the
onset of a putative serine-protease cascade that cleaves
the PP precursor (Figure 1A). Specification of ROS
types, hemocyte populations, pathogen-recognition
receptors, and proteases will be examined in future
studies. As serine proteases are involved in other
immune responses, such as melanization (23-25) and
Spaeztle activation (26-28), their crosstalk and role in
PP activation will be interesting to evaluate in future
studies.
2.2. Downstream processes induced by active paralytic
peptide
Based on our findings that PP activation is triggered
by pathogen components, PP might mediate defensive
responses against infectious pathogens. To gain
insight into the downstream events induced by PP, we
performed a genome-wide microarray analysis of the
hemocytes and fat body, the main immune organs in
the silkworm larvae. Among a number of genes with
altered expression patterns after PP injection, several
genes encoding cytokine-like factors were upregulated,
suggesting the existence of a complex network of insect
cytokines (29).
We further studied the effect of PP on defensive
responses in each organ. Active PP induced the
expression of phagocytosis-related genes in hemocytes
and promoted the engulfment of bacteria (Figure 2). In
addition, the amount of AMP mRNA expressed in the
fat body increased after PP injection, and activation
of p38 mitogen-activated protein kinase (MAPK)
mediated this PP-dependent AMP production (Figure
2). In addition to the well-known role of p38 MAPK
in stress responses, recent studies demonstrated its
contribution to insect immunity (30). Moreover, we
found that PP induces the expression of nitric oxide
(NO) synthase in the fat body, and NO production
is required for both p38 MAPK activation and AMP
expression (31). Although previous reports revealed
that NO functions as a messenger molecule in insect
immunity (32), but the pathway responsible for NO
production has remained unknown (33). Our findings
are thus the first to reveal a regulatory axis comprising
insect cytokine PP, NO, and p38 MAPK. Further studies

Figure 2. Immune responses induced by active paralytic
peptide (PP). Abbreviations: LPS, lipopolysaccharides.

of signal mediators may reveal the connection between
the extracellular cytokine network and intracellular
signaling matrices that lead to regulated immune-gene
expression.
PP and its Lepidoptera homologs belong to the
ENF peptide family (34), named after their conserved
C-terminal amino acid residues (glutamic acid,
asparagine, and phenylalanine). The PP homologs have
various biologic activities, which are reflected by the
names given to these homologs in other Lepidoptera
species: growth-blocking peptide, plasmatocytespreading peptide, and cardioactive peptide (34). We
demonstrated that the C-terminus ENF residues are
required for the immunostimulating activity of PP
(31), as observed in PP homologs with other activities
(35,36). The above signaling pathways mediating the
PP-dependent immune responses might also be involved
in different biologic events, such as development,
downstream of other PP homologs. In addition to
Lepidoptera insects, a Drosophila ENF peptide regulates
the switching of humoral and cellular immunity (37,38).
Moreover, PP homologs share similarity in their tertiary
structure with mammalian epidermal growth factor
and interact with mammalian epidermal growth factor
receptors (39). We expect that conserved counterparts
of the PP pathway exist in vertebrates and that studies
of insect cytokines will shed light on the basis of innate
immune regulation.
2.3. Biologic relevance of paralytic peptide activation in
host-pathogen interactions
The biologic significance of PP activation has been
demonstrated in the silkworm infection model using
several pathogenic bacteria. Given that PP activation
is triggered by pathogen components and that the
active form of PP induces gene expression in immune
tissues, we examined the protective role of PP in
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infected host insects. The death of silkworms infected
with Staphylococcus aureus, a human opportunistic
pathogen, is delayed by injecting an excess amount of
active PP. In contrast, the bacteria-dependent silkworm
killing effects are accelerated when the larvae are
treated with an anti-PP serum that specifically inhibits
the biologic functions of PP. These findings suggest
that PP acts as an insect cytokine that confers host
protection against pathogens (17).
Using the silkworm infection model, we demonstrated
that most human pathogens have silkworm-killing
effects (40,41). Among them, Serratia marcescens,
another pathogenic bacterium that infects infants and
immunocompromised patients, kills silkworms with an
extremely small number of cells (42,43). Silkworms
infected with S. marcescens have unique phenotypes
that are not induced by other pathogens, reduced
hemocyte viability (42) and an increased number of
freely circulating hemocytes in the hemolymph (44).
While the hemocyte killing effects are induced by live
S. marcescens cells and not the culture supernatant,
the hemocyte number is increased by injecting either
live bacteria or the supernatant, suggesting that the two
phenotypes are caused by different mechanisms.
By screening the S. marcescens transposon
mutant library, we found that mutants defective in the
biosynthesis of LPS O-antigen and flagella, cell surface
components required for bacterial motility, exhibit
attenuated hemocyte-killing ability (42). This LPS- and
flagella-dependent hemocyte killing by S. marcescens
impairs glucan-induced muscle contraction in the muscle
contraction assay (42), further supporting our previous
notion that the presence of live hemocytes is required
for PP activation (17). Isolated LPS and flagella proteins
themselves, however, fail to kill hemocytes; thus, it is
likely that other uncharacterized factors are directly
involved in the apoptosis induction. Nevertheless,
mutants lacking LPS O-antigen and flagella have much
lower virulence in silkworm larvae compared with the
parent strain (42), suggesting that suppression of host
immunity via hemocyte killing largely contributes to S.
marcescens pathogenicity (Figure 3A).
Another phenotype observed in silkworms injected
with the culture supernatant of S. marcescens, but not
other bacterial species, is the transient increase in the
number of freely circulating hemocytes. We purified
the factor responsible for the hemocyte-increasing
activity of the culture supernatant through biochemical
approaches and identified serralysin metalloprotease
(44). We demonstrated that serralysin degrades the
adhesive molecules at the hemocyte surface, resulting
in cell detachment from the internal body cavity and
an increase in freely circulating cells. Consistent with
previous reports, PP induces adhesive molecules in
hemocytes thereby increasing cell adhesiveness (29). On
the other hand, the PP-dependent increase in hemocyte
adhesiveness is blocked by serralysin treatment, without

Figure 3. Immune-evading mechanisms of the pathogenic
bacterium S. marcescens. (A) Suppression of paralytic
peptide (PP) activation via hemocyte killing by S. marcescens.
(B) Impairment of cellular immunity via production of
serralysin metalloprotease by S. marcescens. Abbreviations:
LPS, lipopolysaccharides; ROS, reactive oxygen species.

direct degradation of PP itself. Moreover, serralysin
suppresses immunologic activities, such as phagocytosis,
by hemocytes and bacterial clearance within the
silkworm hemolymph (44). Together, these findings
suggest that S. marcescens impairs host immunity,
including the PP pathway, via two distinct mechanisms:
direct hemocyte-killing mediated by bacterial surface
components (Figure 3A), and degradation of adhesive
molecules by the secretion of serralysin metalloprotease
(Figure 3B). The significance of PP in self-defense is
highlighted through analyses of these battles between
host animals and pathogens.
3. Evaluation of immunostimulatory compounds
using silkworms
As described above, the silkworm muscle contraction
assay is suitable for evaluating stimulatory effects of test
samples on the PP pathway (Figure 1). The silkworm ex
vivo system has several advantages compared to other
immunologic assays, such as interleukin production
using mammalian macrophages. Because bacterial LPS,
a contaminant frequently present in natural sources,
fails to trigger PP activation (21), the activity measured
by the silkworm contraction assay is free from falsepositives due to environmental LPS. This is presumably
due to the presence of LPS-absorbing proteins in the
silkworm hemolymph (45). Moreover, samples injected
into the hemolymph of the larval specimen are subjected
to drug-metabolic processes. Therefore, we consider
that the silkworm muscle contraction assay is applicable
for evaluating the immunostimulatory effects of
compounds. In this section, we present the practical use
of the silkworm muscle contraction assay.
3.1. Purification of immunostimulatory polysaccharides
from green tea leaves
Tea leaves contain various compounds, such as
polyphenol, that affect human health. The factors
responsible for the bioactivities reported in tea remain
largely unknown at the molecular level. A hot water
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extract of green tea (Camellia sinensis) leaves exhibits
potent activity in the silkworm muscle contraction assay
(46). On the other hand, known components of green tea
leaves, such as catechin, polyphenon, and cellulose, fail
to induce muscle contraction, suggesting that the leaves
contain uncharacterized substances that stimulate innate
immunity. We purified the active component from the tea
extract by successive chromatography steps. Based on
the physical properties of the active fraction, we assumed
that it contained polysaccharides. Monosaccharide
analysis and nuclear magnetic resonance revealed that
the polysaccharide structure contains D-galacturonic
acid and methyl ester residues (46). Moreover,
the activity of the purified fraction is sensitive to
enzymatic treatment by beta-glucanase, suggesting the
presence of a beta-glucan structure connected with a
polygalacturonic acid backbone (46). We further verified
the immunostimulatory effect of this polysaccharide in a
conventional interleukin-6 production assay using mouse
peritoneal macrophages (46). These findings support
our statement that the silkworm muscle contraction
assay is useful for identifying novel substances with
immunostimulatory activity.
3.2. Characterization of immunostimulatory glucans
from rock tripe
Rock tripe, a group of lichens that grow on rocks, is
used as a traditional medicine in Eastern countries
(called "iwatake" in Japanese and "seogi" in Korea).
These lichens produce various polysaccharides, some of
which have stimulatory effects on mammalian immune
cells (47). By using the silkworm contraction assay,
we evaluated the immunostimulatory effects of these
rock tripe-derived polysaccharides. We found that GE3, a beta-1,6 glucan from Gyrophora esculenta, induces
muscle contraction in larval specimens (21). Moreover,
GE-3 promotes PP activation within the silkworm
hemolymph in a dose-dependent manner (21). A
previous microarray analysis revealed that PP injection
upregulates immune genes that are also induced in
virus-infected insects (48,49). Using the Bombyx mori
nucleopolyhedrosis virus silkworm infection model
(50), we demonstrated that GE-3 has a host protective
effect (21).
In contrast to GE-3, some of the plant-derived
beta-glucans (e.g., laminaran, lentinan, schizophyllan,
and ukonan) fail to induce muscle contraction (21),
suggesting that the host system recognizes specific
structural patterns of beta-glucans that lead to PP
activation and host protection. The precise mechanism
of ligand recognition and the downstream anti-viral
immune reactions, however, require further studies.
4. Overactivation of innate immunity in silkworms
The immune system is a "double-edged sword", and
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overactivation of immune reactions damages the host
animal itself. In humans, severe inflammatory states
are due mainly to the dysregulation of innate immunity,
rather than acquired immunity, and are related to
numerous diseases; either local or systemic, acute or
chronic. In mammals, pathogen-recognizing receptors
such as Toll-like receptors trigger exaggerated responses
called cytokine storms, in which overproduced
cytokines amplify the inflammatory signal. A striking
example is Toll-like receptor 4-dependent septic shock
in mice injected with bacterial LPS; death caused by
LPS treatment is clearly suppressed in tlr4 gene-knock
out mice (51). In this sense, studies of the mechanisms
that modulate immune responses are crucial to
understand and overcome the "negative" side of
immunity. Regardless of the basic conservation in innate
immunity, however, there has been no reported model
of sepsis in invertebrates that includes immune system
overactivation.
Among the human pathogens with lethal effects in
silkworms, we focused on Porphyromonas gingivalis,
a Gram-negative bacterium causative for periodontal
disease. Larval death caused by this specific bacterium
has distinct features not observed in silkworms infected
with other model pathogens. First, the silkworms
infected with P. gingivalis are not cured by antibiotic
administration, despite inhibition of the in vitro growth
of P. gingivalis and the finding of therapeutic effects on
other pathogenic bacteria. While viable bacterial cells
within the silkworm hemolymph decrease soon after
infection, P. gingivalis continues to kill silkworms after
several days. Moreover, heat-killed P. gingivalis cells
are as toxic to silkworms as live bacteria. Second, the
hemolymph of P. gingivalis-infected larvae show intense
blackening, a defensive reaction called melanization,
several hours after injection. The degree of hemolymph
blackening is much higher after P. gingivalis infection
than infection by other pathogens. We considered from
these findings that P. gingivalis surface components kill
silkworms by excess activation of melanization (52).
We further assessed the killing mechanism by P.
gingivalis. Both hemolymph blackening and hostkilling by P. gingivalis are suppressed by 1-phenyl2-thiourea and serine protease inhibitors, agents that
inhibit insect melanization. As melanin itself is not toxic
to silkworms, we shifted our focus to ROS generated as
side-products during melanin polymerization. ROS are
a well-known trigger of cell-death signals and are thus
implicated in a wide range of stress-related diseases
and inflammation. We found that radical scavengers
and pharmacologic inhibitors of cell-death signals
exhibited therapeutic effects in silkworms infected with
P. gingivalis (Figure 4). Although P. gingivalis also
induced potent muscle contraction, inhibition of the
PP pathway by PP-antiserum did not affect silkworm
killing, suggesting that melanization is specifically
involved in the host damaging process. Together, these
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findings suggest that P. gingivalis-induced excess
ROS production during melanization is followed by
activation of cell death signals and organ failure. We
proposed this as the first insect model of bacteriainduced immune overactivation causing severe damage
against the host (52).
How does P. gingivalis induce excess melanization?
We only know that PG, a major cell wall component in
bacteria, is responsible for the onset of melanization. The
composition and structure of PG vary among bacterial
species. In general, Gram-negative or Gram-positive
bacteria possess either diaminopimelic acid - or Lystype PG, followed by more detailed classifications.
Comparison with the toxic effects of PG from other
bacteria, however, fails to reveal a clear relationship
between the PG type and immunoreactivity (52).
Furthermore, P. gingivalis PG-induced host killing is
not observed in two Diptera species (D. melanogaster
and Sarcophaga peregrina), whereas other Lepidopteran
and Coleopteran insects are killed and their hemolymph
blackened (52). Identification of the precise PG structure
and the host PG-receptor involved in the excess
melanization may provide reasonable explanations for
the above comparative study, and further elucidate the
evolutionary diversification of immunomodulation.

Figure 4. Overactivation of immune responses by P.
gingivalis peptidoglycan in silkworms.

5. Perspectives for using silkworms as a model animal
for the development of immuno-regulatory drugs
As mentioned above, we initially established a pathogen
infection model using the silkworm as a host animal. The
lower rearing costs and fewer ethical issues associated
with using a large number of silkworms for drug
screening and development are advantageous compared
with mammalian models. The pharmacokinetic
parameters and toxicity of most drugs evaluated in
silkworms are comparable to those reported in mammals,
suggesting that both models possess similar drug
metabolism systems (15,53,54). Using the S. aureussilkworm infection model, we recently identified a novel
antibiotic named lysocin E (55). During the purification
procedure of therapeutically active substances from the
Lysobacter culture supernatant, we observed that the in
vitro antibacterial activity does not increase in proportion
with the in vivo therapeutic activity (55), indicating the
importance of evaluating in vivo activity using the whole
animal, and not only in in vitro assays, to screen and
identify therapeutically active compounds (Figure 5).
As exemplified by the antibiotic lysocin E, this
silkworm infection model allows us to determine
compounds that modulate the immune system using
silkworms. As presented in the above sections, the
silkworm muscle contraction assay is suitable for
screening substances, such as polysaccharides, contained
in natural sources that stimulate innate immunity. The
combination of an ex vivo muscle contraction assay
and the silkworm infection model may lead to the
identification of compounds with therapeutic effects
through immune system activation rather than direct
toxicity to pathogens. Because these compounds recruit
host immune systems to suppress pathogen activity,
the development of drug resistance may be limited, as
discussed in the case of host AMPs used for infection
control (56). In addition, these compounds could be
effective against a wide range of pathogens, and may
also be applicable for cancer therapy (56).
On the other hand, the P. gingivalis-silkworm

Figure 5. Identification of a novel antibiotic, lysocin E, through in vivo drug screening using the silkworm infection model.
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infection model could be used to evaluate compounds
that attenuate the overactivated state of the host immune
system. Because excess ROS production is widely
considered to cause cell death, radical scavengers and
apoptosis inhibitors are expected to prevent tissue
damage at the inflammatory site. We demonstrated that
N-acetyl-L-cysteine and glutathione, antioxidants with
therapeutic effects in mammalian sepsis (57), suppress
silkworm killing by the P. gingivalis peptidoglycan
(52). While antioxidant activity is reported in a number
of natural origins and traditional medicines, such
as ginseng (58), in most cases the active substances
responsible for the activity are yet to be determined.
We consider that the silkworm model is suitable for
searching for compounds from these potential sources
with protective effects against sepsis that accompanies
immune overactivation.
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6. Concluding remarks
Insects are simple and useful models for analyzing the
basis of regulatory mechanisms in innate immunity.
Recent findings regarding the multifunctional insect
cytokine PP in silkworms provide novel insights into
the communication network among immune tissues and
host-pathogen interactions. In contrast to mammalian
models, insects are currently rarely applied to human
drug development. The established silkworm assays
evaluating both "positive" (cytokine activation) and
"negative" (excess inflammation) aspects of immunity
have potential applications in the development of
therapeutic agents that affect host immunologic states.
The silkworm is thus revolutionizing basic science by
opening new fields of interdisciplinary research that
include immunology, microbiology, and pharmacology.
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Summary

Oesophageal Squamous Cell Carcinoma (ESCC) is one of the two main subtypes of
oesophageal cancer, affecting mainly populations in Asia. Though there have been great
efforts to develop methods for a better prognosis, there is still a limitation in the staging of
this affection. As a result, ESCC is detected at advances stages, when the interventions on the
patient do not have such a positive outcome, leading in many cases to recurrence and to a very
low 5-year survival rate, causing high mortality. A way to decrease the number of deaths is
the use of biomarkers that can trace the advance of the disease at early stages, when surgical
or chemotherapeutic methodologies would have a greater effect on the evolution of the
subject. The new high throughput omics technologies offer an unprecedented chance to screen
for thousands of molecules at the same time, from which a new set of biomarkers could be
developed. One of the most convenient types of samples is saliva, an accessible body fluid that
has the advantage of being non-invasive for the patient, being easy to store or to process. This
review will focus on the current status of the new omics technologies regarding salivaomics in
ESCC, or when not evaluated yet, the achievements in related diseases.
Keywords: Oesophageal squamous cell carcinoma, saliva, salivaomics, transcriptomics,
proteomics, metabolomics

1. Introduction
Oesophageal Cancer (EC) has two main subtypes
with different pathological features, Adenocarcinoma
(EAC) and ESCC (1,2), representing between them
more than 90% of the detected cases (3). There is also
a different trend in the geographical distribution for
both EC subtypes, being that of EAC in the Western
world (4), while ESCC is especially present in Asia,
for example in China (5-7), Iran (8,9), Japan (10), or
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Kazakhstan (11). In this last country, ESCC is the 6th
major type of diagnosed cancer, with high mortality
rates among women (9th place) and men (5th place) (11).
Early detection of ESCC and subsequent treatment
would be crucial in order to decrease mortality (12), but
as indicated by several authors (4,13-15) lack of early
stage diagnostic tools is one of the biggest problems
in ESCC diagnostics, especially because ESCC is
manifested as asymptomatic lesions at first stages.
Some of the current techniques used for diagnosis
are non-invasive imaging methods, as well as more
conventional ones that include computed tomography
(CT) scan, or endoscopic ultrasound (EUS). Some of
the difficulties that these techniques face are in the case
of EUS the limitation that tumour enlargement pose
for the passage of endoscope in advanced cases, or for
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CT the lower sensitivity displayed in comparison to a
combination of PET (Positron Emission Tomography)
and the use of 2-deoxy-2-( 18 F)fluoro-D-glucose
(18F-FDG) (16). As previously indicated by Takeshita
(15) there have been advances in the use of several
techniques as those mentioned above, but still a late
detection happens at very advanced stages (17,18),
when surgical interventions are not effective and lead to
recurrence and low survival rates (19).
Besides, an additional problem for ESCC is the
multifactorial nature of its occurrence (20), and the
influence that different habits would have over the risk
of developing this disease, as it has been associated with
heavy smoking, drinking, or low intake of vegetables
or fruits (21-23). The increased risk factor in this case
as indicated by Cheng and Day (22) may come as a
consequence from a direct contact of the potential
carcinogen with the epithelium, some existing transport
facilitating mechanism, or derived from compounds that
increase the cell turnover in the epithelial cells. Albeit yet
a controversial topic, there have been also studies trying
to correlate the occurrence of HPV infections and ESCC,
though results showed an elevated degree of variation
that did not yield a clear association between the viral
infection and the development of the disease (24-26).
A molecular feature that could be associated to the
development of this disease would serve as an indicator
for a more effective treatment. In this scenario,
the discovery of biomarkers would become a great
advantage for clinicians allowing an early diagnosis of
ESCC, as it has been for many other diseases, e.g. level
of serum creatinine as indicator of renal function. The
term biomarker (biological marker) can be defined as "a
characteristic that is objectively measured and evaluated
as an indicator of normal biological processes,
pathogenic processes, or pharmacologic responses to a
therapeutic intervention", definition that was proposed
at the 1998 National Institutes of Health Biomarkers
Definitions Working Group (27,28). Biomarkers can
aid in diagnosis, and an efficient way to discover
them is the use of available omics technologies.
Transcriptomics, Proteomics, or Metabolomics (TPM)
are relatively new high throughput techniques that allow
performing massive screenings of different molecules.
Each of them refer to the complete set of transcripts/
proteins/metabolites (respectively) and their quantity,
for a given cell with a given genotype, under certain
environmental conditions (including developmental or
physiological stage, as well as being under influence of
bioregulators) (29-32). After this definition, it comes
as a logic consequence that physiological changes
that accompany the development of a disease in
humans lead to changes in the TPM profile, that can
be observed and measured in a tissue, or indirectly
measured/observed in human fluids, e.g. urine, sweat,
saliva. Currently due to the development of omics
technologies, these profile changes can be detected
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and analysed (29-32). The advantage of using TMP
"expression" biomarkers is that they are closely related
to the disease, as they are usually by-products of its
development. Metabolites are for example end-points
of all the system, being the final products of metabolic
pathways (33) and a reflection of the phenotype (34).
Therefore, this approach would yield biomarkers that
are potentially specific for the studied disease, and
have a potentially direct application (35). The use of a
combination of this new technologies (36), can largely
contribute in the understanding of each disease, their
evolution, and molecular mechanisms.
A very important point in studies concerning
cancer or other diseases, is the validation of the model
through testing in an independent set of samples (36).
This would be, for example, a set of individuals with
the same features as the control (healthy), and another
set of independent affected ones, which were not used
in the original screening. It will mean that the found
biomarkers have the power to potentially predict or
be associated with the disease in any given set of
samples that fulfil the disease conditions. Otherwise,
this would be (the necessary) technical validation of the
study. Biomarkers that are validated in this way can be
promising targets for further clinical testing assays.
Considering the final aim of developing biomarkers
to routinely use them for ESCC testing in clinical
settings, one of the most accessible and interesting
types of human samples is saliva (35). It has numerous
advantages, being easily accessible for clinicians, and
non-invasive for patients (37-39). Compared to imaging
techniques, saliva collection is methodologically less
demanding than a 18F-FDG PET assay (16), allowing to
scale up the number of patients to sample. Compared
with other identification techniques as EUS, its
advantage is that saliva collection avoids the anxiety
that an endoscopy may cause to the patient, or the
potential disturbances afterwards. Other interesting
features of saliva in comparison to blood, is that saliva
does not need dedicated precautions for storage or
biosecurity, besides it does not clot (14). Thus, its
handling is very convenient for any hospital facility
worldwide, especially in depressed or impoverished
areas.
Saliva is a human fluid that is originated mostly
in three salivary glands (parotis, submandibularis and
sublingualis), as well as a number of minor glands, and
the fluid from gingival crevice (37,40). It is a complex
mixture of exudates derived from mucosa, plasma,
microflora (or what we will refer as oral metabiome/
microbiome), epithelial cells, small metabolites and
different transcripts, among other minor compounds
(41-44). This complexity must be considered as a very
important feature for its study. Regarding the protein
content, some studies reported that approximately
20%-30% of the proteins that can be found in blood
plasma are present in saliva (45,46). According to
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Castagnola et al., most of the proteins (more than 90%
of representation) are not from gland secretory origin,
but common to other body fluids or tissues. However,
despite this abundance, common proteins account only
for 15% w/w of the salivary proteome, something
that has to be considered as a potential drawback for
biomarker discovery studies (41). An aspect of saliva
that cannot be forgotten, of importance because it can
affect the results, is the human oral microbiome (47,48).
It can be defined as the population of different bacterial
species that inhabit the oral cavity, while they form part
of the whole human microbiota. Taking in account all
of the above mentioned features from saliva, there is
room for discovery of different biomarkers associated
to the development of ESCC.
In conditions of disease, human saliva can reflect
the physiological state as occurs in blood (49,50).
This has been demonstrated in the work of Asatsuma
et al. (51) (Table 1), in which they found significant
differences in a protein between the healthy patients
compared with the ones affected by primary Sjögren's
syndrome (pSS). Nevertheless, this disease affects
salivary and lachrymal glands (52), and it could be
thought that these type of alterations are easier to trace
in saliva than other conditions, for which could not be
possible the discovery of useful biomarkers. Then it is
important to address here the important findings in a
disease that is not directly related with the oral cavity,
Breast Cancer (BC), where saliva was the sample of
choice. A successful example is the study of Zhang and
collaborators (53) (Table 1), where they discovered
and validated eight mRNA biomarkers and a protein
biomarker, having a 92% accuracy in the tested sample
set.
It is then clear that saliva diagnostics is a powerful
tool and at the same time a promising biofluid. The
current status regarding ESCC salivaomics will be
reviewed when available in the following sections for
the three main current high throughput technologies:
transcriptomics, proteomics, and metabolomics. For
clarity, the most promising results in salivary biomarker
discovery have been briefly resumed in Table 1.
2. Transcriptomics
Transcriptomics studies and quantifies the set of RNA
molecules produced by the genome as a result of the
environmental influences, or the developmental stage. A
major question that has to be addressed is the stability
of RNA in saliva. It is a common presumption that RNA
cannot be stable in saliva (54) due to its labile nature
and the presence of RNases in the oral cavity (55). A
further complication for cancer studies is the reported
higher activity of RNases in gastric cancer patients (56),
leading to a higher degradation of total RNA in the oral
cavity of affected subjects. If that described situation
applies for other types of cancer, being ESCC of our

