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Semantic Web technologies for the big data in life sciences

Hongyan Wu*

, Atsuko Yamaguchi™*

Database Center for Life Science, Research Organization of Information and Systems, Japan.

Summary

The life sciences field is entering an era of big data with the breakthroughs of science and
technology. More and more big data-related projects and activities are being performed in the
world. Life sciences data generated by new technologies are continuing to grow in not only
size but also variety and complexity, with great speed. To ensure that big data has a major
influence in the life sciences, comprehensive data analysis across multiple data sources and
even across disciplines is indispensable. The increasing volume of data and the heterogeneous,
complex varieties of data are two principal issues mainly discussed in life science informatics.
The ever-evolving next-generation Web, characterized as the Semantic Web, is an extension
of the current Web, aiming to provide information for not only humans but also computers to
semantically process large-scale data. The paper presents a survey of big data in life sciences,
big data related projects and Semantic Web technologies. The paper introduces the main
Semantic Web technologies and their current situation, and provides a detailed analysis of
how Semantic Web technologies address the heterogeneous variety of life sciences big data.
The paper helps to understand the role of Semantic Web technologies in the big data era and

how they provide a promising solution for the big data in life sciences.

Keywords: Big data, Semantic Web technologies, life-science databases

1. Introduction

Data deluge in the life sciences The life sciences field
is entering an era of big data with the breakthroughs
of science and technology. Moore's law shows that
computers double in speed and halve in size every 18
months (7). A similar trend is observed for hard disks (2)
and networks (3). The exponential growth of scientific
instruments has resulted in an exponentially growing
amount of scientific data (4). Until recent years, Moore's
law kept outpacing the generation of biological sequence
data by its growth in storage and processing capacity.
This trend has remained true for approximately 40 years
and was not broken until the completion of the Human
Genome Project in 2003. From 2005, the sequencing
output doubling rate decreased to 5 months because
of the development of Next-Generation Sequencing
technologies (NGS) (5). Since 2008, genomics data are
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Dr. Hongyan Wu and Dr. Atsuko Yamaguchi, DBCLS, Univ.

of Tokyo Kashiwa-no-ha Campus Station Satellite 6F, 178-4-

4 Wakashiba, Kashiwa-shi, Chiba 277-0871, Japan.

E-mail: wu@dbcls.rois.ac.jp (Wu HY)
atsuko@dbcls.rois.ac.jp (Yamaguchi A)

outpacing Moore's Law by a factor of 4 (6). The 1,000
Genomes Project (7), which involves sequencing and
cataloging human genetic variations, has deposited 2
times more raw data into GenBank (Attp.//www.ncbi.nlm.
nih.gov/genbank/) at National Center for Biotechnology
Information (NCBI) during its first 6 months than all
the previous sequences deposited in the last 30 years
(3). In the last five years, more scientific data have been
generated than in the entire history of mankind (§).
Figure 1 illustrates the GenBank and Whole Genome
Shotgun (WGS) statistics up to February 2014. Human
DNA comprises approximately 3 billion base pairs with
a personal genome representing approximately 100
gigabyte (GB) of data (6). Two nanopore sequencing
platforms (GridION™ and MinION™) (9), reported
in February 2012, are capable of delivering ultra-long
sequencing reads (~100 kb) with additionally higher
throughput and much lower cost. Sequencing a human
genome has decreased in cost from $10,000 in 2007 to
$1,000 in 2012 (/0) and is likely to drop below $100 per
genome in the next decade (/7). In the third decade of the
21st century, it has been estimated that 1 billion people
will be sequenced and that approximately 3,000 petabyte
(PB) (1 PB is approximately equivalent to 10° GB) of
storage will be needed. Grossman et al. predicated that

www.biosciencetrends.com
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Figure 1. Growth of GenBank and WGS. NCBI GenBank ([Internet] [cited July 18, 2014]. Available from http://www.ncbi.

nlm.nih.gov/genbank/statistics).

we would be in an era of ubiquitous sequencing within a
few years, in which genome sequencing would become
routine for both research and clinical applications (/7).