interest, chances to find intact RNA are lower and thus
the capability to discovery useful potential biomarkers
will decrease vastly. There have been successful studies
focusing on saliva as the sample material for oral
squamous cell carcinoma (OSCC), for example the
work of Li and collaborators (55) (Table 1), where they
found more than 1,600 differentially expressed genes.
However some other studies (54) have described that
the observed signalling molecule was in fact DNA, not
RNA, what complicates the analysis. Notwithstanding,
Li and colleagues were the first ones to observe more
than 3,000 different RNA transcripts in human saliva
(44) (Table 1), according to what they report in a more
recent study from their laboratory, in which Park and
colleagues (57) (Table 1) further characterized the
stability of RNA in saliva. This latter study tested
whether informative RNA molecules exist in saliva
or not through different molecular biology assays. As
reported (57) , until 2004 most of the detected RNA
had a viral or bacterial origin. In this study Park and
colleagues (57) used a 22,283 cDNA probes microarray
(Agilent Affymetrix Human Genome U133A) to
test the complexity of several oral saliva samples in
terms of number of distinct transcripts that could be
detected, having found more than 6,000 in the whole
saliva. Regarding stability, one of the possibilities that
they indicate for the stability of RNA in saliva is the
association with mucin, protein that would protect from
degradation, as well as other type of macromolecules.
Are there additional sources of cell free circulating
RNA in saliva? Amidst the possible origins some
authors have indicated apoptotic processes (58), while
other studies report the presence of exosomes (59,60).
In keeping with this last possibility, Ogawa and
collaborators (59) (Table 1) found for the first time the
presence of exosomal vesicles in whole saliva samples
from humans.
For efficient biomarker discovery, the release of
RNA from the apoptotic cells has to occur in a quantity
that allows an early identification and efficient tracking
of the disease. The appearance of RNAs in latter stages
of the disease will not have such a clinical value for
ESCC, as there are other available techniques that
were mentioned in the previous section, and because
of the current critical need for early markers. In that
way, the presence of exosomes and their nature as a
communication mean between distant cell types (61-64),
can be a key point to exploit biomarker discovery. That
would be of a great interest in the case of ESCC, as the
chances for detecting apoptotic derived RNA may not
be so big during early stages than in advanced ones, but
still tumorigenic cells may be starting to derive RNA
containing exosomes for communication while the
lesion is not yet detectable.
More interesting developments related with saliva
that focused on studying BC and their potential salivary
biomarkers, were achieved by Zhang and collaborators
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Table 1. Most promising advances regarding biomarker discovery in saliva
Methodology

Model of study

ELISA; sandwich EIA

Discovery

Importance

Ref.

pSS

Significantly increased levels of
MMP-9/TIMP-1 and MMP-9 in pSS
patients

Use of saliva to study differences
between affected patients and healthy
ones

Asatsuma
et al. (51)

Affymetrix Human Genome
U133A
Array

Healthy subjects

3,000 different RNA transcripts in
human saliva

Large scale methodology to study
transcriptomics in saliva

Li
et al. (44)

Affymetrix Human Genome
U133A
Array

OSCC

1,600 differentially expressed genes

Differentially expressed genes between
affected patients and healthy ones
through large scale approach

Li
et al. (55)

Affymetrix microarray
platform/2D-DIGE

BC

Discovery and validation of eight
mRNA, and a protein biomarker
(92% accuracy)

Salivary biomarkers in a disease not
related with oral cavity, broadening
the field

Zhang
et al. (53)

Affymetrix Human Genome
U133A
Array

Healthy subjects

Characterization of RNA stability in
saliva

Observation of the association with
mucin and other macromolecules, for
protection against degradation

Park
et al. (57)

Peptide sequencing/MALDITOF-MS

Healthy subjects

Exosomes in saliva samples

First time report of exosomal vesicles
in whole saliva samples from humans

Ogawa
et al. (59)

miRNA microarray

EC

Different miRNA profiles in saliva
derived from healthy patients and
affected ones

Four validated miRNA biomarkers in
EC

Xie
et al. (70)

RNAseq

Healthy subjects

20-25% of sequenced reads that align
to the human genome, while another
30% aligns to HOMD

First whole RNAseq in saliva
samples from healthy human subjects,
methodology to differentiate microbiota
from human moiety

Spielmann
et al. (43)

RNAseq

Healthy subjects

Human oral and gut microbiome and
transcriptome differences

Establishment of patient self-collection
of samples

Franzosa
et al. (72)

RNAseq

PD

Oral metabiome differences between
healthy microbiome and disease
microbiome

Found differences in the diversity of
the community between disease and
healthy states

Jorth
et al. (73)

RNAseq

Healthy subjects

exRNAs as micro RNA, Piwiinteracting RNA, and circular RNA

Characterization of diverse RNA
species from saliva.

Bahn
et al. (74)

Peptide sequencing/MS

Healthy subjects

Characterization of the salivary
metaproteome

First catalogue of metaproteome,
serving as a reference for future studies

Jagtap
et al. (76)

Subtractive proteomics
approach, combination of
separation techniques: LC,
LC-MS/MS, QqTOF MS

OSCC

Differential levels of proteins
between healthy and affected patients

Verification of results in independent
set of patients and healthy subjects,
promising biomarkers

Hu
et al. (81)

CE-TOF-MS

BC, OC, PC, PD

57 metabolites for accurate prediction
of the probability of each disease

Shows the feasibility to obtain
valuable information and biomarkers
from saliva, in a variety of cancer
diseases

Sugimoto
et al. (85)

ELISA: enzyme-linked immunosorbent assay; EIA: enzyme immunoassay; pSS: primary Sjögren's syndrome; MMP-9: metalloproteinase-9 ;
TIMP-1: tissue inhibitor of metalloproteinase-1; 2D-DIGE: two-dimensional diﬀerence gel electrophoresis; BC: Breast Cancer; OSCC: Oral
Squamous Cell Carcinoma; MALDI-TOF-MS: matrix-assisted laser desorption/ionization time-of-ﬂight mass spectrometry; EC: Oesophageal
Cancer; PD: periodontal disease; HOMD: Human Oral Microbiome Database; exRNAs: extracellular RNAs; LC: liquid chromatography; MS:
mass spectrometry; QqTOF: quadrupole-quadrupole-time-of-ﬂight; CE: Capillary Electrophoresis; OC: oral cancer; PC: pancreatic cancer.

(53) (Table 1) through a microarray platform. Amidst
their results, it was found that 1,402 genes had > 2 fold
up-regulation, while 2,447 > 2 fold down-regulation
in their saliva samples. Their findings indicate that
saliva is a relatively good source of transcripts for

biomarker discovery when comparing affected subjects
to healthy ones. A further selection of the 27 top upregulated candidates based on p-value and fold-change
(p < 0.01, fold change > 10) allowed them to select
potential candidates, that in the next stage of their
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study were validated through RT-PCR. This last assay
rendered 11 positive genes out of 27 genes. To be able
to complete their study, the 11 candidates were tested
in an independent sample (30 BC patients, 63 controls),
having found 8 pre-validated markers (53).
Microarray is a platform that despite its limitations
or a lower resolution compared with RNAseq, the
new high throughput platform for transcriptomics,
can be still very useful for studies in saliva, as it has
been demonstrated in the reviewed papers using this
approach in miRNA ESCC profiles. If a search over
the studies that focused on ESCC and microarrays
is performed directly in Gene Expression Omnibus
(GEO) using the keywords "ESCC" and "array", the
outcome gives back more than 300 results. However,
up to date and to our knowledge, no study in the
salivary ESCC transcriptome has been performed using
this platform yet, according to the last bibliographic
searches performed using keywords as "saliva",
"microarray", and "ESCC" or "oesophageal squamous
cell carcinoma". The exception to that comes from
several studies that focused in miRNA characterization
and identification using salivary samples (as well as
tissues).
In one of those studies, Ishibashi and colleagues (65)
used a microarray platform to analyse ESCC expression
profiles between normal and cancer affected samples
from 12 individuals. The 24 paired samples come either
from the tumour area with more than 80% of tumour
cells, or from normal tissue at least 4 cm away from
the affected zone. An interesting option for microarray
analysis in ESCC, has been the comparison of tumour
cells with cell lines overexpressing an important gene
for tumour progression (66), or a different splice variant
(67), as it can aid to clear many questions about the
development of the disease. Both of these studies have
been carried out in the same laboratory, and show the
potential of transcriptomics, as well as other type of
complementary technologies, to address fundamental
questions in molecular biology being an alternative
for obtaining a higher resolution profile than classic
approaches.
Identification of miRNAs in ESCC has been a
promising research area with a number of studies
published in the field. Matushima et al. (68) have
studied ESCC cell lines that were moderate and well
differentiated, as well as a control squamous epithelial
oesophageal line, through a microarray platform for
miRNA. Besides, they have performed functional
studies increasing or decreasing the expression of miR205, a miRNA overexpressed exclusively in ESCC
cell lines. Additional assays included estimation of
wound healing, cellular invasion and migration, or
evaluation of the regulation target, that in this case was
zinc finger E-box binding homeobox 2 (ZEB2). An
important feature of the work of Guo and collaborators
(69), is that they obtained the distinct miRNA profiles

for ESCC tumour samples in frozen archival tissues,
having obtained 46 differentially expressed ones. They
established a minimum set of 7 that can differentiate
between cancer and normal tissues. Despite the
degradation, miRNA profiles in these stored samples
were displaying similar values to that of fresh tissues,
enlightening the use of the extensive tissue archives
to gain better understanding of the disease. Some
significant examples with saliva samples can be found
in the recent work of Xie and collaborators (70), where
they found different miRNA profiles in saliva derived
from healthy patients and Oesophageal Cancer (EC)
affected individuals, with four of them validated in
a set of independent individuals, through a miRNA
microarray. According to them, their work has been the
first to assess the miRNA content in EC. Comparing
both of the above mentioned studies, it seems that
saliva renders less information, though is still valuable
resource for biomarker discovery in terms of miRNAs.
As it was pointed out by Xie (70), saliva can be
considered an end point of blood circulation, having
a certain degree of representation of the molecules in
blood, stating that it serves for diagnostic purposes.
Further broadening this point, Wang and collaborators
(71) carried out a meta-analysis in several papers
studying ESCC miRNA profiles in Asian populations,
including that of Xie et al. (70). They observed that
miRNA profiles in blood have a bigger diagnostic
accuracy than those derived from saliva. Despite this
observation, miRNA based diagnostics is a promising
field in saliva (as well as blood), due to the higher
stability, reproducibility, correlated concentrations to
some types of cancers, or ease of detection through RTqPCR (71).
Within the new RNAseq methodologies there
have been promising discoveries focusing on saliva,
as the work of Spielmann and colleagues (43) (Table
1), in which they highlight the power of salivary
transcriptome as a diagnostic tool for human diseases
using a massive RNA sequencing approach. With a
similar methodological approach, Franzosa (72) (Table
1) revealed the importance of RNA studies in related
locations to ESCC within human body by studying
human oral and gut microbiome and transcriptome. The
work of Spielmann and collaborators (43) is the first
whole RNAseq in saliva samples from healthy human
subjects, broadening to new studies in the field that will
focus on the differences between healthy and affected
samples. Both types of approaches have not been used
in ESCC yet, and could therefore pose a great source of
different biomarker tools. As it was mentioned above, the
oral microbiome is an important part to consider when
studying saliva. Spielmann and collaborators (43) report
a 20-25% of sequenced reads that align to the human
genome, while another 30% aligns to the Human Oral
Microbiome Database (HOMD). They have detected
more than 4,000 genes (coding and non-coding), while
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structural integrity of the transcripts was conserved
(43). Considering the potential of the metabiome as
a diagnostic tool, there has been a close study in the
oral metabiome between healthy and affected patients
of periodontal disease (73) (Table 1), having found
differences in the diversity of the community in both
cases. A very interesting suggestion was that metabolic
pathways are conserved while there are geographical,
ethnical, and food consuming factors that may alter
the species presence. If this gets demonstrated, we
may expect that microbiome in ESCC affected patients
displays different expression patterns to that one
observed in healthy subjects, and this could serve as a
prognostic marker for the development of the disease.
Another study using RNAseq in salivary samples was
performed afterwards by Bahn and colleagues (74)
(Table 1). They carried out a similar massive study on
the cell free component of salivary samples than that
of Spielmann (43), but focused on extracellular RNAs
(exRNAs) as micro RNA, Piwi-interacting RNA, and
circular RNA.
3. Proteomics
The development of proteomics has been notable in
different body fluids as urine, blood and saliva, as
Amado and colleagues (75) have indicated. One of
the features that they highlighted was the convenience
of adding proteases inhibitors, due to the presence of
proteases from bacteria and saliva which may affect
the downstream procedure. As it has been already
mentioned in the introduction, most of the proteins in
saliva (90%) are shared with blood, but they represent
only 15% w/w (41), while there have been studies
reporting that 20-30% of the proteins in saliva can be
found also in plasma (45,46). An interesting question
that arises in here, and in agreement with Amado (75),
is about how many of those proteins belong to the
human moiety, or to the metabiome. An answer to that
question was obtained by Jagtap and collaborators (76)
(Table 1), in a deep study of the salivary metaproteome
of healthy subjects, where they found that most of the
detected proteins had a human origin, being non-human
peptides present in much lower quantities. Additionally
they determined over 200 different bacterial species.
Their focus was the salivary supernatant, which
largely remains free of bacterial component, as the
pellet fraction collects the bacteria present in the oral
cavity after the initial centrifugation. Even though, by
using pooled samples from 6 individuals, they were
able to find bacterial peptides in this fraction. Besides
these significant discoveries, their study can serve as
a reference for future studies that will focus on the
differences between healthy subjects and those affected
by a disease, especially ESCC. An extensive review
on the topic was written by Uemura and collaborators
(77), which focuses on the proteomics advances
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regarding EC in its two main forms, ESCC and EAC.
This thorough revision of the bibliography, gives a
precise idea of the status until 2014 of the usage of
proteomics for different downstream applications, such
as early detection, prediction of lymph node metastasis,
therapy response prediction, prognostic prediction,
as well as the applications in the development of
novel therapeutics, or the elucidation of molecular
mechanisms of action. Although all of those studies
reviewed by Uemura are focused mainly on serum or
biopsy samples from ESCC or EAC tissues, they give a
complete perspective on what has been done until date
using the available proteomic approaches. Equally as
interesting, is the review written in 2012 by Qi et al. (78)
which focused exclusively on ESCC proteomics, yet
there were no reported studies using saliva as the source
for proteins.
One of the included studies in the paper from
Qi, was a proteomic profiling of cancer tissues from
Chinese ESCC subjects, carried out by Du and
collaborators (79), who found differential expression
of 22 proteins (17 up- and 5 down-regulated) through
MALDI-TOF (Matrix-Assisted Laser Desorption/
ionization- Time of Flight) or LC-ESIT-IT MS (Liquid
Chromatography-Electrospray/Ionization Ion Trap)
approaches. According to Uemura (77), this work can
be classified into the group of prognostic prediction
biomarkers, considering that one of their findings was a
correlation between poor prognosis and the expression
levels of calreticunin, and 78-kDA glucose-regulated
protein (GRP78) (79). The biological functions that
were represented in the differentially expressed proteins
are related with terms as glycolysis, regulation of
transcription, cell proliferation, cell motility or cell
signal transduction among others, what is related with
the kind of processes that occur within a group of
malignant cells, for example the Warburg effect (80).
But coming back to the field of salivaomics,
one interesting approach was followed by Hu and
colleagues, who used saliva as the source material to
study the proteome of 64 healthy subjects compared
with another group of 64 affected patients, although
the disease in this case was OSCC (81) (Table 1).
The methodology included a subtractive proteomics
approach for their in-depth study, through a combination
of separation techniques such as LC and LC-MS/MS,
together with a QqTOF MS. About the methodologies,
further explanation of the techniques can be consulted
in the two above mentioned reviews from Uemura (77)
and Qi (78). In their study Hu and colleagues concluded
with a verification of their experimental results, being
promising targets for biomarker discovery in OSCC.
Regarding saliva and ESCC, we were not able to find
studies relating both, only the reported ones using saliva
in related affections as OSCC. This situation makes
proteomic biomarker discovery in ESCC a promising
and unexplored field of research.
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4. Metabolomics
A remarkable review about the application of
metabolomics for biomarker discovery can be found
in the work of Armitage and Barbas (82). They have
highlighted a variety of key pathways that are altered
in cases of cancer, but considering all the potentially
involved metabolites there is no current platform
that can detect all of them at the same time. The
choice of analytical platform can range between the
two main techniques used in metabolomics analysis,
one of them being MS (Mass Spectrometry) based
approaches, with a deep profiling capacity; and NMR
(Nuclear Magnetic Resonance). The latter has the
advantage of being fast and reproducible (83), while
there is no need to disrupt the tissues or samples, a
feature that can be used for in vivo studies as showed
by Morvan and Demidem (84), where they analysed
the response of tumours to a chemotherapy treatment
in tissues and mice. Albeit these advantages, it shows
lower resolution than MS based choices, for which
there have been advances in separation techniques
with the coupling of MS to different complementary
methodologies, for example CE-MS (Capillary
Electrophoresis), GC-MS (Gas Chromatography), or
LC-MS (Liquid Chromatography) (82).
Unfortunately, up to date there have been no
published studies on metabolite analysis in saliva
of ESCC patients. However some works as that of
Sugimoto et al. (85) (Table 1), used the saliva of
subjects affected in breast (30 subjects), oral (69
subjects), and pancreatic cancers (18 subjects), as well
as periodontal disease (11 subjects), compared with a
set of 87 healthy ones. In their approach they used a
combination of CE-TOF-MS methodologies, having
found a set of 57 metabolites for accurate prediction
of the probability of each disease. Moreover, they
show that it is possible to obtain valuable metabolomic
information and biomarkers from saliva, in a variety
of cancer diseases that affect other areas of the human
body than oral cavity. One of the important metabolites
discovered, choline, is relevant because cholinecontaining metabolites participate in phospholipid
metabolism of cell membranes, and that has been
associated to malignancy, as it has been reported
by other authors that is a reflection of the increased
proliferation state of tumorigenic cells.
A recent review has been published by Abbassi
Ghadi (86) focused on studies using any type of
sample in gastric and oesophageal cancers, being the
most interesting studies for ESCC salivaomics, those
performed in biofluids as serum or urine. The variety
of analytical platforms from the studies included in
this review range from GC-MS, High ResolutionMagic Angle Spinning-NMR, CE-MS, LC-MS, and
Selected Ion Flow Tube-Mass Spectrometry. Due to
the inherent differences in each platform, sensitivity,

sample preparation, or type of sample source, there was
a notable variability among the reviewed references,
having found that glutamine is the most consistent
biomarker for both cancers across many studies. An
interesting idea highlighted by these authors is that
potentially useful biomarkers should be further tested in
other analytical platforms, and using different statistical
approaches, to lower as much as possible the false
positives discovery.
Wu and colleagues (87) focused on the screening of
20 paired samples from the same patients affected by
EC (18 ESCC and 2 EAC), including both non-affected
tissue and tumour samples (with at least 90% cancer
cells), resulting in the identification of 20 metabolites
through GC-MS. Other metabolomics studies focusing
exclusively on ESCC as the disease model, include
the one from Yang and collaborators (88), where they
have studied the profile changes in ESCC tumours at
different stages derived from tissue samples using a
NMR based approach. They have addressed, according
to their results, the possibility that some metabolic
changes arises before any morphological alterations
could be detected, and that is precisely what could pose
an advantage in the early screening of this disease. Jin
and collaborators (89) have pointed out that ESCC
metastasis advances primarily through the lymphatic
system, acting as well as a key prognostic factor. In
their study they used GC-MS to elucidate the possible
alterations in a set of ESCC serum samples (including
metastatic and non-metastatic ones), versus healthy
controls. One of the key elements of their study was
the evaluation of the metabolomics differences in those
subjects with lymph node metastasis. They have found
a marked Warburg effect (80) on ESCC cells due to the
enhanced glycolysis, which leads to decreased levels
of glucose and glutamine in blood, as well as a notably
higher content of lactic acid. This last metabolite was
found in higher quantities in those patients with lymph
node metastasis than non-metastatic ESCC subjects.
Some other metabolites usually associated with tumour
cells, are for example the observed increased levels
of certain long chain fatty acids, that could be derived
from a stronger de novo fatty acid biosynthesis, with
some fatty acids being up-regulated in the metastatic
samples compared with non-metastatic ones. Glutamine
is another metabolite that was found to be decreased
in metastatic cells, at its lowest levels from the three
groups. They demonstrated that a combination of
altered metabolites in cancer cases, could be used as
a metabolomic signature for discrimination between
patients in different stages.
Xu and collaborators (90) studied the metabolomics
differences in ESCC, through a RR-LC-MS (Rapid
Resolution) platform. They analysed different blood
samples from healthy and affected patients, as well
as other samples derived from ESCC patients that
underwent a chemoradiotherapy treatment, being
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divided in two groups, Overall Responders and
non-Overall Responders. Among their results, 11
of the discovered metabolites were classified as
tentatively potential biomarkers, while another set
of 18 metabolites were classified in other group that
potentially will serve as biomarkers for the diagnosis of
ESCC. In keeping with the results from the study of Jin,
there was an observation of an abnormality in the levels
of several fatty acids. A similar finding was reported by
Liu et al. (91), who used peripheral blood in order to
isolate cell-free plasma through a UPLC-ESI-TOF-MS
(ultraperformance liquid chromatography-electrospray
ionization-accurate time-of-flight) platform, having
found 6 metabolites related with the phospholipids
metabolism, out of 11 potential metabolite biomarkers.
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Summary

The beneficial antithrombotic effect of some dietary components may offer the most
promising approach of prevention of cardiovascular diseases and arterial thrombosis. The
major stumbling block in finding effective dietary components is the lack of physiologically
relevant techniques which can detect potential antithrombotic effect in humans. The
presently used platelet function and coagulation tests do not allow the assessment of global
thrombotic status and their value in screening dietary components for antithrombotic effect
is questionable. Most of these in vitro tests ignore the effect of flow and shear stress, thrombin
generation and vascular endothelium, the major contributors to arterial thrombogenesis in
humans. As a gold standard, we employed the helium-neon (He-Ne) laser-induced thrombosis
test in murine carotid artery and mesenteric microvessels, as the pathomechanism of this test
closely reflects arterial thrombogenesis in humans. Results obtained with laser thrombosis
test were compared with various shear-induced in vitro platelet function tests which use
native blood (Haemostatometry, Thrombotic Status Analyser, Global Thrombosis Test-GTT).
Contribution of vascular endothelium to thrombogenesis was assessed by measuring flowmediated vasodilation (FMV) in vivo. The combination of the two shear-induced ex vivo
thrombosis tests (Haemostatometry and GTT) with FMV correlated most closely with the
laser-thrombosis test. Our findings suggest that combining the commercially available pointof-care GTT with the FMV test could provide a better assessment of the overall thrombotic
status than either of the two tests alone.
Keywords: Global Thrombosis Test, shear-induced thrombosis, flow-mediated vasodilation, heliumneon laser-induced thrombosis, nutrients, traditional kampo medicine

1. Introduction
Prevention and treatment of arterial thrombotic
disorders are very important socioeconomic challenges.
Compared to the Western-type diet, the Mediterranean-
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style and the Vegetarian diets reduced the risk of arterial
thrombosis and death from coronary heart disease in
patients in secondary myocardial infarction prevention
trials (1-3). Several nutrients (omega-3 fatty acids; red
wine; onion, garlic, kiwi; chocolate, etc.) were shown
to inhibit platelet function in vitro (4).
In finding dietary components with potential
antithrombotic effect, the use of physiologically relevant
techniques is of crucial importance. Only such test(s)
which proved to be useful in clinical practice in detecting
overall thrombotic status, predicting major adverse
thrombotic events should be used for screening diet
components and nutrients for antithrombotic effect.
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Despite platelets play a pivotal role in thrombosis, pointof-care platelet function tests failed to materialize clinical
expectations. Tailoring antithrombotic medication
based on monitoring platelet function by these tests did
not improve clinical outcome (5). Numerous nutrients
inhibited platelet aggregation induced in vitro by various
soluble agonists but such effect did not manifest in
antithrombotic effect in humans. Therefore, there is
still a need to identify tests which accurately reflect
the overall thrombotic status in humans. At present,
prothrombotic status is assessed by measuring platelet
aggregation to various soluble agonists (adenosine
diphosphate, collagen, arachidonic acid, thrombin),
and by using various biomarkers of coagulation and
fibrinolysis and extrapolating the results. All these tests
are carried out from anticoagulated blood samples, in
which platelet activation do not generate thrombin. This
approach has been much less rewarding than it was
originally expected. Most of the platelet function tests
in clinical use which measure platelet aggregation to
various soluble agonists failed in cardiac patients guiding
antithrombotic medication (6). It has been shown that
only those tests, which take the high shear and flow
conditions and the generation of thrombin by platelets
into account, have relevance to the pathomechanism of
occlusive arterial thrombosis in vivo. Here we compare
results obtained by commonly-used platelet function tests
performed from anticoagulated blood and those obtained
using shear-induced thrombosis and thrombolysis test
performed from non-anticoagulated blood. Numerous
inconsistencies exist between the commonly used tests
and also between these and the shear-induced thrombosis
tests. Our findings show that the commonly used platelet
function tests performed at low shear conditions and
from anticoagulated blood do not reflect the overall
thrombotic status, whilst the innovative shear-induced
thrombosis tests performed from non-anticoagulated
blood do (7,8).
In addition to referring those findings which were
obtained by conventional platelet function tests and
showed antiplatelet effect of various nutrients, here we
focus on the techniques which enabled us to screen large
number of fruits, vegetables and nutrients and identified
those varieties, which had significant antithrombotic
effect. This would provide better understanding of those
technologies for assessment of antithrombotic status,
leading to efficient discovery and development of an
effective antithrombotic medicament.
2. Methodology
2.1. Light transmittance aggregometry
The technique has been described in details elsewhere (9).
In citrate-anticoagulated blood sample, platelet activation
and aggregation is induced by various soluble agonists,
such as adenosine diphosphate, collagen, arachidonic

acid, adrenalin, and thrombin. The following nutrients
inhibited platelet aggregation to various agonists: berries,
cocoa and dark chocolate, coffee, garlic, ginger, kiwi
fruit, omega-3 fatty acids, onion, purple grape juice, red
vine, white vine, tomato (4).
2.2. PFA-100
PFA-100 is a global test for primary haemostasis,
performed from citrate-anticoagulated blood. The
principle and the test details are described (9). The
measured "closure time" was increased (platelet
inhibition) by berries, cocoa and dark chocolate (4).
2.3. Laser-induced thrombosis in the microcirculation
and in the carotid artery
Formation of platelet-rich thrombi and their embolization
was initiated in the mouse carotid artery or the rat
mesenteric microvessels using the He-Ne laser-induced
thrombosis technique (10,11). He-Ne laser-induced
thrombosis method has been previously described in
detail (12). In brief, the mesenteric or pial microvessels
of anaesthetized rats or the left femoral artery of
anaesthetized mice, was exposed and Evans blue dye
was injected through the jugular vein (rat) or tail vein
(mice). The centre of the mesenteric or pial microvessel
or the carotid artery was irradiated with laser, and the
formation of a thrombus at the site of irradiation was
monitored and recorded on videotape. Thrombotic status
of rats was expressed by the number of thrombosis
required to complete occlusion of blood flow and in
mice expressed as the cumulative thrombus size. The
latter was calculated by continuous observation of the
thrombus mass every 10 seconds in the first 10 minutes
after irradiation.
2.4. Shear-induced platelet-rich thrombus formation in
non-anticoagulated blood
a) Haemostatometry Details of haemostatometry
have been described previously (Figure 1A) (13).
Briefly, non-anticoagulated blood was withdrawn
from the abdominal aorta of animals and tested with
a Haemostatometer purpose-built in Kobe Gakuin
University. Blood was forced to flow through a plastic
tube by paraffin oil replacement technique. While blood
was flowing in it, the tubing was punched with a fine
needle to induce "bleeding" from the holes into the
surrounding warm saline. The perfusion pressure was
monitored to assess the thrombotic reaction. Punching
the tube caused a sharp drop in the perfusion pressure.
Eventually "bleeding" stopped due to formation
of platelet-rich haemostatic plugs in the holes and
with this, the perfusion pressure returned to the prepunching level. The recorded pressure changes reflect
both the haemostatic and coagulation processes. In
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Figure 1. Shear-induced thrombosis/thrombolysis and endothelial function tests. (A) Principle of Haemostatometry (a);
Haemostatogram (b). H1; H2: indices of platelet reactivity; CT1, CT2: indices of coagulation activity. (B) Principle of Global
Thrombosis Test (GTT) (a); real-time recording of occlusion and lysis (b). OT: occlusion time (index of platelet reactivity);
LT: lysis time (index of endogenous thrombolytic activity). (C) A typical pattern of flow-mediated endothelium dependent
vasodilation (FMV) and endothelium independent vasodilation (NFV). FMV after restoration of blood flow (a); NFV after
application of nitroglycerin (b).

the recorded pressure curve, areas of 30% (H1) and
90% (H2) pressure recovery reflect the primary and
completed haemostasis. Increase or decrease of H1
and H2 reflected inhibition or enhancement of platelet
reactivity, respectively.
b) Thrombotic Status Analyser Test (TSA) The
principle of the TSA is similar to Haemostatometry.
Punching a plastic tube to make a small hole was
replaced by pre-existing small plastic tube with the
diameter similar to the hole-size in Haemostatometry.
Details have been described elsewhere (7,8).
c) Global Thrombosis Test (GTT) GTT (Thromboquest
Ltd, London, UK) has been described in detail (14).
Figure 1B shows the principle of the technique (a) and a
typical recording (b). There are flat segments along the
inner wall of a conical plastic tube and when a perfectly
round stainless ball bearing (currently ceramic) is placed
into such a conical tube, the flat segments prevent the
ball bearing from occluding the lumen. When nonanticoagulated blood is added to such tube, it flows
through the narrow gaps by the ball bearing and exits

in droplets into an adjacent collecting tube. The latter is
transilluminated by a light emitter and a sensor opposite
the emitter generates a signal whenever a drop of blood
interrupts the light path. In essence, the instrument
detects the time interval (d; sec) between consecutive
blood drops. Blood flows at 37oC by gravity through
the narrow gaps formed between the upper ball bearing
and the inner wall of the tube, where high shear stress
activates and aggregates platelets. Platelet aggregates
formed and then captured in the gaps by the lower ball
bearing, arresting the blood flow. At the start, blood flow
is rapid and hence (d) is small. Subsequently, the flow
rate gradually decreases and hence (d) increases. When
the actual (d) exceeds 15 seconds (occlusion-d), the
instrument displays "Occlusion Time (OT)", which is the
time elapsed from the detection of the first drop of blood
until OT. Later, the blood flow is completely arrested.
Eventually, due to thrombolysis, flow is restored as
indicated by the detection of the first drop of blood after
complete occlusion (Lysis Time- LT). Compared to
controls, increased or decreased OT indicates inhibition
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or enhancement of platelet reactivity, respectively.
Increase or decrease of LT indicates inhibition or
enhancement of spontaneous thrombolysis, respectively.
The important characteristics of GTT are that GTT can
measure platelet reactivity and thrombolytic activity
simultaneously for a short time by simple technique.
2.5. Flow-mediated Vasodilation test (FMV)
FMV was used to assess endothelial function (1517). We have adopted the endothelium-dependent and
independent flow-mediated vasodilation technique to
mice, as previously described in detail and a typical
result is shown in Figure 1C (18). Baseline images of
the diameter of the femoral artery of mice were taken
before clamping and then at 30 sec intervals over 450
sec after restoration of blood flow. Nitroglycerinmediated vasodilation was induced by placing 70
microliters of 2.2 mM nitroglycerin/saline solution
on the artery. A typical pattern of vasodilation after
restoration of flow was transferred to a computer and
the artery diameter changes were calculated. Changes in
vessel diameter after restoration of flow were expressed
as percentage of the baseline values (before clamping)
and the peak vasodilation was compared.
We used the above techniques to test extract of
a variety of carrots (19), rice (20), strawberries (21),
tomatoes (22,23) and grapes (24) for antithrombotic
effect. From the several varieties tested, we could find
some, which had significant experimental antithrombotic
effect.
3. Comparison of He-Ne laser-induced thrombosis
test with tests measuring global thrombotic and
thrombolytic status ex vivo.
3.1. Involvement of platelets and fibrin in the plateletrich thrombi formed in vivo and in vitro.
Platelets and fibrin are the main components of arterial
thrombus. The involvement of these two components
in the formation and lysis of a thrombus formed from
non-anticoagulated (native) blood was measured by
the in vivo test of He-Ne laser-induced thrombosis and
the shear-induced in vitro thrombosis tests performed
on native blood sample. In small arterial vessels of the
microcirculation, laser-induced thrombi were composed
of tightly packed platelets. Electron microscopy and
specific antibody staining failed to detect fibrin in
the microvessels. However, measurement of lysis or
embolization of the formed thrombi suggested the
presence of fibrin, as administration of plasminogen
activators or inhibitors enhanced or inhibited
thrombolysis, respectively (25-29).
High shear-induced haemostatic plug formed by
Haemostatometry was composed predominantly of
platelets, but minor amount of fibrin was also detected.

This was confirmed by electron microscopy. The
dominant presence of platelets in the formed haemostatic
plug was shown directly by electron microscopy and
indirectly by administration of antiplatelet agents such
as aspirin, thromboxane A2 receptor antagonist, stable
prostacyclin derivative and prostaglandin E1 prior
the measured haemostasis (Table 1). When citrated or
fully heparinized blood was tested, haemostasis did not
occur, indicating the important role of thrombin and
fibrin formation in the measured haemostasis (30). In a
recent study using the Global Thrombosis Test, we also
confirmed the cardinal role of thrombin in the formation
of an occlusive thrombus (31).
3.2. Effect of blood flow and shear stress on thrombus
formation in microvessels in vivo and haemostatic plug
formation in vitro
As the mechanism of platelet-rich thrombus formation
at various flow rates has been investigated, we
measured the shear rate during thrombus formation
in vivo (32) and investigated the mechanism of shearinduced thrombus formation using GTT (33).
Shear rates during thrombus formation in the
microcirculation were 641 ± 40 s-1 in arterioles and
280 ± 20 s-1 in venules before the onset of thrombus
formation. Shear rates increased during plateletrich thrombus formation and reached a peak of
approximately 2,500 s-1 in both arterioles and venules.
It was demonstrated that under such conditions

Table 1. Effect of various antiplatelet agents on platelet
reactivity and coagulation as measured by Haemostatometry
Items

Platelet plug formation
H2 (mmHg x s)

Coagulation
CT2 (min)

Control
Aspirin
0.3 mM
1 mM
3 mM

4532 ± 383

Control
TXA2Rant
0.5 μM
5 μM

4148 ± 381
4619 ± 439
5519 ± 420**

10.19 ± 0.53
10.18 ± 0.44

Control
sPGI2
0.055 nM
0.55 nM

4491 ± 279

10.23 ± 0.31

4793 ± 308
5367 ± 536**

10.16 ± 0.48
9.95 ± 0.29

Control
sPGE1
14.1 nM
141 nM

4277 ± 308

9.35 ± 0.28

4753 ± 574
6239 ± 382*

9.52 ± 0.32
9.35 ± 0.28

4742 ± 827
5439 ± 474**
6467 ± 963**

9.53 ± 0.25
9.06 ± 0.48
9.75 ± 0.43
10.02 ± 0.56
9.76 ± 0.33

TXA2Rant: thromboxane A2 receptor antagonist; sPGI2: stable
prostacyclin derivative; sPGE1: stable prostaglandin E1. Final
concentrations are shown. Data are expressed as mean ± SEM (n
= 6-10 in each group) *p < 0.05; **p < 0.01 vs. control. (Revised;
Yamamoto et al. Platelets. 1999; 10:178-187).
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von Willebrand factor (vWF) played the major
role in forming the initial platelet aggregates and
fibrinogen (fibrin) was involved only in venules, but
not in arterioles (32). These findings showed similar
mechanisms of thrombus formation between the in vivo
and in vitro tests used and those experiments which
were performed on human blood (33-35).
Further, we demonstrated that thrombus formation
in the GTT was similar to thrombus formation at high
shear and flow conditions in terms of the activation
of adhesive proteins and ligand receptors on platelets
(Table 2) (33). The GTT allowed the assessment
of the effect of tissue-type plasminogen activator,
streptokinase and plasminogen activator inhibitor on
the stability of formed thrombi, and therefore assess
not only the efficacy of the spontaneous (endogenous)
thrombolytic system but also response to activators and
inhibitors of thrombolysis.
4. Correlation between He-Ne laser-induced platelet
reactivity measurement in vivo and high shearinduced platelet reactivity in vitro test using nonanticoagulated blood

262

Kakizaki [GK] rats and Otsuka Long-Evans Tokushima
Fatty [OLETF] rats) was measured (Figure 2A, 2B)
(36,37). GK rats were in a prothrombotic status as
detected by the in vivo laser test and this corresponded
with enhanced platelet reactivity measured by the in
vitro Haemostatometry. Also the inhibited thrombotic
status of OLETF rats as measured with the laser test
corresponded with suppressed platelet reactivity,
measured with Haemostatometry. These results indicate
that thrombotic status is predominantly governed by
platelet reactivity which is detected similarly by the in
vivo laser-thrombosis and in vitro shear-induced platelet
reactivity tests.
5. Thrombotic status is determined by the balance
between platelet reactivity and endothelial function
In contrast to diabetic rats, in SHRSP rats there was
no correlation between the laser-thrombosis test and
the shear-induced platelet reactivity test. While the
laser-thrombosis test measured a prothrombotic state
in SHRSP rats, the ex-vivo shear-induced platelet
function test showed suppressed platelet reactivity
(Figure 2C) (38-40). To try and identify the reason for

In a study measuring thrombotic status of diabetic
rats, the in vivo He-Ne laser-induced thrombosis and
the in vitro high shear-induced platelet reactivity test
were compared. The thrombotic status of two kinds of
spontaneously diabetic, insulin independent rats (Goto-

Table 2. GTT assessment of the eﬀect of speciﬁc platelet
inhibitors on human platelet reactivity
Aurin tricarboxylic acid
(μmol/L)
OT (s)
6B4 (μg/L)
OT (s)
12E4 (μg/L)
OT (s)
MA16N7C2 (μg/L)
OT (s)
Abciximab (μg/L)
OT (s)
TAK-029 (nmol/L)
OT (s)
Anti-vWF (μg/L)
OT (s)
Anti-fibrinogen (μg/L)
OT (s)
Argatroban (μmol/L)
OT (s)

0
211 ± 30
0
262 ± 14
0
267 ± 24
0
294 ± 31
0
283 ± 40
0
271 ± 24
0
287 ± 93
0
253 ± 78
0
341 ± 21

20

200

203 ± 33
462 ± 71***
2
20
421 ± 48*
470 ± 7*
1
10
403 ± 28
555 ± 32*
0.5
5
320 ± 32
529 ± 147**
2
20
493 ± 72**
623 ± 38***
0.05
0.1
555 ± 17*** 487 ± 77***
0.5
1
494 ± 46*
513 ± 65*
10
100
336 ± 525
261 ± 20
5
10
623 ± 40*** 657 ± 46***

Aurin tricarboxylic acid: an inhibitor of the association of von
Willebrand factor and platelet glycoprotein Ib (GPIb); 6B4 and 12E4:
monoclonal antibodies against GPIb; MA16N7C2 and Abciximab:
monoclonal antibodies against platelet glycoprotein IIb/IIIa (GPIIb/
IIIa); TAK-029: an inhibitors of platelet glycoprotein IIb/IIIa; AntivWF: polyclonal antibody against von Willebrand Factor; Antifibrinogen: polyclonal antibody against fibrinogen; Argatroban: a
thrombin inhibitor. Zero (0) shows vehicle (saline) controls. *p < 0.05;
**p < 0.01; ***p < 0.001 vs. control; n = 4-6 human subjects in each
group. (Revised; Yamamoto et al. Blood Coagulation & Fibrinolysis.
2003; 14:31-39).

Figure 2. Thrombotic status and platelet reactivity of
spontaneously diabetic GK rats (A), OLETF rats (B) and
stroke-prone spontaneously hypertensive rats (SHRSP)
(C). Results are expressed as means ± SEM. A: n = 6-14
in each group; B: n = 6-8 in each group; C: n = 6-8 in each
group; *p < 0.05; **p < 0.01 vs. controls. (A: Revised; Taka
et al. Platelets 2002; 13: 313-316; B: Taka et al. Diabetes
Frontier 1999; 10: 582-583; C: Revised; Noguchi et al.
Haemostasis 1997; 27:237-245, Yamashita et al. Thrombosis
Research 2002; 105:507-511).
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this inconsistency, endothelial function testing (FMV)
was performed. FMV in vivo performed in SHRSP rats
detected severely dysfunctional endothelium whilst
the endothelium-independent vasodilation was normal
(Figure 3A) (39). Similar inconsistencies were found
between the in vivo and in vitro thrombosis tests in
congenital apoE and LDLR deficient mice (Figure 3B)
(41,42).
The laser-induced thrombosis test demonstrated a
prothrombotic state in mice fed on high-triglyceride
but not in mice fed on high-diglyceride diet. This was
inconsistent with that detected with the shear-induced
in vitro test, suggesting that the prothrombotic state
may be due to endothelial dysfunction caused by the
high-triglyceride diet.
These results provided evidence that the overall
thrombotic status is determined by the balance between
platelet reactivity, the determinant of the thrombotic
status of blood, and the function of the vascular
endothelium. For this reason, the sensitive in vivo FMV
functional test is recommended as a test additional to
platelet reactivity assessment, for the assessment of
overall thrombotic status (Figure 4) (43).
6. Thrombotic status of blood is determined by the
balance between prothrombotic and thrombolytic
(fibrinolytic) activities
The overall thrombotic status of blood is determined by

Figure 3. Endothelial dysfunction in SHRSP assessed
by FMV (a) and NMV (b) (A). Effects of dietary oil,
triglyceride (TG) and diglyceride (DG), on thrombotic
status assessed by He-Ne laser test (a), Haemostatometry
(b) and FMV (c), in apoE -/-●LDLR -/- double knockout
mice (B). Results are expressed as means ± SEM. n = 8 in
each group (A) and n = 6-8 mice in each group (B); *p <
0.05, **p < 0.01. (A: Revised; Taka et al. Pathophysiology of
Haemostasis and Thrombosis 2002; 32: 184-189, B: Ijiri et al.
Thrombosis Research 2006; 117: 411-417).

the balance between prothrombotic and thrombolytic
factors. While platelet reactivity is measured by platelet
function tests and thrombelastography measures the
overall coagulation activities, conventional thrombosis
tests cannot measure the (spontaneous) thrombolytic/
fibrinolytic activity of blood. Using the GTT, we could
detect both thrombotic and thrombolytic activities
in sequence from one blood sample. Though, the
influence of diet and nutrients on platelet function using
conventional tests has been published (4), with this
technique for many years we have been screening fruits
and vegetables for antithrombotic effects. Importantly
we demonstrated that such activity can be specific for
a particular variety while other varieties do not show
antithrombotic effects (19-24). Effects of specific
varieties of red and white grapes on in vitro and in vivo
thrombogenesis and thrombolysis are shown in Figure 5
(24). The use of GTT and in vivo laser thrombosis tests
showed that a specific variety of red grapes inhibited
platelet reactivity and enhanced thrombolysis, suggesting
a potential antithrombotic effect. On the other hand,
one variety of white grapes enhanced platelet reactivity
and inhibited thrombolysis, suggesting a potential
prothrombotic effect.
Platelet reactivity and thrombolytic activity of carrot
varieties before and after heat treatment are shown in
Figure 6. One variety SAKATA-0418 had no effect on
platelet reactivity but enhanced thrombolysis before heat
treatment. After heat treatment, as measured both with
in vitro (GTT) and in vivo (laser thrombosis) techniques,
this carrot variety enhanced platelet reactivity and lost the
effect on thrombolysis. This finding suggests that heat
treatment profoundly alters the pro- or antithrombotic
activities of some fruit and vegetables.
Besides searching effective foods for preventing
thrombosis, we have applied those methodologies to
evaluation of antithrombotic effects of several traditional
herbal drugs or Kampo medicines (44) and demonstrated

Figure 4. Effects of dietary fat (low fat diet (LF) or high fat
diet (HF) ) on endothelial function of apoE-/-●LDLR-/-DK
mice, assessed by functional FMV (a) and morphological
fat staining (b). Results are expressed as means ± SEM. (A)
n = 14-20 in each group; (B) n = 3-5 in each group; *p < 0.05;
**p < 0.01. (Revised; Aoki et al. Thrombosis Research 2006;
117: 529-535).
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Figure 6. Balance between thrombotic (A) and thrombolytic
(B) activities determines the actual thrombotic status (C).
Assessment of juices of various carrot varieties without (before)
and with heat treatment (after) using the GTT (in vitro) (A,
B) and He-Ne laser thrombosis test (in vivo) (C). Results are
expressed as means ± SEM. n = 6-9 in each group (A-C); *p
< 0.05; **p < 0.01 vs. control group. OT: occlusion time; LT:
lysis time. (Revised; Yamamoto et al Blood Coagulation &
Fibrinolysis 19: 2008; 785-792).

physical exercise-load and gender differences, age and
habitual smokers, and race differences between healthy
Japanese and British volunteers (46-54).
8. Conclusions

Figure 5. Effects of specified varieties of red and white
grapes on platelet reactivity (OT) and thrombolytic activity
(LT) as measured by GTT in vitro (A and B) and by He-Ne
laser test in vivo (C). Results are expressed as means ± SEM;
n = 7-8 in each group (A-C); *p < 0.05; **p < 0.01. (Revised;
Iwasaki M. Master’s thesis of Kobe Gakuin University 2006).

that some of the medications for blood stagnation have
significant antithrombotic effect as well. On the other
hand, antithrombotic fractions from Centella asiatica
have been also investigated (45). Thus, combination of
shear-induced thrombosis test, Haemostatometry or GTT,
and FMV should be useful in searching and developing
antithrombotic drugs.
7. Measurement of thrombotic status of healthy
volunteers and patients with the Haemostatometer
and GTT
We assessed the thrombotic status of a small number of
healthy volunteers and patients with thrombotic disorders
using Haemostatometry and GTT. These tests proved to
sensitively detect changes in the thrombotic status after

The value of shear-induced in vitro Global Thrombosis
Test and Haemostatometry in testing various components
of nutrient and herbal drugs for antithrombotic effect was
assessed. Results obtained with these in vitro tests were
compared with the results obtained using the He-Ne
laser-induced carotid artery and mesenteric microvessel
thrombosis model in vivo. Our findings suggest that
the use of Global Thrombosis Test together with the
Flow-mediated Vasodilation in vivo test provides better
assessment of the global thrombotic status than using the
platelet function test alone.
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Summary

This study attempts to identify whether and why the difference in corruption progress exists
between organic and conventional farm products by conducting two corruption experiments
of farm products and separation experiment of bacteria, as well as farmer survey.
The results of corruption experiments for Wenzhou mandarin oranges (Citrus unshiu)
and polished rice showed that conventional farm products demonstrated fast-growing
corruption with strong unpleasant smell distinctively different from organic farm products.
The separation experiment of bacteria indicated a high possibility of fungus appearance in
organic farm products and coccus or bacillus appearance in conventional farm products,
which are significantly consistent with the results of two corruption experiments and the
fact that organic farmers are strongly conscious of the use of fermented organic fertilizers
with effective microorganism in their cultivation. These results offer empirical evidences
for supporting the development of organic agriculture and the consumption expansion of
organic farm products, but further works are necessary.
Keywords: Organic farm product, sustainable agriculture, corruption experiment of farm product,
separation experiment of bacteria, ishokudougen

1. Introduction
Among organic farmers and researchers, it was well
known that organic farm products are good at storage
or "become hard to decay" compared with conventional
farm products. Many of them also regarded this as
an evidence to claim the necessity of transferring the
existing agriculture to organic farming. For example,
Tsuruda (2011) introduced this as a common view
of an organic farmers group (1996, Mogura farmers
group), based on their farming practices (1). However,
Kimura, well known for his natural farming practice
"miraculous apple", demonstrated that organic rice was
easier to decay than natural farming rice, and organic
cucumber had fast-growing corruption even more
than conventional farm products (2,3). However, no
evidences have been offered to a rational explanation
why the corruption of farm products is different
*Address correspondence to:
Dr. Bai Hu, Department of Resources and Environmental
Policy, Faculty of Agriculture, Ehime University, Tarumi 3-57, Matsuyama 790-8566, Ehime, Japan.
E-mail: richardh@agr.ehime-u.ac.jp

between organic and other farming systems. Some
observers therefore argued that the corruption of farm
products occurs just because they are organic matters,
no relation with the difference of farming systems (4).
This study identified whether the difference exists
between organic and conventional farming systems
by conducting two corruption experiments of farm
products. Then, empirical examination is given based
on the results of separation experiment of bacteria and
some surveys from organic farmers' practices. Finally,
the policy applications of this study are discussed.
2. Methods and results of corruption experiment
2.1. Methods
Wenzhou mandarin oranges (Citrus unshiu) and polished
rice were used. Organic oranges were purchased from
a farmer of Nakajima town, and conventional oranges
from B town where is famous for its citrus production,
and Ehime University Senior High School (EUSHS,
Ehime, Japan). The experiment of oranges was
conducted in the Laboratory of Agricultural Economics
and Farm Management, Faculty of Agriculture at
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Ehime University. The procedure was as follows. i)
The experimental jars were sterilized with boiled water.
ii) Oranges were cut into half and put in the jars. iii)
Sterilized water (20°C, 60 mL) was poured into the
jars. Covers were put on the jar mouths for preventing
the invasion of dust. iv) Jars were displayed under the
sunlight to observe the corruption progress.
The experiment of rice was done with the same
methods of orange experiment, for verifying the effects
exhibited in orange experiment. The rice samples were
purchased from farmers of Kihoku town (organic), Toon
city (organic with duck-farming), and a supermarket of
Ehime (conventional).
2.2. Results
The results of orange experiment are shown in Figure 1.
The corruption progress was observed from the fourth
day after the experiment started, and Figure 1 showed
the state of the 39th day. The organic orange exhibited
slow-growing corruption or good storable duration, with
a sweet smell. By contrast, the conventional orange
changed into burnt-blackish color with a stinking smell
so much as to provoke nausea. The orange of EUSHS
exhibited a state close to the organic orange. This may
be caused from insufficient fertility management of the
high school students, which consequently brought about
the reduction of chemical fertilizer and agrichemical
use.
However, one's likes or dislikes for a smell may
depend on his/her tastes and experience to some extent,
and therefore may not exist an absolute criterion for
judging whether a smell is unpleasant or not. Funazushi, a famous traditional fish food of Shiga, could
be a good example. A lot of persons are attracted by
its unique fermentation smell and favorite to eat it,
although it's strong smell or taste property. Its unique
smell seems not unpleasant for them. However, we
have never heard of a person who favorites the smell
of animal wastes. Because of these facts, a smell test
for students out of the corruption experiment was done
just after the experiment. The results reported in Table
1 illustrate that all participants gave the same answers
that organic orange did not have unpleasant smell,
although the information of corruption experiment was
not informed.
The results of rice experiment are shown in Figure
2. The organic rice exhibited a state almost without
corruption indicating a good storable duration, followed
by the organic duck-farming rice and conventional
farm rice. White mold was observed on the surface of
conventional rice, with unpleasant smell. Both organic
rice and organic duck-farming rice appeared an amber
color, but the latter looked slightly deeper with stronger
smell. Ducks eat grass and feed, and finally excrete in
paddy field every day in the growth period. The deeper
color and stronger smell in the organic duck-farming

Figure 1. Results of corruption experiment: oranges.
The state of corruption progress is exhibited in order of
conventional, organic, and EUSHS oranges from the left.
Table 1. Results of smell test (oranges)
Participants

Conventional

Organic

EUSHS

Student 1
Student 2
Student 3
Student 4
Student 5
Student 6
Student 7
Student 8
Student 9

1
1
1
1
1
1
2
1
1

3
3
3
3
3
3
3
3
3

2
2
2
2
2
2
1
2
2

Strongly unpleasant is indicated as 1, a little unpleasant as 2, without
unpleasent smell as 3.

Figure 2. Results of corruption experiments: rice. The
state of corruption progress is exhibited in order of organic,
conventional and organic duck-farming rice from the left.

rice may result in more accumulation of nitrogen than
organic rice. As the difference of smells was extremely
distinctive, a smell test as Table 1 was omitted.
3. Separation experiment of bacteria for organic and
conventional farm products
3.1. A brief review about the relation between farming
system and bacteria
Hika (2012) pointed out that an unpleasant smell comes
from a corruption resolution and a pleasant smell from a
process of fermentation. A corruption resolution is caused
by putrefactive bacteria, while fermentation derived by
lactic acid bacteria and yeast (5). These views suggest
a causal relation between corruption, fermentation
and smell. But his views have no explanation with the
evidence from an experimental process of farm products
or empirical survey. Some organic farmers and observers
argued that the difference in corruption progress and
smell is mainly resulted from the residual of over-used
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Table 2. Process of separation experiment of bacteria
Time

Process and content of experiment

Notes

Dec. 17, 2014

Put oranges and rice in 50 ml of tubes and add RO water.
Then start the culture of bacterium with 30°C.
↓
Culture with sabouraud agar plate
↓
Colonies appear. Collect the plates to 4°C.
↓
Culture with Sabouraud liquid medium
↓
Full growth
↓
Inject the full growth into silkworms
↓
Progress observation

●

Dec. 22, 2014
Dec. 23, 2014
Dec. 24, 2014
Dec. 26, 2014
Dec. 27, 2014
Dec. 28, 2014

A dead individual appeared after 27 hours.
193 hours later, the silkworm injected a medium
(sabouraud) lived. However, silkworms injected all
samples died, except orange 7 (colony 2).

●

↓
Jan. 4 , 2015

Progress observation end

The experiment was conducted by professor SEKIMIZU Kazuhisa, the Laboratory of Microbiology, Graduate School of Pharmaceutical Sciences
at the University of Tokyo (Tokyo, Japan).

nitrogen fertilizers and agrichemicals, particularly the
remaining of nitrate nitrogen occurred by the excessive
use of non-fully ripened compost (2,3). On the other
hand, there also has a report indicating that the density
of nitrate nitrogen in organic farm products is not
necessarily lower than conventional farm products (Photo
Synthesis Ltd.). However, these arguments are almost
based on farmer's practices or empirical explanation, not
accompanied with conclusive evidences.
As mentioned above, if the corruption of farm
products causes from the decomposition process of
organic matter by bacteria, the difference in corruption
progress and smell may come from the difference in
composition of microorganism attached to or living
symbiotically within farm products. This hypothesis
implies that different kind of microorganism may be
detected out from farm products with different farming
systems. To identify this, the separation experiment
of bacteria was conducted under our request, by the
Laboratory of Microbiology, Graduate School of
Pharmaceutical Sciences at the University of Tokyo
(Tokyo, Japan).
3.2. Materials and results
As the corruption experiments, Wenzhou mandarin
oranges and polished rice were used. For the orange
experiment, 2 samples of low-input organic oranges
close to the natural farming products (orange 1, 3),
3 samples of organic oranges (orange 2, 4, 5) were
obtained from farmers, and 3 samples without the
organic JAS label were purchased from farmers' market
(orange 6, 7, 8, Ehime). In the rice experiment, organic
rice (A) used in former corruption experiment shown in
Figure 2, a rice sample produced for farmer's family use
(B), and a normal commodity rice sample purchased

from the Ehime consumers' cooperative (C), were
used. The procedure and results of the experiments are
reported in Table 2 and 3 respectively.
3.3. Examination on the results of experiments
Table 3 indicates the characters of samples and the
detected bacterium. The survival times of silkworms
infected with the detected bacterium are also included
as a reference indicator. The main results can be
summarized as follows.
(i) Among five organic orange samples, only fungi
were detected in orange 1, 3 and 5. In orange 2 and 4,
fungi were observed in the small size and cocci G (+) in
the large size of colonies.
(ii) In the three orange samples except the organic
oranges, cocci G (+) in orange 6, bacillus G (-)
and coccus G (+) in 7 and fungi in 8 were detected
respectively.
(iii) In the rice experiment, fungi in the small size,
cocci G (-) in the large size of colonies were observed.
The difference between the organic and conventional
farm products observed in the orange experiment, was
not detected in neither sample.
(iv) A silkworm died after 27 hours from injection
(rice C). The dead times of silkworms in the rice
experiment were in order of the conventional (rice
C), farmer's family use (rice B), and the organic (rice
A), suggesting that the bacterium separated from
conventional farm products have stronger pathogenicity
and lethality than organic products. However the same
results were not observed in the orange experiment.
There have the cases that dead silkworms appeared
after approximately 50 h from injection in organic
farm products (orange 2-1: small, 4-2, 5-1: small),
but also the case that silkworm survived until the end
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Table 3. Composition of bacterium separated from oranges and rice
Samples (*)

Results of
gram staining

Reference indicator: Survival time of silkworms infected with the samples
Date & time
Elapsed time

Sabouraud liquid medium
(Controll)
Orange 1
1
(Low input organic) 2
Orange 2 1 (small)
(Organic) 2 (large)
Orange 3
1
(Low input organic) 2
Orange 4 1
(Organic) 2
Orange 5 1 (small)
(Organic) 2 (large)
Orange 6
1
(No organic label) 2
Orange 7
1 (large)
(No organic label) 2 (small)
Orange 8
1
(No organic label) 2
Rice A
1 (small)
(Organic) 2 (large)
Rice B
1 (small)
(Family use) 2 (large)
Rice C
1 (small)
(Conventional) 2 (large)

‒
‒
Fungus
Fungus
Fungus
coccus G (+)
Fungus
Fungus
Fungus
coccus G (+)
Fungus
Fungus
coccus G (+)
coccus G (+)
bacillus G (-)
coccus G (+)
Fungus
Fungus
Fungus
coccus G (-)
Fungus
coccus G (-)
Fungus
coccus G (-)

12/27
15:30
0:00

12/28
18:30
27:00

12/29
18:20
50:50

12/30
11:50
68:20

12/31
17:50
98:20

1/1
23:51
128:21

1/2
17:40
146:10

1/3
15:45
168:15

1/4
16:20
192:50

50 μl×2
i.h.

2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
1/2
2/2

2/2
2/2
2/2
2/2
1/2
2/2
2/2
2/2
2/2
1/2
1/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
2/2
1/2
0/2
2/2

2/2
2/2
2/2
2/2
1/2
2/2
2/2
2/2
1/2
0/2
0/2
1/2
2/2
2/2
2/2
2/2
2/2
1/2
2/2
2/2
2/2
1/2
‒
2/2

2/2
2/2
2/2
2/2
0/2
2/2
2/2
1/2
0/2
‒
‒
0/2
2/2
2/2
2/2
2/2
1/2
0/2
2/2
1/2
2/2
1/2
‒
2/2

2/2
2/2
1/2
2/2
‒
1/2
1/2
0/2
‒
‒
‒
‒
1/2
0/2
2/2
2/2
1/2
‒
0/2
0/2
0/2
1/2
‒
2/2

2/2
2/2
1/2
2/2
‒
1/2
0/2
‒
‒
‒
‒
‒
1/2
‒
1/2
2/2
0/2
‒
‒
‒
‒
1/2
‒
0/2

2/2
2/2
0/2
0/2
‒
0/2
‒
‒
‒
‒
‒
‒
0/2
‒
0/2
1/2
‒
‒
‒
‒
‒
0/2
‒
‒

2/2
2/2
‒
‒
‒
‒
‒
‒
‒
‒
‒
‒
‒
‒
1/2
‒
‒
‒
‒
‒
‒
‒
‒

* Choose

2 colonies from the plates of orange 1-8 and rice A-C respectively and inject the culture ﬂuid. The diﬀerence in the size of the colonies
is indicated by "large" or "small". Others are chosen by different cononies with the same size. The experiment was conducted by professor
SEKIMIZU Kazuhisa, the Laboratory of Microbiology, Graduate School of Pharmaceutical Sciences at the University of Tokyo.

of experiment period in conventional farm products
(orange 7-2: small). The difference between the farming
systems was not found.
Although some issues such as why the bacterial
species vary with the size of colonies and what kind
of species of bacterium is it remain to confirming
furtherly, a distinctive feature can be found in the abovementioned. Fungi were detected out in all samples of
organic farm products, indicating a high probability of
fungus appearance, while other samples showed a high
probability of coccus or bacillus appearance, or a low
probability of fungus appearance including the cases
of non-fungus appearance. These results may suggest a
symbiotic relation between organic farm products and
fungus. As well known, fungi are mainly comprised
of yeast and saprobe, in which yeast is necessary for
producing different fermented foods such as alcoholic
drinks, miso, etc., while saprobe is known as a source for
making physiologically active substance such as vitamins
and enzyme. On the other hand, coccus and bacillus are
known as pathogenic bacterium which causes different
kind of infectious diseases. In context with this, the
results of Table 3 may suggest a high consistency with
the results of two corruption experiments in Figures 1
and 2, as well as Hika's views (5).
The evidences from farming practices may offer
possible interpretation to the result that fungi were

detected out in all organic farm products as shown in
Table 3. Table 4 indicates the organic materials use in
the production of sample farm products from farmer
surveys. All organic farmers are strongly conscious of
the use of microorganism and apply fermented organic
fertilizers made by utilizing effective microorganism
in their cultivation. The farmers of orange 1 and 3
which only fungi were detected out have 40 years of
experience in low-input organic farming. The farmer of
orange 5 utilized organic fertilizers with microorganism
and minerals in his fertility management, and carried
out the leaf surface spraying of mineral liquid
fertilizers, amino acid materials and different kind of
vinegars for promoting the work of enzyme, from three
weeks to one week ago of harvesting. These evidences
may suggest a causal dependence between the results
of Table 3 and farmers' farming practices, although
further research is necessary for identifying whether the
bacterium or fungi detected are adhesive or symbiotic
microorganism.
A problem is why different results were observed
from organic farm products (orange 1-5 and rice A) in
the separation experiment of bacteria. The reasons may
be explained from the different farming practices of
organic farmers.
The first reason may be from the difference in the
kinds and quality of organic fertilizers used in farm
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Table 4. Organic materials use in the production of sample farm products
Samples

Farming systems

Obtained routes
of samples

Organic materials used

Years of
organic farming

Orange 1

Low input organic

Farmer

Fermented manures (Bokashi) with the uses of fish wastes, etc.

40

Orange 2

Organic

Farmer

Bokashi with soil microorganism, fermented natural green liquid,
wood vinegars, etc.

26

Orange 3

Low input organic

Farmer

Potting soil with native bacterium, fermented natural green liquid,
fermented fowl droppings

40

Orange 4

Organic

Farmer

Fermented fowl dropping, Bokashi manures with fish wastes, fully
ripened hog droppings compost

11

Orange 5

Organic

Farmer

Bokashi manures, fully fermented manures with the main
constituent of fish powder, manures containing the ground oyster
shell, natural magnesium sulfate, mineral energies, vinegars, etc.

15

Orange 6

No organic label

Farmers market

Unknown

Unknown

Orange 7

No organic label

Farmers market

Unknown

Unknown

Orange 8

No organic label

Farmers market

Unknown

Unknown

Rice A

Organic

Farmer

Native microorganism, home-made Bokashi fertilizers utilizing
"Ehime AI-1"

10

Rice B

Farmer's family use Farmer

Unknown

Unknown

Rice C

Conventional

Unknown

Unknown

Consumers' cooperative

The data of oranic farmers are from farmer surveys."Ehime AI-1" is a kind of microbial materials developed by the Ehime Industrial Technology
Center, a liquid fermenting yeast, lactic acid bacterium, and bacillus natto by using molasses.

production. e.g., the use of raw organic manure or
non-fully ripened compost will lead to the corruption
and therefore putrefactive bacterium. By contrast,
the application of organic fertilizers with effective
microorganism may result in the adhesion or symbiosis
of microorganism in farm products. In this case, fungus
may be detected from the farm products even if they are
not produced by organic farming, like orange 8 in Table 3.
The second reason may be related to the period of
transferring conventional farming systems to organic
farming. The crops in the farmland with a short period
of organic farming practice may be influenced by the
residual of chemical fertilizers and agrichemicals used in
the conventional farming period, which therefore lead to
putrefactive bacteria detection.
The third reason may associate with the storage
time and whether there is the invasion of putrefactive
bacterium in the meantime. A long time from harvest to
getting the sample may cause the invasion of putrefactive
bacterium, and then lead to putrefactive bacteria
detection regardless of the difference in farming systems
or farmers' practices.
The fourth reason may come from the difference
in production environment of the farm products. The
six samples of organic farm products are obtained
from different farmers. The difference in production
conditions among the farmers may exert influence on
the composition of microorganism attached to or living
symbiotically within crops and therefore the results of
experiments.

In any case, further evidences are needed.
4. Policy applications of the findings: the modern
significance of "Yakushokudougen" in transferring
to organic agriculture
The common point of two corruption experiments is
that conventional farm products illustrated fast-growing
corruption with strong unpleasant smell distinctively
different from organic farm products. Furthermore, the
separation experiments of bacterium indicated a high
possibility of fungus appearance in organic farm products
and coccus or bacillus appearance in conventional
farm products, which are significantly consistent with
the results of two corruption experiments and farmers'
farming practices in Table 4. These findings suggest
some policy applications, although further evidences are
needed.
One of the policy applications is that these results
suggest the necessity of reconsidering the significance of
"Yakushokudougen". In Japanese agriculture, the ratio of
organic farming is only 0.2-0.4%. This fact indicates that
almost all farm products are produced by conventional
farming. Our findings suggest that our dietary life, for a
long time, has relied on the farm products that are easy
to decay and with a high probability of appearance of
pathogenic bacterium causing infectious diseases. It is
therefore an important issue to consider how we should
accept this.
There is a thought of "Yakushokudougen" in
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Figure 3. The 10 countries with the highest per capita
consumption of organic food products and Japan: 2012.
The figures are calculated by 1 euro = 140 JPY according to
FiBL and IFOAM.

traditional Chinese medicine (Kampo medicine), which
means that using medicinal herbs or food products in
the daily meals is effective for preventing health from
diseases or health improvement. It is also explained
that a healthy and balanced diet by choosing the food
products suitable for one's health can improve health
and therefore reduce the medicine use. The meaning of
"Yakushokudougen" is extended as "Ishokudougen" in
Japanese, implying that a sound daily eating habit will
lead to disease prevention and health improvement.
This thought suggests that the health or life of people,
and therefore the medical expenses to pay for them
may be influenced by the food products that we choose
or eat. Therefore, many Japanese organic farmers
and researchers regard organic farm products as safe
and trust-worthy food products, convinced of the
thought of "Ishokudougen" (2,3,6). Hika argued that
the farm products produced with the use of effective
microorganism could improve the intestinal environment
because of the work of useful enzyme, and then enhance
the antioxidant or immune system of people (5). The
results of this study may offer some evidences for these
views.
According to the Ministry of Health, Labor and
Welfare, the national medical expenses of Japan have
increased year by year and reached 39,300 billion yen
in 2013. This amount is equivalent to 10.9% of national
income, 49.8% of domestic output of food industry,
and 4.6 times of gross agricultural product. If the huge
medical expenses are related with the results of this
study, namely, conventional farm products become
easy to decay and with a high possibility of appearance
of pathogenic bacterium causing infectious diseases,
the effort of transferring existing agriculture to organic
agriculture may contribute not only to the environmental
conservation and the establishment of a healthy dietary
life, but also to the reduction of national medical
expenses or fiscal improvement.
The results of this study also propose an issue about
what the relationship between food and farming systems
should be like. If the fertility management of farmers and
the choice of farming systems (organic or conventional)
bring substantial effects in the property of farm products
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as shown in the results of our experiments and exert
influence on the health of people such as the antioxidant
or immune system of one's body, as Hika argued, the
problems of what kind of "food" is desirable for us and
therefore what kind of "agriculture" should be chosen
may arise as important policy issues. Furthermore,
if the health of people is involved in the results of
this study as mentioned, a farming system aimed to
supply safer and more reliable farm products should be
viewed as a rational choice. This therefore suggests a
policy alternative to further develop organic farming or
sustainable agriculture that supplies farm products with
environmentally safe and trusted food.
According to the Ministry of Agriculture, Forestry
and Fisheries, 28% of farm-job applicants want to
adopt organic farming, and 65% show their interest in
organic farming. Moreover, 44% of consumers have
the experience of buying organic farm products, and
55% express a willing of buying organic food products.
These surveys suggest a high level of awareness for
organic farming and food products. But on the other
hand, both organic farmers and farming area are only
0.2-0.4% of Japanese agriculture. One of the reasons
is that the understanding of consumers is not enough
for the further development of organic farming (8,9).
As shown in Figure 3, per capita consumption of
organic food products in Japan was 1,092 Japanese yen,
while Switzerland with the highest level in the top 10
countries was 26,460 yen, and France in the last place
of the 10 countries was 8,540 yen (7). The Engel's
coefficients of Japan and the European countries
are approximately in the first half of 20%, without
significant difference. However, per capita consumption
of organic food products exhibits a wide difference
from 8 to 24 times. The reason that Japanese organic
farming did not greatly extend may be right here.
To improve the current situation, both the effort
of agricultural side and the true understanding of
consumers are necessary. This study offers empirical
evidences for supporting the development of organic
agriculture and the consumption expansion of organic
farm products, but further works are needed.
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congenital malformations: A meta-analysis of cohort studies
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Summary

Increasing studies suggest that gestational diabetes mellitus (GDM) and pre-gestational
diabetes mellitus (PGDM) may be associated with an increased risk of major congenital
malformations (MCM) in the offspring. To determine whether GDM or PGDM is associated
with an increased risk of congenital malformations, we performed a meta-analysis of cohort
studies. We systematically searched the PubMed, Web of Science and Cochrane Library
(from January, 1990 to October, 2014) and reviewed the reference lists of included papers to
search for additional studies. Meta-analysis tools were used to summarize results. Summary
relative risks (RRs) with 95% confidence intervals (CIs) were calculated with randomeffects models or fixed-effects models. Study quality was assessed using the NewcastleOttawa scale. A total of 21 cohort studies were included in the meta-analysis. Analysis of
all studies showed that both PGDM and GDM were associated with an increased risk of
MCM (RR = 2.44, 95% CI = 1.92-3.10, I2 = 78.3%, p = 0.342; RR = 1.11, 95% CI = 1.111.27, I2 = 9.9%, p < 0.001, respectively). There is a slightly higher risk of major congenital
malformations in women with GDM than in the reference group. However, this risk is
much lower than in women with PGDM. Further large-scale prospective cohort studies are
needed to test the effect of PGDM and GDM on specific congenital malformations risk.
Keywords: Gestational diabetes, pre-gestational diabetes, congenital malformations, meta-analysis

1. Introduction
Women with diabetes in pregnancy can be divided into
two groups: women with diabetes diagnosed before
pregnancy (pre-gestational diabetes) and women
with glucose intolerance diagnosed during pregnancy
(gestational diabetes mellitus). Women with diabetes
before pregnancy, that is, pre-gestational diabetes
mellitus (PGDM), have an increased risk of pregnancy
complications (1-5), including serious perinatal
outcomes such as stillbirth, perinatal mortality, and
major congenital malformations. It is reported that in
the offspring of women with PGDM, the incidence of
cardiovascular abnormalities ranges from 2 to 34 per
1,000 births, central nervous system abnormalities from
*These authors contributed equally to this works.
**Address correspondence to:
Dr. Baomin Liu, Department of Ultrasound, Second Aﬃliated
Hospital, School of Medicine, Xi'an Jiaotong University, No.
157, Xiwu Road, Xi'an, Shanxi 710004, China.
E-mail: zhaoenfasy@stu.xjtu.edu.cn

1 to 5 per 1,000 births, musculoskeletal abnormalities
from 2 to 20 per 1,000 births, genitourinary
abnormalities from 2 to 32 per 1,000 births (6-8).
However, whether the risk of MCH is also increased
in gestational diabetes mellitus (GDM) remains
inconsistent. Some authors (8-12) have reported that
GDM is associated with an increased risk of CM in
the offspring, while others (13,14) have reported a risk
comparable with that in the reference group. Still other
papers (7,15-17) reported that women with gestational
diabetes are not at risk for infant malformations.
Therefore, this study was designed to perform a metaanalysis of cohort studies to evaluate the association
between maternal diabetes mellitus and the risk of
congenital malformations in the offspring.
2. Materials and Methods
2.1. Search strategy
We systematically conducted a literature search of
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PubMed, Web of Science and Cochrane Library from
January 1990 to October 2014, for human studies of
maternal diabetes mellitus and the risk of congenital
malformations in any language. Our overall search
strategy included medical subject heading terms and/
or text words: diabetes mellitus (PGDM, pregestational
diabetes, pregnancy in diabetes, pregnancy in diabetics,
GDM, gestational diabetes mellitus, pregnancy-induced
diabetes), complications or outcomes (anomalies,
congenital anomalies, malformations, congenital
malformations, defects, birth defects, congenital
defects). In addition, we reviewed the reference lists of
including articles and recent reviews. Two independent
investigators screened titles/abstracts according to the
following inclusion and exclusion criteria.
2.2. Inclusion and exclusion criteria
A study was included in this meta-analysis if it met
the following criteria: i) the study design was based on
cohort studies; ii) the study evaluated the association
between maternal diabetes mellitus and congenital
malformations risk; iii) one of the outcomes under
study contains congenital malformation; and iv) study
must contains reference group. Studies were excluded
if they only provided a percentage of the incidence
of congenital malformation. If the publications were
duplicated or shared in more than one study, the most
recent publications were included.
2.3. Data extraction
Two authors independently extracted the following
data from each publication: publication data (author,
year of publication and country of population studied),
methods of diabetes assessment (self-reported,
registration and measuring blood glucose). Number of
exposed and unexposed. Disagreements were resolved
by discussion, consensus and arbitration by a third
author. We evaluated the methodological quality based
on the Newcastle–Ottawa Scale (NOS). The NOS
contains eight items, categorised into three dimensions
including selection, comparability and outcome. We
defined NOS scores of 1–3, 4–6, and 7–9 for low,
intermediate, and high-quality studies, respectively.
And maximum score = 9. Ethical consent for the work
was not required.
2.4. Statistical analysis
We conducted a meta-analysis of maternal diabetes
mellitus and the risk of congenital malformations.
Relative risk (RR) was used to estimate the effect sizes.
To describe the percentage of total variation across
studies attributable to heterogeneity, we used the I2
statistic (18). A fixed-effect model was used to evaluate
the RR and 95% CI if no significant heterogeneity (p

> 0.05 and I2 < 50%) existed. Otherwise, a randomeffect model was selected. For I2, a value > 50% was
considered to have severe heterogeneity. In an attempt
to evaluate the possible publication bias, Begg's test
(rank correlation method) (19) were used, and a p value
of < 0.05 was considered representative of significant
statistical publication bias. All statistical analyses
were performed with STATA version 11.0 software
(StataCorp, College Station, TX).
3. Results
3.1. Characteristics of the subjects in selected studies
Detailed search procedures are summarized in Figure
1. The search strategy identified 4,854 references.
Two studies (20,21) were added through reference
lists of including articles searches. After excluding
duplicate articles, we reviewed titles and abstracts of
all identified studies to exclude those that were clearly
irrelevant. Next, the full texts of the remaining articles
were examined according to the inclusion and exclusion
criteria. We identified 74 relevant publications for
detailed evaluation and inclusion in the meta-analysis.
After examining these articles in more detail, a further
53 studies were excluded. At the end of this process, 21
studies were included in the meta-analysis (5,7,8,1015,20-31).
Ta b l e 1 p r o v i d e s i n f o r m a t i o n a b o u t t h e
characteristics of the studies included (21, from five
continents). The numbers of included women amount to
2,788,521 for the reference group, 34,225 for GDM and
11,210 for PGDM.
3.2. Study quality
We assessed study quality using the Newcastle-Ottawa
scale. Since the assessment of quality related strongly
to the reporting of results, a well conducted study
could score poorly if the methods and results were not
reported in sufficient detail. Therefore, we reported
the assessment in scores. The mean NOS score for the
studies was 5.43, which indicated that the study had an
intermediate quality (Table 2).
3.3. Publication bias
To assess bias across studies, funnel plot asymmetry
was checked with Begg's test to identify small study
effects for the association between GDM and the risk
of congenital malformations (p = 0.979, 95% CI = ‒
0.84-0.82), indicating a low probability of publication
bias (Figure 2). Begg's test was also used to identify
small study effects for the association between PGDM
and the risk of congenital malformations (p = 0.947,
95% CI = ‒2.39-2.25), indicating a low probability of
publication bias (Figure 3).
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Figure 1. Flow chart on the articles selection process.
Table 1. Characteristics of studies included in the meta-analysis
Author/year

Country

GDM criteria

Hod/1991
Janssen/1996
Hod/1996
Kimmerle/1997
Djelmis/1997
Ramachandran1998
Moore/2000
Suhonen/2000
Sheffield/2002
Abdelgadir/2003
Savona-Ventura/2003
Bo/2004
Chico/2005
Ricart/2005
Sharpe/2005
Shefali/2006
Abolfazl/2008
Peticca/2009
Fadl/2010
Bell/2012
Vinceti/2014

Israel
USA
Israel
Germany
Croatia
India
USA
Finland
USA
Sudan
Malta
Italy
Spain
Spain
Australia
India
Iran
Canadian
Sweden
UK
Italy

ADA
NP
ADA
NP
WHO (IGT/GDM)
NDDG
NP
NP
NDDG
WHO (DM)
OGTT*
C and C
C and C/NDDG
ADA/NDDG
OGTT**
ADA/WHO
NP
NDDG
OGTT***
NP
NP

GDM
Events (n)

PGDM

Total (n)

26
242
4

878
8,868
250

0
5
7

94
211
506

35
0
4
3
7
17
405
2
4
26
242

2,277
19
242
135
404
819
6,735
146
70
2,046
10,525

Reference

Events (n)

Total (n)

Events (n)

8
111

132
1,511

50

2,402

4
30
25
3
3

68
709
410
69
47

96
3

946
79

18

891

7
214
9
7,185
0
8
299
10
2,075
0
318
10
83
133
14,257
0
3
727
22,496
7,613
202

1,677
2,269

Total (n)
380
8,926
470
595,393
46
851
22,377
735
142,509
50
8,547
496
5,844
8,451
282,260
30
350
50,914
1,249,772
399,472
10,648

C and C, Carpenter and Coustan; IGT, impaired glucose tolerance; NDDG, National Diabetes Data Group; GDM, gestational diabetes mellitus;
PGDM, pregestational diabetes mellitus; ADA, American Diabetes Association; OGTT*, 2 h post-OGTT ≥ 8.6 mmol/L; OGTT**, 2 h post-OGTT
≥ 8.0 mmol/L; OGTT***, 2 h post-OGTT ≥ 9.0 mmol/L; NP, Not Provided.
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Table 2. Assessment of study quality
Quality Assessment Items
Cohort studies

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Hod 1991
Janssen 1996
Hod 1996
Kimmerle 1997
Djelmis 1997
Ramachandran 1998
Moore 2000
Suhonen 2000
Sheffield 2002
Abdelgadir 2003
Savona-Ventura 2003
Bo 2004
Chico 2005
Ricart 2005
Sharpe 2005
Shefali 2006
Abolfazl 2008
Peticca 2009
Fadl 2010
Bell 2012
Vinceti 2014

Representativeness
of the cohort

Ascertainment
of exposure:
secure record
or structured
interview

Study controls for age,
year, smoking, body
mass index (BMI),
diabetes mellitus (DM)
status

Assessment of
outcome:
independent blind
assessment or
record linkage

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
- (self-report)
+
- (self-report)
+
+
- (self-report)
- (self-report)
- (self-report)
+
- (self-report)
+
+
+
+
+
- (self-report)
+
+
- (self-report)
- (self-report)

+
+
+
+
+
+
+
+
+
++
+
+
+
+
+
+
+
+
++

+
+
+
+
+
+

Figure 2. Funnel plot of studies evaluating the association
between GDM and congenital malformations. Begg's
regression asymmetry test (p = 0.979).

Was follow-up Adequacy of
long enough for
follow-up
outcomes to occur of cohorts

+
+
+
+
+
+
+
+
+
+
+
+

- 58.5%
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Figure 3. Funnel plot of studies evaluating the association
between PGDM and major congenital malformations.
Begg's regression asymmetry test (p = 0.947).

3.4. GDM and major congenital malformations
3.5. PGDM and major congenital malformations
The pooled RR of GDM from the 17 cohort studies is
shown in Figure 4. The meta-analysis of the 17 studies
showed a positive association between gestational
diabetes mellitus and major congenital malformations
(summary RR = 1.18, 95% CI = 1.11-1.26) without
noticeable heterogeneity among these studies (p = 0.342,
I2 = 9.9%).

The pooled RR of PGDM from the 13 cohort studies
is shown in Figure 5. Compared with GDM, the metaanalysis of the 13 studies showed a stronger positive
association between pre-gestational diabetes mellitus
and major congenital malformations (summary RR =
2.44, 95% CI = 1.92-3.10) with noticeable heterogeneity
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Figure 4. Relative risks (RRs) for the association between GDM and major congenital malformations in 17 studies. The
diamond denotes the pooled RR. Shaded rectangles indicate the RR in each study, with sizes inversely proportional to the SE of
the RR. Horizontal lines indicate the 95% confidence interval (CI).

among these studies (p < 0.001, I 2 = 78.3%). In
sensitivity analysis with omission of one study at a
time and analysis of the rest, the association between
PGDM and major congenital malformations remains
unchanged, which suggesting that the heterogeneity
may come from factors outside a single study. From
the analysis, we found a significant positive association
between PGDM and major congenital malformations.
4. Discussion
In this study, we evaluated the effect of maternal diabetes
mellitus on congenital malformations of offspring using
the results of previous cohort studies. The conclusion
of this 25-year meta-analysis is that offspring of GDM
women have a mild but distinctly higher risk of major
congenital malformations (RR = 1.18, 95% CI = 1.111.26) than the reference group. This risk is much lower
than that observed in women with established diabetes
(RR = 2.44, 95% CI = 1.92-3.10). However, the role of
etiologic factors, such as age, obesity or hyperglycemia

still cannot be ascertained. Several opinions on potential
links between maternal diabetes mellitus and the risk of
congenital malformations have been proposed.
The pathogenesis of major congenital malformations
of all types is complicated and has possibly a
multifactorial origin (32,33). The link between
hyperglycemia and congenital anomalies has been
established, but the precise mechanism it occurs has
not been completely elaborated. It is supposed that
hyperglycemia could cause damage to the developing
yolk sac, an increased production and liberation of
free oxygen radicals, deficiency of myoinositol and
arachidonic acid and a disruption in signal transduction
(34); increasing evidences suggest that embriopathies
may be connected to a disruption in intracellular
signaling by inositol-derived effectors and prostaglandin
precursors such as arachidonic acid (35). As a result of
the presence of these fuels, some type of genotoxic effect
might occur which could cause morphologic damages
in the fetus (33,36). Nowadays, there is compelling
evidence linking epigenetic factors to GDM. Some
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Figure 5. Relative risks (RRs) for the association between PGDM and major congenital malformations in 13 studies. The
diamond denotes the pooled RR. Shaded rectangles indicate the RR in each study, with sizes inversely proportional to the SE of
the RR. Horizontal lines indicate the 95% confidence interval (CI).

epigenetic alterations mainly related to beta cell function
and intrauterine growth retardation have been described
recently. These alterations could result in reduction of
expression of PDX-1, a transcription factor that regulates
beta cell development (37). And it is important to note
that epigenetic effects are defined as heritable changes to
DNA structure that do not involve changes to the DNA
sequence. Previous studies have showed that folic acid,
that is a methyl donor, which prevents genomic damage
in human lymphocytes in vitro and maybe also the
cytotoxicity, genotoxicity, and perhaps have cytostatic
effects on the human genome. However, randomized
trials recently have confirmed that periconceptional
supplementation with folic acid can reduce the frequency
of midline embryonic defects, as well as heart defects,
orofacial clefts and miscarriages (38).
Negrato et al. hold that pre-gestational diabetes
can predispose the fetus to many alterations in
organogenesis and growth restriction (39), and all
fetal adverse pregnancy outcomes are closely related
to poor glycemic control during the organogenesis

period. Hyperglycemia during the periconceptional
period is probably the major teratogenic existing factor,
the increased risk of congenital abnormalities found
in diabetic mothers seems to be associated to poor
metabolic control during the period of organogenesis
that occurs in the first trimester of pregnancy probably
due to the negative impact of a hyperglycemic milieu in
the growing fetus (33). But obesity, hypertension and
other factors associated with the metabolic syndrome
might also be relevant (40).
Our meta-analysis has several strengths. First,
the number of cases included was large, suggesting
the solid evidence in evaluating the epidemiologic
association between maternal diabetes mellitus and
congenital malformations risk. Second, the included
studies were conducted in different countries, making
the results more acceptable. Third, based on the NOS,
all of the studies included in this meta-analysis were
of high or intermediate quality, making the results
more reliable. However, our meta-analysis also has
several limitations. First, we cannot to perform a
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meta-regression analysis to evaluate the influence of
variables such as age and BMI on the risk of MCM
because of these variables were not always available.
Second, the diagnostic criteria of GDM in some of the
studies were based on self-report, which may lead to
some misclassiﬁcation. However, earlier studies have
shown that self-reported responses for many common
chronic diseases such as DM are reliable compared with
medical record (41). In our analysis, we did not find
significant different RRs between studies using medical
records, or blood level as a means of DM diagnostic
criteria and using self-report data to determine GDM
status. Another limitation is methodological issue
related to study design. Although nearly all the cases
were confirmed after delivery, reporting may be not
completed. Some misclassiﬁcation of outcome is
likely to occur. Finally, maternal diabetes mellitus and
congenital malformations share several risk factors that
may confound the relationship. However, confounding
cannot be fully excluded because our analyses were
based on observational studies.
In summary, our analysis further confirms that
maternal diabetes mellitus is associated with an increased
risk of congenital malformations. With a worldwide
increasing prevalence of GDM, the incidence of
congenital malformations may increase. Our ﬁndings
furthermore underline the importance of preventing the
emerging worldwide epidemic of GDM. These results
suggest that more aggressive management is needed for
pregnant women with PGDM and GDM.
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Niemann-Pick disease type C2 protein induces autophagy and
inhibits growth in FM3A breast cancer cells
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Summary

Some peptides that are highly conserved between insects and mammals have anti-tumor
action. Screening for inhibitors of cell growth from animal fluids may provide useful clues
to anti-tumor drugs. Inducers of autophagy also have anti-tumor activity. The current
authors recently studied a protein found in silkworm hemolymph, Niemann-Pick disease
type C2 (NPC2). This protein, which is highly conserved among eukaryotes, was found
to have anti-proliferative action on a silkworm cell line. The current study found that
the silkworm NPC2 protein also inhibits the growth of FM3A murine breast cancer cells.
In FM3A cells, silkworm NPC2 increased phosphorylation of AMP-activated protein
kinase and decreased phosphorylation of Akt and mammalian target of rapamycin, which
are regulators of autophagy. This study also found that NPC2 increased the amount of
microtubule-associated protein light chain 3 (LC3)-II, an autophagosome marker, in FM3A
cells. Silkworm NPC2 also induced an increase in the number of LC3-dots, a marker of preautophagic endosomes, in FM3A cells. When silkworm NPC2 was used to inhibit FM3A cell
growth, that inhibition was attenuated by chloroquine, which inhibits autophagic activity
by preventing lysosomal acidification. Murine NPC2 also inhibited growth and induced
autophagy in FM3A cells. These findings suggest that NPC2 is involved in the induction
and/or maintenance of autophagy and may help to elucidate the mechanisms underlying
other neurodegenerative disorders such as Niemann-Pick disease.
Keywords: Niemann-Pick disease type C2, autophagy, breast cancer cell, silkworm

1. Introduction
The identification of natural products that suppress
cancer cell growth provides clues to potential anti-cancer
drugs. Animal fluids, including insect hemolymph,
are often used as a resource with which to identify
inhibitors of the growth of mammalian cancer cells (15). Some peptides are highly conserved between insects
and mammals and are believed to function as tumor
suppressors in humans (6,7). Therefore, screening for
novel inhibitors of growth in animal fluids may provide
clues to potential anti-cancer drugs as well as insight
into endogenous anti-tumor systems.
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2015.
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Recent studies have revealed that autophagy is an
important mechanism for suppressing tumors in animal
bodies. The BECN1 autophagy gene is monoallelically
deleted in 40% to 75% of cases of human sporadic
breast, ovarian, and prostate cancers (8). Atg genes
encode canonical autophagy components and are
associated with the suppression of cancer in mouse
models. Mice with systemic mosaic deletion of Atg5
and liver-specific Atg7-/- develop benign liver adenomas
(9). AMP-activated protein kinase (AMPK) is an
upstream kinase that positively regulates autophagy,
whereas mammalian target of rapamycin (mTOR) is a
negative regulator (10). AMPK activators and mTOR
inhibitors, which are potent inducers of autophagy, have
anti-tumor activity in vitro (11-13). The induction of
autophagy might therefore be an effective method for
controlling malignant cell growth.
The current authors recently reported that silkworm
hemolymph inhibits proliferation of BmN4 cells, a
silkworm-derived cell line, and that the silkworm
NPC2 protein is the factor responsible (14). NPC2 is
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highly conserved among eukaryotes, and mutations of
the human NPC2 gene are observed in 5% of patients
with Niemann-Pick disease type C (15,16). The current
authors previously reported that NPC2 activates
AMPK in BmN4 cells (14). NPC-model mice, which
carry a mutation in Npc1, present with a progressive
loss of cerebellar Purkinje cells, hepatomegaly, and
splenomegaly (17). Intriguingly, mice with impaired
autophagy also have these features (18-20). These
findings and the fact that AMPK is a positive regulator
of autophagy led the current authors to hypothesize
that NPC2 contributes to induction of the autophagy
of malignant cells. This study has sought to verify
whether both silkworm NPC2 and murine NPC2 induce
autophagy and inhibit cell growth in the FM3A murine
breast cancer cell line.
2. Materials and Methods
2.1. Cell culture
The FM3A murine breast cancer cell line was
generously donated by Dr. Fumio Hanaoka (Gakushuin
University, Japan). The FM3A cells were cultured and
maintained in Dulbecco's modified Eagle medium
(DMEM; Gibco, Grand Island, NY, USA) containing
10% fetal bovine serum (FBS; Hyclone, Logan, UT,
USA), penicillin (100 IU), and streptomycin (100 μg/
mL) at 33°C and 5% CO2. For all cell growth assays,
Western blotting, and immunofluorescent analyses,
the culture medium for FM3A cells was replaced
with DMEM without FBS and incubated at 33°C for
24 h in 5% CO 2. Samples containing medium were
supplemented with 5% FBS instead of 10% FBS.
2.2. Antibodies
Anti-silkworm NPC2 antiserum was prepared as
described previously (14). Primary rabbit antibodies
to total AMPK (#2532), phospho AMPK (#2531),
total Akt (#4691), phospho Akt (#9271), total mTOR
(#2983), total S6K (#2708), microtubule-associated
protein light chain 3 (LC3)-B (#2775), and β-actin
(#4967) were obtained from Cell Signaling Technology
Japan. Antibodies to phospho mTOR (#09-213)
and phospho S6K (#07-018) were purchased from
Millipore. Anti-rabbit IgG, HRP-Linked Whole Ab
(from donkeys, #NA934) was purchased from GE
Healthcare (Piscataway, NJ, USA). Anti-rabbit IgG,
fluorescein isothiocyanate (FITC)-conjugated (from
goats) (#sc-2012) was obtained from Santa Cruz
Biotechnology (Dallas, TX, USA).
2.3. Preparation of silkworm hemolymph and
recombinant proteins
Abdominal legs of silkworm larvae (day 5 or 6 of

5th instar) were cut with scissors, and blood from the
wound was collected in ice-cold tubes. Silkworm blood
was incubated at 60°C for 30 min and then centrifuged.
The supernatant was frozen in liquid nitrogen and
stored at -80°C before use. This fraction is hereafter
referred to as silkworm hemolymph. Recombinant
silkworm NPC2 and murine NPC2 were prepared as
described previously (14).
2.4. Measurement of cell growth
FM3A cells were suspended by pipetting and counted
using a cytometer at the indicated time. To test the
inhibition of growth by silkworm hemolymph, various
media were prepared as follows: control (45% DMEM,
5% FBS, 50% saline, 50 IU penicillin, 50 μg/mL
streptomycin); 20% silkworm hemolymph (45% DMEM,
5% FBS, 30% saline, 20% silkworm hemolymph, 50 IU
penicillin, 50 μg/mL streptomycin), and 40% silkworm
hemolymph (45% DMEM, 5% FBS, 10% saline, 40%
silkworm hemolymph, 50 IU penicillin, 50 μg/mL
streptomycin). For recombinant proteins, the sample
volume was increased to 10% of the medium volume,
and a vehicle (25 mM HEPES [pH 7.2], 10% glycerol,
100 mM NaCl) was used as the control..
2.5. Western blotting and immunofluorescence analysis
For Western blotting, the cells were harvested and lysed
after treatment. The samples were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
then transferred to a polyvinylidene-difluoride membrane
(Millipore, Billerica, MA, USA). The membrane was
immersed in 5% skim milk or 5% PhosphoBLOCKER™
(Cell Biolabs, Inc., San Diego, CA, USA) for 1 h at room
temperature. After rinsing, the primary and secondary
antibodies were allowed to react with Can Get Signal®
reagent (TOYOBO) and detected using chemical
luminescence. For immunofluorescence analysis, cells
were harvested and washed with phosphate-buffered
saline (PBS). Cells were suspended in ice-cold methanol
and incubated at -20°C for 15 min. After washing twice
in PBS, the cells were suspended in blocking solution
(PBS containing 3% normal goat serum, 0.1% Triton
X-100) and incubated at room temperature for 1 h.
Cells were precipitated by centrifugation and suspended
in blocking solution containing anti-LC3B (1:200)
antibody. After incubation at room temperature for
1 h, the cells were washed three times with PBS and
suspended in anti-rabbit FITC-conjugated IgG (1:200).
Cells were further incubated in the dark for 1 h. Cells
were then washed three times with PBS. Finally, the cells
were gently mixed with ProLong® Gold Antifade with
4',6-diamidino-2-phenylindole (Invitrogen, Carlsbad,
CA, USA) and mounted on glass slides. Images were
obtained on a Leica DM 4000B fluorescence microscope
(Leica Microsystems, Wetzlar, Germany).
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2.6. Statistical analysis

3.2. Silkworm NPC2 induces autophagy in FM3A cells

For statistical analysis, experiments were performed
at least twice and the data are presented as the mean
± SEM. To evaluate the growth rate, the slope of
each growth curve was compared with the log-linear
model. Significant differences were calculated using
the Student's t-test. A p-value of less than 0.05 was
considered statistically significant.

The current authors previously found that silkworm
NPC2 induces phosphorylation of AMPK, one of the
major protein kinases responsible for signal transduction,
in BmN4 cells (14). Therefore, the current authors
hypothesized that NPC2 would also stimulate the
phosphorylation of AMPK in FM3A cells. As expected,
treatment with silkworm NPC2 increased AMPK
phosphorylation in FM3A cells (Figure 2C). AMPK
phosphorylation induces autophagy in mammalian
cells (10). Therefore, the current authors hypothesized
that silkworm NPC2 would induce autophagy in
FM3A, resulting in apparent inhibition of cell growth.
Immunoblot analysis was used to examine levels of LC3II, an autophagosome marker, in FM3A cells treated
with silkworm NPC2. Silkworm NPC2 increased the
amount of LC3-II in FM3A cells (Figure 2C). mTOR, a
well-known negative regulator of autophagy, was also
examined. Akt and S6K, the upstream and downstream
kinases of mTOR, respectively, were examined.
Silkworm NPC2 decreased the phosphorylation of Akt,
mTOR, and S6K in FM3A cells in a concentrationdependent manner (Figure 2C). Whether treatment with
silkworm hemolymph modulated the Akt/mTOR/S6K
signaling pathway in FM3A cells was then examined.
Silkworm hemolymph induced both an increase in
AMPK phosphorylation and a decrease in Akt, mTOR,
and S6K phosphorylation in FM3A cells (Figure 2D).
Silkworm hemolymph increased the amount of LC3II in FM3A cells (Figure 2D). These findings suggest
that NPC2 in silkworm hemolymph activates the AMPK
and the Akt/mTOR/S6K signaling pathways, inducing
autophagy in the FM3A murine cell line.
Autophagosome formation is required for autophagy.
Autophagosomes fuse with lysosomes to form

3. Results
3.1. Silkworm hemolymph inhibits growth of FM3A cells
The current authors recently reported that silkworm
hemolymph inhibits growth of BmN4 cells, a silkwormderived cell line (14). To test whether silkworm
hemolymph also inhibits the growth of mammalian cells,
silkworm hemolymph was added to culture medium
containing FM3A cells. The 40% silkworm hemolymph
medium inhibited FM3A cell growth (Figure 1A).
Boiling the hemolymph at 100°C for 5 min eliminated
this inhibition of growth (Figure 1B). Since NPC2
protein in silkworm hemolymph inhibits BmN4 cell
growth (14), the current study also evaluated whether
NPC2 is capable of inhibiting FM3A cell growth.
Cultures of FM3A cells with 20 μg/mL recombinant
NPC2 had lower cell counts than cultures of FM3A
without NPC2 (Figure 2A). The amount of NPC2 in
silkworm hemolymph was determined using immunoblot
analysis with anti-NPC2 antiserum. The amount of
NPC2 in the hemolymph was estimated to be 240 μg/mL
(i.e., 20% (v/v) hemolymph contains 50 μg/mL NPC2;
Figure 2B). This result suggests that NPC2 is present in
a sufficient quantity in silkworm hemolymph to suppress
FM3A cell growth.

Figure 1. Inhibitory effects of silkworm hemolymph (SH) on FM3A murine breast cancer cell growth. (A) FM3A cells were
incubated in culture medium containing 0% (circle), 20% (triangle), or 40% (square) silkworm hemolymph. Cell numbers were
counted with a cytometer. Data are presented as the mean ± SEM of three experiments. Statistical significance between the slope of
the control group and that of the sample groups was determined with the Student's t-test (*: p < 0.05). (B) Silkworm hemolymph was
boiled at 100°C for 5 min before it was added to the culture medium. FM3A cells were cultured for 48 h and then counted. Data are
presented as the mean ± SEM (n = 3). Statistical significance was determined with the Student's t-test (*: p < 0.05).
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Figure 2. Silkworm NPC2 led to inhibition of growth, AMPK activation, and LC3-II accumulation in FM3A cells. (A)
FM3A cells were cultured for 48 h in the presence or absence of 20 μg/mL silkworm NPC2. Cell numbers were counted with
a cytometer. Data are presented as the mean ± SEM (n = 3). Statistical significance was determined with the Student's t-test (*:
p < 0.05). (B) The amount of NPC2 protein in silkworm hemolymph was estimated using Western blotting. Indicated amounts
of recombinant NPC2 protein and 10 μL of diluted silkworm hemolymph were subjected to Western blotting analysis with antisilkworm NPC2 antiserum. Band intensities were quantified with an Image J-based densitometer. The amount of NPC2 protein
in silkworm hemolymph was calculated using the linear regression curve of recombinant protein. (C) Images of Western blot
analysis of FM3A cells treated with the indicated amount of silkworm NPC2 at 48 h are shown. (D) Images of Western blotting
of FM3A cells treated with or without 20% silkworm hemolymph at 48 h are shown.

autolysosomes. Acidification of autophagosomes via
fusion with lysosomes is required for the degradation
of unnecessary organelles and bacteria captured by
phagocytosis (21). Chloroquine prevents lysosomal
acidification, resulting in the inhibition of autophagy (22).
The current study examined the effect of chloroquine
on inhibition of FM3A cell growth by silkworm NPC2.
Chloroquine partially suppressed the inhibition of growth
by silkworm NPC2 (10 μg/mL) in FM3A cells (Figure
3). Chloroquine's inhibition of autolysosome formation
resulted in the accumulation of autophagosomes in
several mammalian cell lines (22). The current study
measured the autophagic flux affected by chloroquine
and NPC2 using an accepted method (23). Chloroquine
increased the accumulation of LC3-II in FM3A cells
under experimental conditions (Supplementary Figure
1), suggesting NPC2 induced autophagic flux. These
findings suggest that silkworm NPC2 induces autophagy,
resulting in the inhibition of FM3A cell growth.
3.3. Murine NPC2 induced both cessation of cell growth
and autophagy in FM3A cells

Figure 3. Suppressive effect of chloroquine on inhibition
of FM3A cell growth by silkworm NPC2. FM3A cells were
cultured with or without 10 μg/mL silkworm NPC2 and/or 10
μM chloroquine. After culturing for 48 h, cells were counted
with a cytometer. Data are presented as the mean ± SEM (n = 3).
Statistical significance was determined with the Student's t-test
(*: p < 0.05).

The biological activity of NPC2 in fibroblasts is
interchangable among species (14,15). Thus, both
silkworm NPC2 and murine NPC2 were predicted to
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Figure 4. Inhibition of growth and induction of autophagy by murine NPC2 in FM3A cells. (A) FM3A cells were cultured
with the indicated amount of murine NPC2 and cells were then counted. Data are presented as the mean ± SEM of two experiments.
Statistical significance between the slope of the control group and that of the sample group was determined with the Student's
t-test (*: p < 0.05). (B) The accumulation of LC3-II was detected after culturing for 48 h. (C) LC3 foci were detected with
immunofluorescence analysis. FM3A cells were cultured with 20 μg/mL silkworm NPC2 or 20 μg/mL murine NPC2. Cells were
fixed and permeabilized after 48 h. Anti-LC3B antibody was used as the primary antibody and anti-rabbit FITC-conjugated IgG
antibody was used as the secondary antibody..

inhibit growth and induce autophagy in FM3A murine
cancer cells. Murine NPC2 suppressed growth in FM3A
in a dose-dependent manner (Figure 4A). Furthermore,
LC3-II accumulated in FM3A cells treated with murine
NPC2 (Figure 4B). Immunofluorescence analysis
verified that treatment with murine or silkworm NPC2
increased autophagosome formation in FM3A cells
(Figure 4C). These results suggest that both murine
NPC2 and silkworm NPC2 lead to the induction of
autophagy and inhibition of the growth of FM3A cells.
4. Discussion
The current findings revealed that NPC2 protein induced
autophagy and inhibited cell growth in FM3A murine
breast cancer cells. Both the AMPK and Akt/mTOR
pathways were affected by NPC2 treatment, resulting
in the induction of autophagy. To the extent known,
this is the first study to report that NPC2 is a humoral
factor that induces autophagy. However, non-specific
inhibition caused by chloroquine cannot be ruled out as a
possibility. Further analysis with more specific inhibition,
such as genetic manipulation, will help to further clarify
the association between the induction of autophagy and
inhibition of growth by NPC2.

NPC2 is a highly conserved soluble protein in body
fluids of various animal species. NPC2 is found in high
concentrations in epididymal fluids (24). Some studies
suggest that NPC2 functions as an endocrine factor
(14,25). The current study found that both murine and
silkworm NPC2 inhibited growth of FM3A cells. Thus,
NPC2 appears to ubiquitously act as an anti-tumor
endocrine molecule in both insects and mammals.
NPC1 is a membrane protein that is considered to
function similarly to NPC2 during various physiological
events because the phenotypes of NPC1-, NPC2-, and
NPC1/NPC2-double knockout mice have an almost
identical disease onset and progression, pathology,
and neuronal storage (26). NPC1-deficient mice have
phenotypes similar to those of mutant mice, which
have phenotypes that include a defect in autophagy in
terms of progressive loss of cerebellar Purkinje cells,
axonal swelling, and hepatosplenomegaly. Both NPC2
and autophagy components affect hematopoiesis in
hematopoietic stem cells (20,25) and adipogenesis in
fibroblasts (14,27,28). The NPC1 and NPC2 proteins are
thought to act together in the autophagic pathway. Recent
studies suggest that NPC1 deficiency results in impaired
completion of autophagy (29,30). The current results
suggest that NPC2 is involved in the induction and/or

www.ddtjournal.com

287

Drug Discoveries & Therapeutics. 2015; 9(4):282-288.

maintenance of autophagy. This notion may enhance
the understanding of NPC and other neurodegenerative
diseases.
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Supplementary Figure

Supplementary Figure 1. Effect of chloroquine on LC3II accumulation in FM3A cells. FM3A cells were cultured
with or without the indicated amount of silkworm NPC2
and/or 10 μM chloroquine. After culturing for 48 h, the cells
were subjected to Western blotting. LC3-II accumulation was
detected using anti-LC3B antibody
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Summary

Cucurbitacin I (CBI) is a triterpene from a bitter melon called Goya grown in Okinawa,
Japan, and directly inhibits both the Tyr-kinase JAK2 and the G protein RAC, leading to
the inactivation of PAK1 (RAC/CDC42-activated kinase 1). Bio 30, a propolis produced
in New Zealand, contains CAPE (caffeic acid phenethyl ester) as the major anti-cancer
ingredient which directly down-regulates RAC, leading to the inactivation of PAK1. Since
PAK1 is essential for the growth of RAS cancer cells such as A549 cell line which carry
an oncogenic K-RAS mutant, and the melanogenesis in skin cells, here using these PAK1blockers as model compounds, we introduce a new approach to the quick assessment of
PAK1-blockers in cell culture. First, combining the immuno-precipitation (IP) of PAK1
from cell lysate and the in vitro ATP_Glo kinase assay kit (called "Macaroni-Western"
assay), we confirmed that both CBI and Bio 30 inactivate PAK1 in A549 lung cancer cells
in 24 h, and inhibit their PAK1-dependent growth in 72 h. Furthermore, we verified that
CBI inhibits the PAK1/PAK4-dependent melanogenesis in melanoma cells by far more than
50%, while Bio 30 inhibits the melanogenesis only by 50%, with only a merginal effect on
their growth per se. Since the "Macaroni-Western" kinase assay and melanogenesis are
both rather simple and quick, the combination of these two cell culture assays would be
highly useful for selecting both "potent" (highly cell-permeable) and "safe" (non-toxic)
natural or synthetic PAK1-blockers.
Keywords: PAK1, melanogenesis, immunoprecipitation, ATP_Glo kinase assay, cucurbitacin,
propolis

1. Introduction
PAK1 (RAC/CDC42-activated kinase 1) is essential
for the growth of various solid tumors and a numerous
other diseases such as AD (Alzheimer's disease),
PD (Parkinson's disease), epilepsy, schizophrenia,
depression, autism, diabetes (type 2), hypertension,
obesity, inflammatory diseases, and infectious diseases
(1). Also it has recently shown to be essential for
the melanogenesis in skin cells (2). Thus, PAK1*These authors contributed equally to this work.
**Address correspondence to:
Dr. Hiroshi Maruta, PAK Research Center, 1-Senbaru,
Nishihara-cho, Okinawa 903-0213, Japan.
E-mail: maruta20420@yahoo.co.jp

blockers would have a potentially huge market value
as therapeutics and cosmetics. However, so far only a
few PAK1-blockers are available on the market. Thus,
a quick, inexpensive and simple screening system is
needed for identification and development of potent
(highly cell permeable) and safe (non-toxic) PAK1blockers.
In the past decade(s), the initial screening for
PAK1-blockers has been performed mainly in test
tubes to select compounds that inhibit directly PAK1.
Unfortunately, however, most of these PAK1-inhibitors
turned out to have a poor cell-permeability. For
instance, the IC50 for PAK1 in test tube of FRAX486
and FRAX597 are around 10 nM, but their IC50 for the
PAK1-dependent growth of NF2-deficient tumor cells
in cell culture are above 1 μM (1000 nM). Since the
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NF2 gene product (merlin) is a PAK1 inhibitor (1), it
is most likely that less than 100th of these molecules
could pass through cell membranes (3,4). In order to
screen for highly cell-permeable PAK1-blockers more
effectively, we have to conduct the assessment of test
compounds in cell culture or in vivo, instead of in test
tubes, in the earliest possible stage, in order to save both
time and money. The current peculiar culture among
pharmaceuticals that puts the first priority on the kinasespecificity of each compound in test tube over its cellpermeability needs to be reconsidered, simply because
no drug would be useful for clinical application, if it
hardly passes through the cell membranes.
Here we present a new approach to the more
effective assessment of PAK1-blockers in cell culture,
based on the fact that PAK1 and PAK4 independently
contribute to melanogenesis (each by around 50%) (2).
In addition, instead of the rather unreliable pPAK1-blot
analysis, combining the IP (immuno-precipitation) of
PAK1 from cells treated with a given compound, and in
vitro ATP_Glo kinase assay kit (5), we introduced the
"Macaroni-Western" PAK1 assay system to determine
whether a given compound inactivates PAK1 in cell
culture or not. Here we used two potent herbal PAK1blockers called cucurbitacin I (CBI) and Bio 30, a
CAPE (caffeic acid phenethyl ester)-based propolis
as model test samples. In the past, it was shown that
cucurbitacin D (CBD) which is structurally related to
CBI, inhibits the melanogenesis in melanoma cells
almost completely (6), while CAPE from a propolis
inhibits the melanogenesis only by 50% (7). In the light
of our recent findings, it is speculated that CBD blocks
both PAK1 and PAK4, while CAPE blocks only PAK1.
In the past, basically two ways were used to assay
the kinase activity of PAK1 in cell culture. The first
(old) assay method is a "radioactive" approach in which
PAK1 is immunoprecipitated (IP) with a polyclonal
antibody (IgG) against PAK1 from cell lysates by means
of protein A/G beads, and the resulting PAK1-IgGbead complex is then incubated with the "radioactive"
(gamma-32P) ATP and the substrate MBP (myelin basic
protein) in vitro (test tube), and the phosphorylated
(radioactive) MBP band is separated by SDS-PAGE,
and the radioactivity of this band is quantitated by
the auto-radiography (8). This method is getting less
and less popular in this century, simply because the
handling of radioisotopes is rather restricted in research
laboratories world-wide.
The alternative (more recent) approach is the
immuno-blot (also called "western-blot") approach
in which a cell-lysate is separated by SDS-PAGE,
and proteins including PAK1 are transferred onto
nitrocellulose paper, and phosphorylated PAK1 (called
"pPAK1" at Thr423, Ser199, or Ser144, case by case)
band is blotted with an antibody against each pPAK1,
and in the end the amount of this antibody is quantified
by fluorescence technique associated with probes (biotin
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or horse radish labeling). Unfortunately, however, the
"western-blot" analysis based on pPAK1 is not reliable,
simply because the activation of PAK1 in cells does not
always depend on the auto-phosphorylation of PAK1
at these Ser/Thr residues. The full activation of PAK1
depends on its Tyr-phosphorylation by three distinct
Tyr-kinases (ETK, JAK2 and FYN) at least (9-11), and
dephosphorylation of PAK1 at Thr109 as well (12). For
instance, melanogenic hormones such as α-melanocytestimulating hormone (α-MSH) and 3-isobutyl-1-methyl
xanthine (IBMX) activate PAK1 in melanoma cells,
with no change in pPAK1 (Thr423) level (2). Thus,
strictly speaking, this popularized and over-simplified
pPAK1-based "western-blot" analysis is rather
unreliable or misleading, least to speak.
Around a decade ago, an Italian group introduced a
third kinase assay system which we call here "MacaroniWestern" kinase assay (5). This is a clever modification
of the old radioactive approach by simply replacing
"radioactive" ATP with a newly developed "ATP_
Glo kinase assay kit" (Promega). Accordingly, PAK1
immunoprecipitated from cell lysates (after cells are
treated with a given test compound) is incubated with
this kit with ATP and MBP, and the remaining ATP could
be quantified by the ATP-dependent "luciferin-luciferase"
reaction which produces the fluorescence/luminescence.
Thus, the universal "Macaroni-Western" system allows
us to monitor any change in the kinase activity of PAK1
in cells directly, independent of its auto-phosphorylation
sites, without SDS-PAGE.
2. Materials and Methods
2.1. Reagents and cell lines
Cucurbitacin I (CBI) was purified from bitter melon
called "Goya" by our own laboratory as previously
described (13). Bio 30, a CAPE (caffeic acid phenethyl
ester)-based propolis (tincture) from New Zealand was
obtained from Manuka Health in Auckland. The content
of major ingredients in Bio 30 was described in detail
previously (14).
Human A549 lung cancer cell line and murine
B16F10 melanoma cell line were obtained from
Japanese Collection of Research Bioresources Cell
Bank (Osaka, Japan) and American Type Culture
Collection (ATCC; Rockville, MD, USA), respectively.
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide (MTT), myelin basic protein (MBP) and
protein A-agarose beads were purchased from Sigma
Aldrich Chemical Co. (St. Louis, MO, USA). Rabbit
polyclonal anti-PAK1 IgG was obtained from Cell
Signalling Technology (Danver, MA, USA). Kinase Glo
reagent and ATP (ATP_Glo kinase kit) were purchased
from Promega (Madison, Wisconsin, USA). Dulbecco's
modified Eagle medium (DMEM), 3-isobutyl-1methyl xanthine (IBMX), fetal bovine serum (FBS),
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and triton-X were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). All reagents were of the
highest grade available.
2.2. Cell culture
Human A549 lung cancer cell line was cultured as
described previously (13). Murine B16F10 melanoma
cell line was cultured as described previously (2,15).
2.3. MTT assay for cell viability or growth of B16F10
and A549 cell lines
Cell viability (or growth rate) was determined using
an MTT assay, as previously described (16). Briefly,
B16F10 or A549 cells (2 × 104 cells/well) were seeded
on a 24-well plate. After 48 h of preculture, cells
were treated with either CBI or Bio 30 at various
concentrations for either 48 h (B16F10) or 24 h and 72 h
(A549) at 37oC. Then cells were washed with phosphate
buffer and incubated with MTT solution (0.5 mg/mL) for
3 hrs at 37oC. After the medium was replaced by 200 μL
of ethanol, the absorbance of each well was measured at
570 nm using a microplate spectrophotometer (Bio-Rad
Laboratories, Inc., Hercules, CA, USA)
2.4. Measurement of melanin content
Melanin content was determined as previously described
(17). In brief, B16F10 cells were plated at a density
of 2 × 104 cells/well in a 24-well plate. After 48 h of
preculture, cells were treated with either CBI (100-800
nM) or Bio 30 (1-16 μg/mL). After 1 h, 100 μM isobutyl1-methylxanthine (IBMX), a melanogenic hormone
which activates PAK1 (2), was added and incubated for
additional 48 hrs at 37oC. After washed with phosphate
buffer, cells were dissolved in 500 μL NaOH (1 N)
containing 10% dimethyl sulfoxide (DMSO). Samples
were incubated at 80oC for 1 h, to solubilize the melanin.
The optical density of the mixed homogenate was
measured at 490 nm.
2.5. "Macaroni-Western" (IP-ATP_Glo) kinase assay for
PAK1 in A549 cells
2.5.1. Protocol for drug-treatment of cells followed by
IPing PAK1 from cell lysates
The intracellular content of PAK1 is quite low compared
with other kinases. Thus, in an attempt to optimize the
selective immuno-precipitation (IP) of PAK1 alone,
in particular for minimizing the non-specific binding
of other kinases to beads, and maximizing the IgGprotein A beads interaction, the following protocol for
monitoring the effect of test drugs on PAK1 activity
in cell culture includes our substantial improvement
of a decade old method (which we coined "Macaroni-

Western") published by an Italian group who initially
developed for monitoring in test tube the direct effect
of drugs on a variety of native abundant kinases such as
CDKs (cyclin-dependent kinases) from cultured cells
(5). The initial concentration of ATP for "test tube"
kinase assay also has been optimized for monitoring
both activation and inactivation of PAK1 in cells by a
variety of test drugs.
Step 1: pre-culture A549 lung cancer cell line (2 × 105
cells/mL) on 6-well plate for 24 h.
Step 2: replace by the fresh medium containing test
compounds at various concentrations, and incubate for
24 h.
Step 3: wash with 500 μL of ice-cold PBS (-) twice.
Step 4: add 500 μL of 50 mM Tris-HCl pH 7.5 and
150 mM NaCl and 1% Triton-X (lysis buffer).
Step 5: incubate on ice for 30 min.
Step 6: cell lysates were transferred into 1.5 mL tube.
Step 7: spin at 1,000 rpm for 5 min at 4oC.
Step 8: transfer the supernatant to 1.5 mL new tubes.
Step 9: add 50 μL of dilution buffer alone or antiPAK1 IgG (1:50 dilution)* to each tube.
Step 10: incubate for 1 h on ice.
Step 11: add 10 μL of protein A-agarose beads.
Step 12: incubate for 1 h in cold room with
continuous shaking by a rotary mixer (Nissin, Suginamiku, Tokyo, Japan).
Step 13: spin at 1,000 rpm for 5 min, 4oC.
Step 14: remove the supernatant.
Step 15: resuspend the pellet with 500 μL of 50 mM
Tris-HCl pH 7.5 and 150 mM NaCl (washing buffer).
Step 16: spin at 1000 rpm for 5 min, 4oC.
Step 17: repeat steps 15 and 16.
Step 18: resuspend the PAK1 pellet in 35 μL of 50
mM Tris-HCl pH 7.5 and 150 mM NaCl, 20 mM MgCl2,
0.1 mg/mL BSA (kinase buffer).
*Note: Anti-PAK1 IgG is diluted in buffer (50 mM
Tris pH 7.5, 150 mM NaCl, 100 μg/mL BSA) in ratio 1:50
(dilution buffer)
2.5.2. ATP_ Glo kinase assay
PAK1 assay was carried out in a 100 μL total volume.
35 μL of kinase buffer alone or immuno-precipitated
PAK1 and 5 μL of the substrate MBP (1 mg/mL in
distilled water) were incubated at 37oC for 10 min.
Then, 10 μL of 2 μM ATP in distilled water was
added to each well. The reaction was incubated for 1
hr at 37oC with continuous shaking. After the kinase
reaction, the equal volume (50 μL) of kinase Glo
reagent (Promega) was added to each well, and the
plate was further incubated for 30 min to stabilize
luminescent signal. The suspension was centrifuged,
and the supernatant was transferred to 96-well plate for
reading. Luminescence was recorded by MTP-880Lab
microplate reader (Corona, Hitachinaka-ku, Ibaraki,
Japan) with an integration time of 0.5 s per well.
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2.6. Effect of CBI and Bio 30 on the growth of A549
cancer cells
A549 cells were seeded on 6-well plate at the density of
2 × 105 cells/well in D-MEM supplemented with 10%
FBS, and after preculture for 24 h, cells were treated
with either CBI or Bio 30 at indicated concentrations for
further 72 h. Then cells were stained with trypan blue as
described previously (18). Both dead cells and the total
cells were counted using hemocytometer. The percentage
of viable treated cells in relative to the control (nontreated) cells was calculated.
2.7. Statistical analysis
Data are expressed as mean values with their standard
errors. Statistical comparisons were performed by
oneway ANOVA followed by Duncan's multiple-range
test. Statistical analysis was conducted using SAS (release
9.2; SAS Institute, Cary, NC, USA) and p < 0.05 was
considered significant.

Figure 1. "Macaroni-Western" (IP-ATP_Glo) kinase
assay. PAK1 is treated (activated or inactivated) with a
given test sample in cell culture, and PAK1 is immunoprecipitated (IP) from cell lysate, and its kinase activity is
measured by ATP_Glo kinase kit in test tube using ATPdependent luciferin/luciferase reaction.

3. Results and Discussion
3.1. "Macaroni-Western" kinase assay for the
inactivation of PAK1 by CBI and Bio 30 in cell culture
for 24 h
In this study, we have chosen CBI and Bio 30 as potential
model PAK1-blockers for the following reasons: CBI
inhibits directly two activators (JAK2 and RAC) of
PAK1 (19, 20), while Bio 30 contains CAPE which
down-regulates RAC by inhibiting directly AKR (AldoKeto-Reductase) 1B10 (21), and suppresses completely
the PAK1-dependent growth of NF2-deficient tumor
(schwannoma) in vivo (14).
Since the PAK1 (protein) level in melanoma cell
line B16F10 is extremely low (15), as the PAK1
source for the "Macaroni-Western" kinase assay,
we used A549 lung cancer cell line in which the
oncogenic K-RAS mutant highly activates PAK1,
and whose growth almost solely depends on PAK1.
After preculture of A549 cells for 24 h, they were
treated with either CBI or Bio 30 at two indicated
concentrations for 24 h, and the non-treated cells as
well as treated cells were lyzed, and cell lysates were
incubated with anti-PAK1 IgG and protein A-beads for
immuno-precipitation (IP) of PAK1. After the PAK1IgG-protein A-bead complex was incubated with ATP
and MBP for 1 h, ATP_Glo kinase assay kit was added
to measure the remaining ATP level by the released
luminescence (for detail, see Figure 1). The higher the
luminescence, the lower the kinase activity. As shown
in Figure 2, both CBI and Bio 30 clearly inactivate
PAK1 in this cancer cell line with the apparent
IC 50 around 600 nM and 60 μg/mL, respectively.
The apparent down-regulation of PAK1 by these

Figure 2. Both CBI (A) and Bio 30 (B) inactivate PAK1
in A549 cancer cells for 24 h. Inactivation of PAK1 in cells
with CBI and Bio 30 was monitored by the "MacaroniWestern" kinase assay in test tube. For detail of the assay
procedure, see under Materials and Methods. Data have
significant difference by ANOVA analysis at p  0.05.
Statistically significant differences relative to control are
indicated by asterisks. * 0.01 ≤ p ≤ 0.05, ** p < 0.01.

compounds is not due to the growth inhibition of this
cell line by these compounds, because for the first
24 h (just one generation of cell cycle) no growth
inhibition was observed with either CBI or Bio 30 (see
Figure 3).
3.2. Growth inhibition of A549 cancer cells by CBI and
Bio 30 for 72 hrs
However, after treatment of A549 cancer cells with
either CBI or Bio 30 for 72 h (3-4 generations of cell
cycle), both CBI and Bio 30 strongly inhibit the growth
of this "RAS" cancer cell line with the IC50 around
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Figure 3. Neither CBI (A) nor Bio 30 (B) affects the
viability/growth of A549 cells for the first 24 h. Data have
significant difference by ANOVA analysis at p ≤ 0.05.

Figure 4. Both CBI (A) and Bio 30 (B) inhibit the growth
of A549 cells for 72 h. The IC 50 of CBI and Bio 30 are
around 140 nM and 8 μg/mL (ppm), respectively. Data
have significant difference by ANOVA analysis at p ≤ 0.05.
Statistically significant differences relative to control are
indicated by asterisks. ** p < 0.01, *** p < 0.001.

Figure 5. Both CBI (A) and Bio 30 (B) inhibit the
melanogenesis in melanoma cells for 72 h. The IC 50 of
CBI and Bio 30 are around 400 nM and 16 μg/mL (ppm),
respectively. Data have significant difference by ANOVA
analysis at p ≤ 0.05. Statistically significant differences
relative to control are indicated by asterisks. * 0.01 ≤ p ≤ 0.05,
** p < 0.01, *** p < 0.001.

Figure 6. Either CBI (A) or Bio 30 (B) shows little effect
on the viability/growth of melanoma cells during 48 h.
Data have significant difference by ANOVA analysis at p ≤
0.05.

140 nM and 8 μg/mL, respectively (see Figure 4),
confirming that PAK1 is absolutely essential for the
growth of this RAS cancer cell line.
The major and most likely reason why the IC50 for
the growth is several times lower than the apparent
IC 50 for the kinase activity is the following: both
IP procedure and test tube assay for PAK1 activity
isolated from cells takes more than 3 hrs in total,
and in the absence of PAK1-blockers (CBI and
Bio 30), the suppression of PAK1 activity could be
gradually released over time. In other words, during

this "time-consuming" test tube kinase assay, we
cannot freeze the exact (activated or inactivated)
status of PAK1 in the end of cell-treatment. That is
the major demerit associated with this kinase assay,
although any significant change in the kinase activity
during cell culture can be monitored regardless of the
phosphorylation sites of PAK1. Thus, the apparent
IC50 for the kinase assay obtained in test tube is only a
reflection of PAK1 inhibition during cell culture, and
not the true IC50 during cell culture. Nevertheless, the
apparent IC50 tells clearly that CBI is far more potent
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than Bio 30 in suppressing PAK1 during the cell
culture, as does in the cancer cell growth.
3.3. Anti-melanogenic effect of CBI and Bio 30
We and others recently established that both PAK1
and PAK4 are essential for the melanogenesis of
skin cells such as melanoma cell line B16F10, and
each contributes independently by around 50% to
their melanogenesis (2,15). In other words, if a given
compound blocks only PAK1 or PAK4, it could
inhibit the melanogenesis only by 50% at the highest
concentrations, whereas if a given compound blocks
both kinases, it could inhibit the melanogenesis almost
completely, as does the pan-PAK inhibitor PF3758309
at 300 nM (15). As shown in Figure 5, CBI inhibits the
melanogenesis by more than 70% at 800 nM, whereas
Bio 30 inhibits the melanogenesis only by 50% at 16
μg/mL. Under these concentrations, either CBI or Bio
30 showed only a marginal effect on the growth of the
melanoma cells (see Figure 6). In addition, we have
confirmed that melanogenic stimulators such as IBMX
and α-MSH indeed activate significantly the kinase
activity of PAK1 in this melanoma cell line as judged
by the "Macaroni-Western kinase assay" (2). It might
be worth noting that the IC25 of Bio 30 for the PAK1/
PAK4-dependent melanogenesis is around 8 μg/mL,
which is the same of the IC50 for the PAK1-dependent
growth of A549 cells, suggesting that when Bio 30
inactivates PAK1 by 50%, both the PAK1-dependent
cancer cell growth and melanogenesis are reduced to
around a half.
These findings indicate the following two things: (i)
it is most likely that CBI blocks both PAK1 and PAK4
as CBD does, while Bio 30 probably blocks only PAK1
as CAPE does. (ii) the growth of A549 cancer cells
depends on PAK1, while the growth of melanoma cell
line B16F10 is independent of PAK1. In other words,
either CBI or Bio 30 is not simply a poison, but both
are highly selective (non-poisonous) and cell-permeable
PAK1-blockers. In fact neither edible Okinawa Goya
rich in CBI nor the propolis Bio 30 has ever caused any
side effect during human consumption as foods.
So far no herbal compound has been found to inhibit
only PAK4. The majority of herbal anti-melanogenic
compounds such as CAPE, curcumin, and shikonin,
blocks only PAK1, and a few herbal compounds such
as glaucarubinone are known to block both PAK1 and
PAK4 (19). In other words, if a given herbal compound
inhibits the melanogenesis by only 50%, it is most likely
that it is a PAK1-blocker rather than PAK4-blocker, and
would be useful for improving our health and extending
our lifespan. Of course, we could easily verify its antiPAK1 activity through the quick "Macaroni-Western"
kinase assay in the end.
Finally, using this opportunity, we would like to
point out the followings: there are so many PAK1-
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blocking herbal products such as propolis available on
the market world-wide which could be very useful for
improving our health and even therapy of cancer and
many other PAK1-dependent diseases/disorders such
as Alzheimer's disease (1). However, unlike FDAapproved drugs, none of them is associated with any
reliable international quality control standard such as
IC50 or ED (effective dose). For instance, the quality of
propolis depends on the sources of plants where bees
harvest from, and the actual content of PAK1-blocking
ingredients such CAPE, apigenin, ARC (artepillin
C) and propolin G in each propolis. However, since
1960s till present, the only available quality standard
used for propolis is either "the total flavonoid content"
for CAPE-based propolis or the ARC content in
Brazillian green propolis. If these "herbal" healthpromoting products are regulated by a single reliable
pharmacological quality standard, we could compare
the quality or effectiveness from one sample to another
quite objectively.
Hence, we would propose here for the first time to
use a universal standard called "Anti-PAK index" which
is the 100 × reciprocal of the IC50 in ppm (μg/mL). For
instance, "Anti-PAK index" of Bio 30 is 12.5 since its
IC50 for A549 cancer cells is around 8 ppm, whereas
the "Anti-PAK index" of the "pure" compound CBI is
around 1400, as the IC50 for A549 is around 140 nM
(0.07 ppm). The higher the Anti-PAK index, the more
potent a given sample. In other words, 1 mg of CBI is
equivalent to 112 mg of Bio 30 for therapy of cancers
and many other PAK1-dependent diseases/disorders.
This rough estimation is not far from the actual in vivo
data where the daily dose of cucurbitacin B (1 mg/kg),
closely related to CBI, and that of Bio 30 (50 mg/kg)
are their effective dose to suppress the PAK1-dependent
growth of pancreatic cancers or NF tumors in mice
(14,20), suggesting that their in vivo bioavailability is
quite similar.
The only difference between these two is that Bio
30 has been available on the market world-wide for
clinical uses for almost a decade, but CBI is not as yet.
The only way for us to take CBI is to eat the edible
bitter melon (Goya) grown in Okinawa (which contains
around 1 g of CBI per kg) or drink Goya tea. Since
roughly 90% of Goya is water, the "Anti-PAK index"
of Goya extract/tea could be around 14, pretty close to
that of Bio 30. Thus, we shall measure the IC50 of Goya
extract/tea on the market for calculating their "AntiPAK index" more precisely.
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Summary

In order to investigate whether the hemodynamic indices, including stroke volume
variation (SVV) and pulse pressure variation (PPV) could predict fluid responsiveness in
patients undergoing protective one-lung ventilation. 60 patients scheduled for a combined
thoracoscopic and laparoscopic esophagectomy were enrolled and randomized into two
groups. The patients in the protective group (Group P) were ventilated with a tidal volume
of 6 mL/kg, an inspired oxygen fraction (FiO2) of 80%, and a positive end expiratory
pressure (PEEP) of 5 cm H2O. Patients in the conventional group (Group C) were ventilated
with a tidal volume of 8 mL/kg and a FiO2 of 100%. Dynamic variables were collected
before and after fluid loading (7 mL/kg hydroxyethyl starch 6%, 0.4 mL/kg/min). Patients
whose stroke volume index (SVI) increased by more than 15% were defined as responders.
Data collected from 45 patients were finally analyzed. Twelve of 24 patients in Group P
and 10 of 21 patients in Group C were responders. SVV and PPV significantly changed
after the fluid loading. The receive operating characteristic (ROC) analysis showed that
the thresholds for SVV and PPV to discriminate responders were 8.5% for each, with a
sensitivity of 66.7% (SVV) and 75% (PPV) and a specificity of 50% (SVV) and 83.3%
(PPV) in Group P. However, the thresholds for SVV and PPV were 8.5% and 7.5% with a
sensitivity of 80% (SVV) and 90% (PPV) and a specificity of 70% (SVV) and 80% (PPV) in
Group C. We found SVV and PPV could predict fluid responsiveness in protective one-lung
ventilation, but the accuracy and ability of SVV and PPV were weak compared with the
role they played in a conventional ventilation strategy.
Keywords: Stroke volume variation, pulse pressure variation, one lung ventilation, protective
ventilation, fluid responsiveness

1. Introduction
One-lung ventilation (OLV) is necessary for thoracic
surgery since the surgery requires adequate visualization
of the operative field. OLV can cause a series of
pathophysiological changes, such as an imbalance in the
ventilation-perfusion ratio, increased intrapulmonary
shunt, and increased risk of pulmonary edema. In
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recent years, along with the advances in the equipment
and theory of mechanical ventilation, lung protective
ventilation strategies have gained popularity in clinical
practice. The core mechanism underlying this strategy
is to use low tidal volume ventilation with positive end
expiratory pressure (PEEP) in an attempt to reduce shear
stresses generated by repeated alveolar inflation through
mechanical ventilation, reduce the risk of lung injury,
and thereby improve prognosis (1-3).
However, proper fluid infusion in perioperative
settings is also critical for maintaining the balance
between oxygen supply and demand. Volume
monitoring and evaluation of the patient's response to
fluid loading are particularly essential in maintaining
sufficient blood volume to ensure organ perfusion in
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cases where the risk of pulmonary edema is increased.
Conventional hemodynamic parameters cannot fulfill
these requirements, and other monitoring strategies such
as the use of a floating pulmonary artery catheter and
transesophageal echocardiography are not advocated
due to concerns about risk, cost, and technology (4,5).
Therefore, stroke volume variation (SVV) and pulse
pressure variation (PPV) have attracted increasing
attention, and a growing number of studies have been
conducted on these parameters due to their minimally
invasive nature and accuracy (6-9). Previous studies
have demonstrated that the hemodynamic parameters
represented by SVV can predict fluid responsiveness in
patients undergoing thoracic surgery but the accuracy
was affected by many factors including the depth of
tidal volume, the use of PEEP and so on (10-13), which
limits its application in patients undergoing OLV. For
this reason, the aim of this study was to investigate the
ability of SVV, PPV and other hemodynamic parameters
to predict fluid responsiveness in patients undergoing
protective OLV.
2. Methods
2.1. Ethics and patients
This study was approved by the Institutional Ethics
Committee of People's Liberation Army General
Hospital, Beijing, China and written informed consent
were obtained from all patients before surgery. Sixty
ASA I-II patients (age, 18-70 years; BMI, 18-30 kg/
m 2) undergoing elective radical esophagectomy of
esophageal carcinoma using combined laparoscopic
and thoracoscopic approaches were enrolled in this
study from December 2013 to July 2014 at People's
Liberation Army General Hospital. Patients were
otherwise healthy without severe cardiopulmonary
diseases, coagulation disorders, hepatic or renal
dysfunction prior to surgery.
2.2. Anaesthesia managment
Atropine (0.5mg) was administered intramuscularly
30 min before surgery. Surgery was performed with
the patient in a supine position. An oxygen mask and
peripheral venous lines were kept ready, if needed, for
further intervention. An electrocardiogram, non-invasive
blood pressure measurement and oxygen saturation
were recorded. General anesthesia was induced with
midazolam (0.03 mg/kg), sufentanil (0.3 μg/kg),
propofol (1.5 mg/kg), and rocuronium (0.9 mg/kg).
Endotracheal intubation was performed using doublelumen endotracheal tube(Broncho-cath, Tyco Healthcare,
Argyle, Mansfield, MA, USA) 3 min after anesthetic
induction. After accurate positioning, patients received
mechanical ventilation on volume-controlled mode
with fractional inspired oxygen concentration (FiO2)

of 100%, a tidal volume of 8 mg/kg, respiratory rate of
12 breaths/min, respiratory ratio of 1:2, and end-tidal
CO2 partial pressure (PETCO2) of 30-35 mmHg. Arterial
catheterization was performed via a puncture of the left
radial artery and was connected to the FloTrac-Vigileo
system (Edwards Lifescience, LLC, Irvine, CA, USA).
Hemodynamic parameters were recorded after zeroing
and entering patient data. Anesthesia was maintained
with sevoflurane at an inspired concentration of 1-1.5%
and propofol and remifentanil were delivered with an
infusion pump. The depth of anesthesia was controlled
to maintain a bispectral index (BIS) (Aspect Medical
Systems Inc., Natick, MA, USA) value between 40-60.
Rocuronium and sufentanil were administered if needed.
2.3. Study protocol
After the procedure of laparoscopic part, patients
were placed in a lateral position and the position of
the monitoring system was adjusted accordingly. Five
minutes after zeroing the system, SVV, PPV, mean
arterial pressure (MAP), heart rate (HR), cardiac output
(CO), cardiac index (CI), stroke volume index (SVI),
maximum airway pressure (P MAX) and P ETCO 2 were
recorded. After starting OLV, patients were randomized
into two ventilation strategic groups: Group P (protected
group, tidal volume: 6 mL/kg, PEEP: 5 cmH2O, and
FiO2: 80%) and Group C (conventional group, tidal
volume: 8 mL/kg, FiO 2: 100% without PEEP). For
the randomization method, the random numbers with
odd mantissa were included in the protective group
and those with even mantissa were included in the
conventional group. For both groups, each patient's
respiratory ratio was adjusted to maintain PETCO2 ≤ 45
mmHg and plateau pressure ≤ 35 cmH2O. The first set
of data (before fluid loading) was recorded 0.5 h after
OLV followed by intravenous infusion of hydroxyethyl
starch (130/0.4) 7 mL/mg at a speed of 0.4 mL/kg/
min. The second set of data (after fluid loading) was
recorded 5 min after stabilization of the data. The test
designer was responsible only for data collecting rather
than grouping and anesthesia management.
In order to maximize the accuracy and reliability of
the data derived from the transducer of the system, the
exclusion criterion during the study were as followed: (a)
surgical procedures altered; (b) incidents that affects the
stability of the respiratory/circulatory system; (c) nonsustainable OLV; (d) repeatedly vasoactive drugs used.
2.4. Statistical analysis
A responder was defined as a subject with a demonstrated
increase of > 15% in SVI; otherwise, the patient was
defined as a non-responder. Statistical analysis was
performed using SPSS 17.0 software (SPSS Inc.,
Chicago, IL, USA). Quantitative data were presented
as mean ± standard deviation (͞χ ± s). Normality and
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homogeneity of variance were verified. Patient general
information and data before and after volume expansion
were compared using univariate analysis of variance
(ANOVA). For responders, a correlation between prefluid loading SVV, PPV and ΔSVI were analyzed, and
the predictive capacity of SVV and PPV was tested
by receiver operating characteristic analysis (ROC) to
determine the specificity, sensitivity and threshold of
these parameters.
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analyzed. The Group P (n = 24) comprised 12 patients
who had a response (responders) and 12 patients
with no response (non-responders), and Group C (n
= 21) had 10 responders and 11 non-responders. No
significant differences were observed in age, gender,
BMI, prior medical history and cardiac ejection fraction
either between groups or within groups (Figure1 and
Table1).
3.2. Comparasion of hemodynamic variables

3. Results
3.1. Patients demographics
At last, Data collected from forty-five patients were

The CO, CI, and SVI of responders in both groups
significantly increased after fluid loading. Significant
changes were observed in SVV and PPV after fluid
loading while no significant changes were observed in

Figure 1. Flow chat of patients selection and distribution.
Table 1. Comparison of patients' general conditions between groups (͞χ ± s)
Groups
Gender (F/M)
age
BMI
Ejection fraction
History of hypertension
History of diabetes

Group P (n = 24)
overall

R (n = 12)

NR (n = 12)

1/11
2/22
1/11
60.63 ± 6.16 61.00 ± 6.67 60.25 ± 5.87
23.03 ± 1.79 23.33 ± 1.73 22.74 ± 1.87
63.38 ± 3.50 63.42 ± 3.29 63.33 ± 3.85
3/12
7/24
4/12
1/12
3/24
2/12

Group C (n = 21)
overall

R (n = 10)

NR (n = 11)

0/21
0/10
0/11
61.57 ± 4.91 60.50 ± 4.74 62.55 ± 1.53
23.31 ± 1.64 23.37 ± 1.71 23.25 ± 1.65
63.43 ± 2.73 63.90 ± 2.69 63.00 ± 2.83
5/21
2/10
3/11
2/21
1/10
1/11

p1

p2

p3

/
0.58
0.59
0.96
/
/

/
0.79
0.18
0.92
/
/

/
0.64
0.89
0.68
/
/

R: Responders; NR: Non-Responders; p1 value: Group C vs. Group P; p2 value: intra-Group P comparison; p3 value: intra-Group C comparison.
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Table 2. Comparison of hemodynamic parameters and relevant variables before and after ﬂuid loading during protective
OLV (͞χ ± s)
Items
MAP (mmHg)
HR (beat/min)
SVV (%)
PPV (%)
CO (L/min)
CI (L/min/m2)
SVI (mL/m2)
PMAX (cmH2O)
PETCO2 (mmHg)

Responders (n = 12)
Before

After

77.75 ± 5.82
74.92 ± 5.79
9.67 ± 2.01
8.91 ± 2.06
4.85 ± 1.10
2.82 ± 0.53
38.00 ± 7.56
25.75 ± 1.71
35.08 ± 1.93

80.08 ± 6.44
72.42 ± 6.54
7.41 ± 2.19
6.92 ± 1.93
6.10 ± 0.95
3.61 ± 0.51
49.08 ± 8.99
25.58 ± 1.72
35.33 ± 1.23

Non-Responders (n = 12)
p value
0.36
0.33
0.01**
0.02**
0.007*
0.001*
0.004*
0.82
0.71

Before

After

p value

77.42 ± 6.31
68.25 ± 8.06
6.75 ± 1.96
5.67 ± 1.23
5.79 ± 1.23
3.30 ± 0.57
48.17 ± 8.39
26.08 ± 2.50
35.67 ± 1.97

78.83 ± 7.19
67.83 ± 5.69
6.33 ± 1.87
5.08 ± 1.16
6.03 ± 1.32
3.42 ± 0.59
50.17 ± 9.08
26.00 ± 2.45
35.58 ± 1.78

0.61
0.89
0.60
0.25
0.65
0.63
0.58
0.94
0.91

MAP: mean arterial pressure; HR: heart rate; SVV: stroke volume variation; PPV: pulse pressure variation; CO: cardiac output; CI: cardiac index;
SVI: stroke volume index; PMAX: maximum airway pressure; * p < 0.01, ** p < 0.05.

Table 3. Comparison of hemodynamic parameters and relevant variables before and after fluid loading during
conventional OLV (͞χ ± s)
Items
MAP (mmHg)
HR (beat/min)
SVV (%)
PPV (%)
CO (L/min)
CI (L/min/m2)
SVI (mL/m2)
PMAX (cmH2O)
PETCO2 (mmHg)

Responders (n = 10)
Before

After

80.50 ± 3.34
71.70 ± 5.64
9.90 ± 1.52
9.50 ± 1.43
4.99 ± 1.24
2.89 ± 0.54
40.60 ± 6.72
25.50 ± 2.17
34.90 ± 2.23

85.00 ± 2.58
69.70 ± 6.06
6.90 ± 2.02
6.20 ± 2.20
6.30 ± 1.34
3.57 ± 0.57
53.10 ± 7.65
25.40 ± 2.79
34.20 ± 2.15

Non-Responders (n = 11)
p value
0.003*
0.46
0.001*
0.001*
0.036**
0.013**
0.001*
0.93
0.48

Before

After

p value

77.18 ± 5.09
71.91 ± 7.50
7.64 ± 1.57
6.63 ± 1.69
5.52 ± 1.18
3.20 ± 0.56
44.91 ± 6.44
25.73 ± 2.28
35.09 ± 1.37

79.73 ± 3.07
69.82 ± 6.19
6.73 ± 2.05
6.01 ± 2.07
5.66 ± 1.26
3.28 ± 0.62
46.00 ± 7.96
26.18 ± 2.13
36.18 ± 1.94

0.17
0.48
0.26
0.51
0.78
0.75
0.72
0.64
0.14

MAP: mean arterial pressure; HR: heart rate; SVV: stroke volume variation; PPV: pulse pressure variation; CO: cardiac output; CI: cardiac index;
SVI: stroke volume index; PMAX: maximum airway pressure; * p < 0.01, ** p < 0.05.

MAP and HR. As for non-responders, no significant
changes were observed in CO, CI, and SVI after fluid
loading, either in SVV or PPV (Tables 2 and 3).
3.3. Correlations analysis
No correlations were found between pre-fluid loading
SVV/ΔSVI in responders of Group P (correlation
coefficient r = 0.412, p = 0.184; r = 0.256, p =
0.422, respectively). As for responders in Group C,
correlations were observed between pre-fluid loading
SVV/PPV and ΔSVI (r = 0.697, p = 0.025; r = 0.637, p
= 0.047, respectively) (Figure 2).
3.4. ROC analysis
The threshold values of SVV and PPV used to
discriminate between responders and non-responders
were determined using ROC analysis of hemodynamic
parameters of responders in both groups. For Group
P, the threshold of SVV was 8.5%. The ROC-area
under the curve (AUC) for SVV was 0.767 (sensitivity,
66.7%; specificity, 50%). The threshold of PPV was
8.5% with AUC of 0.778 (sensitivity, 75%; specificity,
83.3%). For group C, the threshold of SVV was 8.5%

Figure 2. Correlation analysis of the relationship between
pre-fluid loading SVV/PPV and ΔSVI in Group P and
Group C patients.

with AUC of 0.885 (sensitivity, 80%; specificity, 70%).
The threshold of PPV was 7.5% with AUC of 0.890
(sensitivity, 90%; specificity, 80%) (Figure 3).
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Figure 3. ROC analysis of hemodynamic variables of
Responders

4. Discussion
Measurement of SVV by the FloTrac-Vigileo system
is derived from variations in venous return blood
volume, which is caused by changes in intrathoracic
pressure through positive pressure ventilation. Thus,
the accuracy of the SVV value depends on the integrity
of the pleural cavity, which will be damaged during
thoracic surgery and limit the use of SVV monitoring
in this kind of procedure. Previous studies have
evaluated the predictive value of SVV and other related
parameters in open-chest or thoracoscopic surgery and
obtained inconsistent results. One study showed that
SVV and other dynamic parameters do not necessarily
have more predictive potential than static parameters
such as central venous pressure (CVP) during OLV (14).
However, another study supported the monitoring of
these dynamic parameters during thoracoscopic surgery
(15). Alternatively, another report demonstrated the
limited value of these parameters during open-chest
surgery (16) and other volume monitoring strategies
were recommended (17,18).
Some studies have suggested that the tidal volume
was at least 8 mL/kg during ventilation while using these
dynamic parameters as predictors of fluid responsiveness
(19,20). However, in an effort to reduce the risk of lung
injury, OLV with low tidal volume and proper PEEP
protective mode is gradually becoming the mainstream
strategy (1-3,21). Some studies have explored the
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predictive value of hemodynamic parameters in
protective ventilation mode. For instance, Lee et al.
compared protective ventilation (tidal volume: 6 mL/
kg, FiO 2: 50%, PEEP: 5 cmH 2O) with conventional
ventilation (tidal volume: 10 mL/kg, FiO2:100%, no
PEEP) in patients undergoing thoracotomy. PPV obtained
by transesophageal echocardiography was employed as
the predictor of fluid responsiveness. The results showed
that PPV could predict fluid responsiveness but only in
protective ventilation mode (22). Despite the conflicting
results of this study with those of previous studies, the
issue of whether or not the PPV calculated directly from
echographic imaging findings is more accurate and
reliable requires further study.
The FloTrac-Vigileo system obtains the pressure
wave signal from any standard peripheral arterial line
and automatically adjusts actual vascular compliance
based on patient demographic characteristics (age,
gender, height and body weight) to obtain the relevant
stroke volume. During OLV intervention, the pleura
on the operated side is damaged whereas the pleura
on the non-operated side remains intact. Mechanical
ventilation-induced cyclic changes in intrathoracic
pressure can still, to some extent, transmit to pulmonary
vessels and the right atrium, thereby affecting cardiac
output (23), which is a possible reason for the positive
results observed in some studies. Ventilation with
a lower tidal volume leads to insufficient cyclic
pressure, which definitely influences the accuracy of
dynamic parameters. One study has demonstrated that
sternotomy, OLV and lateral patient positioning alone
can affect the values of dynamic parameters (24), which
is the reason for the requirement of a minimum tidal
volume of > 8 mL/kg. However, when implementing
protective ventilation strategy, increased intrathoracic
pressure through persistent PEEP support might, to a
certain extent, compensate for the insufficiency of low
tidal volume, which explains the result of this study
demonstrating that SVV and PPV still predicted fluid
responsiveness in patients of Group P, but with poorer
sensitivity and specificity than those of Group C.
OLV-induced hypoxic pulmonary vasoconstriction
and intrapulmonary shunt can partially affect changes in
airway pressure (25), which is the reason for employing
PMAX in this study. However, no significant differences
were observed in P MAX between patients in Group P
and Group C, which is likely a consequence of the
specific surgical procedure of combined laparoscopy and
thoracoscopy, the specific model of the double-lumen
endotracheal tube and male-dominated subjects. More
studies are needed to resolve this issue.
There are several limitations of this study. First,
the sample size may be insufficient. This is especially
important in correlation studies, where sample size might
influence the correlation coefficient. Second, esophageal
surgery requires more enhanced visualization of the
surgical field than pulmonary surgery. Intraoperative

www.ddtjournal.com

301

Drug Discoveries & Therapeutics. 2015; 9(4):296-302.

traction used in other operations might cause a variation
in the values of detected parameters, thereby affecting the
accuracy of the results. Third, the settings of protective
ventilation may lack of individualization, which can be
resolved by using a dynamic pressure-volume curve to
determine the appropriate tidal volume and PEEP value,
thus achieving individualized protective OLV (26,27).
In summary, hemodynamic parameters including
SVV and PPV can predict fluid responsiveness
in patients on protective OLV during radical
esophagectomy using a combined laparoscopic and
thoracoscopic approach. However, the predictive
values of these parameters were not superior to those
values detected in conventional OLV mode in terms
of sensitivity, specificity and correlation with cardiac
output. Their application in clinical practice is still
controversial and further studies are required.
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Fabrication of porous ethyl cellulose microspheres based on the
acetone-glycerin-water ternary system: Controlling porosity via the
solvent-removal mode
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Summary

Porous ethyl cellulose (EC) microspheres were prepared from the acetone-glycerin-water
ternary system using an oil/water (O/W)-type emulsion solvent extraction method. The O/
W type emulsion was prepared using acetone dissolved ethyl cellulose as an oil phase and
aqueous glycerin as a water phase. The effects of the different solvent extraction modes on
the porosity of the microspheres were investigated. The specific surface area of the porous EC
microspheres was estimated by the gas adsorption method. When the solvent was extracted
rapidly by mixing the emulsion with water instantaneously, porous EC microspheres with
a maximum specific surface area of 40.7 ± 2.1 m2/g were obtained. On the other hand,
when water was added gradually to the emulsion, the specific surface area of the fabricated
microspheres decreased rapidly with an increase in the infusion period, with the area being
25-45% of the maximum value. The results of an analysis of the ternary phase diagram of the
system suggested that the penetration of water and glycerin from the continuous phase to the
dispersed phase before solidification affected the porosity of the fabricated EC microspheres.
Keywords: Porous microspheres, ethyl cellulose, acetone-glycerin-water ternary system, phase
separation, solvent extraction

1. Introduction
Polymeric microspheres have been investigated widely
for use as drug delivery systems. For instance, they
can be used for the oral (1-5) and pulmonary delivery
of drugs (6) and as injectable carriers for long-term
drug release (7). Among the various types of polymeric
microspheres being studied, porous microspheres are
attracting the greatest attention with respect to pulmonary
drug delivery. Owing to their high porosity, porous
microspheres exhibit aerodynamic diameters smaller
than their geometric ones. The relationship between their
aerodynamic and geometric diameters can be expressed
as follows:
Daero = Dgeo (P/Pref ∙R)1/2
where Daero is the aerodynamic diameter, Dgeo is the
*Address correspondence to:
Dr. Masahiro Murakami, Osaka Ohtani University, 3-11-1
Nishikori-kita, Tondabayashi, Osaka 584-0854, Japan.
E-mail: murakam@osaka-ohtani.ac.jp

geometric diameter, R is the shape factor (R is 1 for
truly spherical particles), P is the particle density, and
Pref is the reference (water) density. The aerodynamic
diameter of inhaled particles is one of the primary
factors determining the distribution of the particles in
the lung. Hence, microspheres with controlled porosity
can be delivered readily to the target area in the lung,
because the aerodynamic diameter of microspheres can
be controlled by varying their porosity.
Researchers have proposed a number of methods for
fabricating porous polymeric microspheres. Chai and
coworkers have reviewed that most preparation methods
are one of the following types: the solvent evaporation
method, the polymerization method, the seedswelling method, the synthesis method, the sintering
method, the phase-separation method, and the spraydrying method (8). Of these, the solvent evaporation
method based on the use of multiple emulsions and, in
particular, water-in-oil-in-water (W/O/W) emulsions,
is used commonly for fabricating porous microspheres.
During the W/O/W-type emulsion solvent evaporation
method, pores are formed when water migrates from
the internal water phase to the external water phase of
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the emulsion. Porogens, which are pore-forming agents,
are often added to the dispersed phase for controlling
the porosity. Previous studied have used ammonium
bicarbonate, sodium chloride, gelatin, paraffin, canola
oil, and glycerol monooleate as porogens (9-11).
We had previously proposed a new method for
fabricating polymeric microspheres without using
halogenated solvents (12). The method was based on the
phase separation of acetone and glycerin; the dispersed
and continuous phases used were poly(lactide-coglycolide) in acetone and aqueous glycerin, respectively.
We had demonstrated that the encapsulation efficiency
and drug release profile of vitamin-B 12 -loaded
microspheres fabricated using this method were similar
to those of microspheres produced by the conventional
method using methylene chloride. We had also found
that the water content of the continuous phase affected
the formation of the microspheres. Although the biphasic
area in the low-water-content section of the triangular
diagram of the acetone-glycerin-water ternary system
was small, we had found that microspheres formed in and
near the biphasic area. In contrast, microspheres did not
form in the high-water-content area (i.e., the monophasic
area). However, even though we had demonstrated the
phenomenon of emulsification in the ternary system,
the process of removal of the solvents from the resultant
emulsion was not fully examined.
During the solvent-extraction process, the migration
of the porogens can directly lead to the formation of
pores. Further, the water and glycerin in the continuous
phase can probably act as porogens for porous ethyl
cellulose (EC) microspheres, because these materials
are poor solvents of EC. Therefore, the flux of water
and glycerin between the dispersed and continuous
phases probably plays a key role in determining the
porosity of the fabricated EC microspheres. Based on
this hypothesis, we propose that the porosity of EC
microspheres fabricated using the acetone-glycerinwater ternary system can be controlled by varying the
mode by which the emulsion and water flow into each
other during the solvent-extraction process. Thus, in the
present study, we investigated the effects of the solventextraction process on the formation of pores on the
surfaces of the EC microspheres fabricated from the
acetone-glycerin-water ternary system.
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method for fabricating EC microspheres without using
halogenated solvents is illustrated in Figure 1. First EC
(2.0 g) was dissolved in acetone (16 g) to obtain the
dispersed phase. The dispersed phase was emulsified
in a 5% aqueous solution of polyvinyl alcohol (PVA,
Kuraray Co., Ltd., Osaka, Japan ) (7.5 g)-glycerin (17.5
g) by mixing using a propeller mixer (HEIDON Threeone moter BL1200, Shinto Scientific Co., Ltd., Tokyo,
Japan) for 1 min at 300 rpm at room temperature. The
resultant emulsion was mixed with 500 mL of water in
two modes: (a) the resultant emulsion was mixed in 500
mL of water instantaneously (mode 1 in Figure 1) or
(b) 500 mL of water was added slowly to the resultant
emulsion and mixed at 400 rpm for a certain period
(mode 2). The resulting EC microspheres, which were
hard, were washed with deionized water. Next, the
aggregated EC microspheres were removed by filtration
using 75-μm and 53-μm sieves, and the nonaggregated
ones were collected by filtration with a 20-μm sieve.
The EC microspheres were the redispersed in deionized
water and lyophilized.
ii) Fabrication by the conventional O/W-type emulsion
solvent evaporation method using a halogenated solvent
First, EC (1.0 g) was dissolved in dichloromethane (14
mL) to obtain an oil phase. The oil phase was emulsified
in a 0.5% PVA solution (20 mL) using a homogenizer
(Polytron®PT3100, Kinematica Ag, Luzern, Switzerland)
for 5 min at 4,000 rpm at room temperature. The resultant
emulsion was added to 400 mL of water all at once and
stirred at 400 rpm at room temperature for 3 h, in order
to remove the dichloromethane. The obtained hardened
EC microspheres were washed with deionized water.
Finally, the aggregated EC microspheres were removed
by filtration using 75-μm and 53-μm sieves, and the
nonaggregated ones were collected by filtration with a 20μm sieve. The EC microspheres were then redispersed in

2. Materials and Methods
2.1. Materials
The EC sample (7 cps) used in this study was donated
by Nisshin kasei Co., Ltd (Osaka, Japan). All the other
chemicals used were of reagent grade.
2.2. Fabrication of EC microspheres
i) Fabrication without using halogenated solvents The

Figure 1. Illustration of the proposed method for preparing
EC microspheres. In mode 1, the emulsion is added to water
instantaneously. In mode 2, water is added to the emulsion for
1 min, 3 min, 5 min, 10 min, or 20 min.
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deionized water and lyophilized.
iii) Fabrication by the conventional W/O/W-type emulsion
solvent evaporation method using a halogenated solvent
First, EC (1.0 g) was dissolved in dichloromethane
(14 mL) to obtain an oil phase. Then, a 0.5% PVA
solution (1 mL) was emulsified into the oil phase using
a homogenizer (T18 Digital ULTRA-TURRAX ® ,
IKA Works GmbH & Co. KG, Staufen im Breisgau,
Germany) for 30 s at 25,000 rpm at room temperature.
The obtained W/O emulsion was mixed in a 0.5%
PVA solution (20 mL) using the homogenizer for 5
min at 4,000 rpm at room temperature. The resultant
emulsion was added to 400 mL of water all at once
and stirred at 400 rpm at room temperature for 3 h, in
order to remove the dichloromethane. The hardened
EC microspheres were washed. Next, the aggregated
EC microspheres were removed by filtration using 75μm and 53-μm sieves and the nonaggregated ones were
collected by filtration with a 20-μm sieve. Finally, the
EC microspheres were redispersed in deionized water
and lyophilized.
2.3. Microscopy observations
The fabricated EC microspheres were observed using
a scanning electron microscopy (SEM) system (JSM5500LV, JOEL Ltd., Tokyo, Japan). For the SEM
observations, samples of the EC microspheres were
prepared by depositing gold-palladium at 15 mA for 3
min (Quick Auto Coater JFC-1500, JOEL Ltd.).
2.4. Determination of sizes of EC microspheres
The sizes of the fabricated EC microspheres were
determined using a laser diffraction particle size
analyzer (SALD-2200, Shimadzu Co. Ltd., Kyoto,
Japan).

Figure 2. Scanning electron micrographs of the fabricated
EC microspheres. The EC microspheres shown were
prepared by (a) the proposed method (mode 1), (b) the
conventional O/W-type emulsion solvent evaporation method,
and (c) the conventional W/O/W-type emulsion solvent
evaporation method. The bars represent 5 μm.

(AQV-300, Hiranuma Sangyo, Co., Ltd., Ibaragi, Japan)
was employed for the purpose.
3. Results

2.5. Determination of specific surface areas of EC
microspheres
The specific surface areas of the fabricated EC
microspheres were determined by the gas adsorption
method (FlowSorb 2310, Shimadzu Co., Ltd.).
2.6. Analysis of triangular diagram
The triangular diagram for the acetone-glycerinwater ternary system was taken from the literature.
We determined the ratio of the upper phase (i.e.,
the acetone-rich phase) to the lower phase (i.e., the
glycerin-rich phase) (w/w) and the composition of
the upper phase in the phase-separated solution of the
acetone-glycerin-water ternary system. The glycerin
content was considered to be the residual constant
weight after drying in vacuum. The water content was
determined by the Karl Fisher method; a volume titrator

3.1. Morphological properties and particle sizes of
fabricated EC microspheres
Micrographs of the fabricated EC microspheres are
shown in Figure 2. No micron-sized pores were
observed on the surfaces of the EC microspheres
fabricated using the new method. On the other hand,
a large number of micron- and submicron-sized pores
were observed on the surfaces of the EC microspheres
fabricated by the conventional W/O/W-type emulsion
solvent evaporation method. It should be noted that the
EC microspheres fabricated using the conventional O/
W-type emulsion solvent evaporation method also had
micron- and submicron-sized pores on their surfaces;
however, these were fewer in number.
The size distributions of the EC microspheres
obtained using the three different methods are shown in
Figure 3. The EC microspheres fabricated by the new
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Figure 3. Weight and size distributions of the fabricated
EC microspheres. ○: proposed method (mode 1), □:
conventional O/W-type emulsion solvent evaporation method,
∆: conventional W/O/W-type emulsion solvent evaporation
method. The data shown represent the mean ± standard
deviation (SD) (n = 3 batches).
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Figure 4. Effects of the infusion period during the solventextraction process on the specific surface area of the
microspheres. The point at time 0 indicates the specific surface
area of the EC microspheres prepared in mode 1. The points
at other times indicate the specific surface areas of the EC
microspheres prepared in mode 2. The data shown represent the
mean ± SD (n = 3 batches).

Table 1. The specific surface area of microspheres
prepared by the new and conventional methods
Method
New method
mode 1
Conventional method
O/W-type solvent evaporation
W/O/W-type solvent evaporation

Specific surface area (m2/g)

40.7 ± 2.10
3.12 ± 0.19
5.73 ± 0.63

The data represent the means ± SD (n = 3 batches).

method had a broader particle-size distribution than
did those produced using the two conventional method.
The mean particle sizes of the EC microspheres
fabricated by the new method, the conventional O/
W-type emulsion solvent evaporation method, and the
conventional W/O/W-type emulsion solvent evaporation
method were 13.7 ± 0.5, 13.3 ± 2.6, and 17.2 ± 1.5 μm,
respectively (mean ± standard deviation for 3 batches).
In the case of the EC microspheres fabricated by the
new method, there were no significant changes in the
mean particle size or the size distribution with changes
in the solvent-infusion mode and the duration of
infusion during the solvent-extraction process.
3.2. Specific surface areas of fabricated EC microspheres
As shown in Table 1, the specific surface areas of
the EC microspheres fabricated using the three
methods could be arranged in the following order:
the new method (mode 1) > the conventional W/O/
W-type emulsion solvent evaporation method > the
conventional O/W-type emulsion solvent evaporation
method. In the case of the new method, the mode of
solvent extraction had an effect on the specific surface
area of the obtained EC microspheres (Figure 4.). Mode
1 resulted in the highest specific surface area, which
was 40.7 m2/g. In contrast, mode 2 resulted in specific

Figure 5. Triangular diagram of the acetone-glycerinwater ternary system. The data corresponding to the border
line between phases 1 and 2 were taken from the literature
(12). The concentrations of acetone, glycerin, and water for
the various points were as follows: point A (acetone/glycerin/
water = 0.399:0.424:0.178), point D (acetone/glycerin/ water
= 0.388:0.424:0.188), and point E (acetone/glycerin/water =
0.386:0.422:0.193).

surface areas of 10.2-18.5 m2/g; further, in this case, the
specific surface area decreased with an increase in the
infusion period.
3.3. Analysis of triangular diagram
The triangular diagram of the acetone-glycerin-water
ternary system is shown in Figure 5. Point A represents
the status of the emulsion formed after the completion
of the emulsification stage in the new method. Point
C represents the status of emulsion at the end of
the solvent-extraction process. The purple and red
arrows represent the transitions during the solvent-
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Table 2. Phase ratio and composition of the acetone-rich phase at each point in Figure 5
Items

Ratio of acetone-rich phase

Point A
Point D
Point E

0.110
0.033

Composition of acetone-rich phase (w/w %)
Water content

Glycerin content

Acetone content

10.5
11.5

14.8
15.7
miscible

74.7
72.8

Composition: point A (acetone/glycerin/water = 0.399:0.424:0.178), point D (acetone/glycerin/water = 0.388:0.424:0.188), point E (acetone/
glycerin/water = 0.386:0.422:0.193).

extraction process. For the case where the solvent was
extracted rapidly by mixing the emulsion with water
instantaneously, the status of emulsion is represented
as the jump from point A to B and the transition from
point B to C on the purple arrow (mode 1). The purple
arrow is in the monophasic area. For the case where
water was added gradually to the emulsion, the status is
represented as the transition from point A to C through
points D and E on the red arrow (mode 2). The amount
ratios (w/w) and compositions of the acetone-rich phase
for points A, D, and E of the triangular diagram are
listed in Table 2. The amount ratio of the acetone-rich
phase at point D in the ternary system was 30% of that
at point A, even though only a small amount of water
was added. On the other hand, the water and glycerin
contents of the acetone-rich phase for the two points
were similar. At point E, the ternary system transitioned
into the monophasic area.
4. Discussion
In a previous report, we had introduced a new method
for fabricating sustained-release microspheres using
nonhalogenated solvents. This method was based on the
phase separation of acetone and aqueous glycerin (12).
In this study, we evaluated the feasibility of using this
method for fabricating porous EC microspheres. For the
purposes of evaluation, we selected the morphological
properties and the specific surface area of the fabricated
EC microspheres, which is an indicator of their
porosity, as the evaluation parameters. Elucidating the
morphological properties of porous microspheres is
essential for determining their applicability in various
fields. Similarly, being able to control the porosity of
the microspheres is crucial for adjusting their target
profile, that is, for adjusting their release profile with
respect to oral and pulmonary drug delivery.
First, we determined the morphological properties
and specific surface areas of the fabricated EC
microspheres and compared them with those of the
microspheres fabricated by the two conventional
methods. SEM observations revealed that the surface
morphologies of the EC microspheres fabricated by the
new method and those of the microspheres produced by
the conventional O/W-type emulsion solvent evaporation
method were similar. The fabricated EC microspheres

had smooth surfaces; this was in keeping with previously
obtained results (12). On the other hand, the specific
surface areas of the EC microspheres prepared by the
new and conventional methods were different. The EC
microspheres fabricated by the new method (mode 1) had
a specific surface area that was approximately 13.0 times
than of the microspheres produced by the conventional
O/W-type emulsion solvent evaporation method.
Further, the specific surface area of the microspheres
produced by the new method was 7.1 times than of
the microspheres produced by the conventional W/O/
W-type emulsion solvent evaporation method; in the
latter case, the microspheres had pores on their surfaces.
These differences cannot be explained merely by the
differences in the particle-size distribution of the EC
microspheres, because the microspheres prepared by the
new and conventional methods had similar mean sizes.
The formation of pores on the EC microspheres
prepared by the conventional methods can be explained
as follows. It is known that water exhibits low solubility
in dichloromethane, which is used commonly as a
solvent for the oil phase in the conventional preparation
methods. This means that water cannot penetrate into
the oil phase from the external water phase in the case
of the conventional methods. Therefore, pore formation
is suppressed in the case of the conventional O/W-type
emulsion solvent evaporation method. Moreover, in the
case of the conventional O/W-type emulsion solvent
evaporation method, the amount of porogens in the oil
phase was low. Hence, the resulting microspheres had
a lower specific surface area. On the other hand, in the
case of the conventional W/O/W-type emulsion solvent
evaporation method, the inner water phase played the
role of a porogen, resulting in the fabrication of porous
EC microspheres. Hence, the conventional W/O/
W-type emulsion solvent evaporation method resulted
in microspheres with a specific surface area twice that
of the microspheres produced using the conventional O/
W-type emulsion solvent evaporation method.
In the case of the new method, the solvents for
the dispersed and external phases were acetone and
aqueous glycerin, respectively. The mutual solubility
of acetone and aqueous glycerin depends on the
concentrations in which these three components,
namely, acetone, glycerin, and water, are present in the
system. Because aqueous glycerin is a poor solvent of
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ethyl cellulose, it can act as a porogen for the synthesis
of porous EC microspheres. In the condition of high
mutual solubility of acetone and aqueous glycerin,
such solvents penetrated in the dispersed phase from
the continuous phase result in the formation of pores
in EC microspheres when removed during the solventextraction process. Hence, the resultant microspheres
had a high specific surface area.
Next, we investigated whether it was possible to
control the specific surface area on the basis of the
flux of glycerin and water into the dispersed phase.
It was found that the mode of infusion during the
solvent-extraction process determined the specific
surface area of the fabricated porous EC microspheres.
This phenomenon can be explained on the basis of
the triangular diagram of the acetone-glycerin-water
ternary system (Figure 5). In the emulsification stage,
the ternary system is at point A. When the solvent
is extracted rapidly by adding the emulsion to water
instantaneously (mode 1), the ternary system jumps
from point A to point B and then from point B to
point C. From point B to point C, the ternary system
is in the monophasic area. Thus, acetone, water, and
glycerin are assumed to dissolve mutually in the
dispersed phase, before the solidification of the EC
microspheres. Therefore, EC microspheres with a high
specific surface area could be formed using the new
method.
On the other hand, the specific surface area of
the obtained EC microspheres decreased when water
was added gradually to the emulsion (mode 2). This
phenomenon can be explained on the basis of the
change in the amount of porogens in the dispersed
phase as follows. During the emulsification process,
the concentrations of water and glycerin in the
dispersed phase reached 10.5% and 14.8% (point A),
respectively. Further, the concentrations of water and
glycerin in the acetone-rich phase remained almost
constant as water was added (A→D transition). The
same phenomenon probably also occurred during the
D→E transition. However, the volume of the acetonerich phase decreased markedly (A→D→E transition).
This indicated that the solvents in the dispersed phase
were extracted into the continuous phase without
there being an increase in the amounts of the porogens
(water and glycerin) before the solidification of the
EC microspheres. Thereafter, the porogens were
unable to penetrate into the EC microspheres even
when more water was added in the monophasic region
(E→C) because the EC microspheres had already
solidified. Hence, the formation of additional pores was
suppressed.
The above-mentioned results confirmed that the
proposed method based on the acetone-glycerin-water
ternary system was suitable for fabricating porous EC
microspheres. Next, we discuss the potential uses of
the porous EC microspheres prepared using the new
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method. Porous materials can be classified on the
basis of their pore size, and the applicability of porous
microspheres depends on their pore size. Microspheres
with micrometer-sized pores are being explored for use
in tissue engineering, because such microspheres can be
used as scaffolds for cell growth (10,13). On the other
hand, mesoporous (2-50 nm) microspheres are being
investigated for use for controlled drug release, owing
to their larger specific surface area (1-3,5). Since we
did not measure the sizes of the pores of the fabricated
EC microspheres in this study, it is not possible to
comment on their use. However, it is likely that the
microspheres fabricated using the new method were
mesoporous, judging from their electron micrographs
and their specific surface area, which was measured
using the gas adsorption method. Microspheres with
large specific surface areas, such as the ones fabricated
using the new method, can be used for the controlled
release of drugs. Further, such microspheres can be
used as carriers for pulmonary drug delivery, owing
to their large specific surface area. Various uses for
the microspheres fabricated using the new method are
being explored in our laboratory.
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