Many other kinds of life science big data are being
produced at high speed as well as genomics data.
Functional magnetic resonance imaging or functional
MRI (fMRI) is a functional neuroimaging procedure
using MRI technology that measures brain activity
by detecting associated changes in blood flow. This
technique generates complex data sets: ~100,000
locations, measured simultaneously hundreds of times,
resulting in billions of pairwise relations, collected in
multiple experimental conditions, and from dozens
of participants per study (/2). Other data, including
Computerized Tomography (CT) Scan data, epidemic
data, Electronic Health Records (EHR) system data,
patient behavior and sentiment data efc., are also being
generated and gathered at a fast pace.

Big data-related projects and activities More and
more big data-related projects and activities are being
performed in the world. The Genome 10K project (http://
www.genomelOk.org) aims to assemble a genomic
zoo, which will be a collection of DNA sequences
representing the genomes of 10,000 vertebrate species,
approximately one for every vertebrate genus. The
1001 Genomes Project (http://www.1001genomes.
org), launched at the beginning of 2008, has the goal of
discovering the whole-genome sequence variation in
1,001 strains of the reference plant Arabidopsis thaliana.
The 1K Insect Transcriptome Evolution (1KITE) Project
(http://www. I kite.org) aims to study the transcriptomes
of more than 1,000 insect species encompassing all
recognized insect orders. The ENCyclopedia of DNA
Elements (ENCODE) project (http://www.genome.
gov/10005107) aims to identify all functional elements
in the human genome sequence. ENCODE generated
more than 15 terabyte (TB) of raw data, and the data
analysis consumed the equivalent of more than 300 years
of computing time. The Cancer Genome Atlas (TCGA)
(http://cancergenome.nih.gov/) began as a three-year
pilot in 2006 with an investment of $50 million each
from the National Cancer Institute (NCI) and National
Human Genome Research Institute (NHGRI), confirming

that an atlas of changes could be created for specific
cancer types. The European life-science infrastructure
for biological information (ELIXIR) (http://www.
elixir-europe.org/) unites Europe's leading life science
organizations in managing and safeguarding the massive
amounts of data being generated every day by publicly
funded research. ELIXIR aims to provide the facilities
necessary for life science researchers, from bench
biologists to cheminformaticians, to make the most of
the rapidly growing store of information about living
systems. Tohoku University Tohoku Medical Megabank
Organization (http://www.megabank.tohoku.ac.jp/
english/) was founded to establish an advanced medical
system to foster the reconstruction from the Great East
Japan Earthquake. The organization will develop a
biobank that combines medical and genome information
during the process of rebuilding the community medical
system and supporting health and welfare in the Tohoku
arca. Approximately 60 PB of data representing 1.5
million genomic and medical pieces of information is
predicted to be acquired. In China, Beijing Genomics
Institute (BGI) and their publishing partner BioMed
Central, a leader in scientific data sharing, announced the
launch of a new journal, GigaScience, which publishes
large-scale biological research in a unique format (http.//
www.genomics.cn/en/news/show_news?nid=99134).

Big data issues Life sciences data are continuing to
grow in not only size but also variety and complexity
with great speed. The role of genome sequencing in the
life sciences is the tip of the iceberg. To investigate the
complex systematic effects of drugs and other chemical
compounds on biological systems and to validate a
hypothesis in drug discovery, we require the data on
diseases, compounds, genes, targets, side effects, and
metabolic pathways, as well as from the clinic and other
sources (/3). These data reside in a number of different
data sources, such as GenBank (/4), Genome Sequence
DataBase (GSDB) (/5), SWISS-PROT (/6), European
Molecular Biology Laboratory (EMBL), Online
Mendelian Inheritance in Man (OMIM) (17), and many
others (/8). Data sources can store different data types
in different formats (/9); for example, flat file (e.g., tab-
delimited file), sequence file (e.g., FASTA), structure file
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(e.g., Protein Structure File (PSF)), Extensible Markup
Language (XML) file (e.g., KGML- Kyoto Encyclopedia
of Genes and Genomes (KEGG) Markup Language for
describing graph objects), and database management
systems (DBMSs). Even for the same data type, data
formats in different sources are often incompatible. In
addition, new data formats are being invented along
with the development of new technologies (20), such
as Sequence Alignment/MAP (SAM) (21) and Genome
Variation Format (GVF ) (22).

To ensure that big data has a major influence in the
life sciences, comprehensive data analysis across multiple
data sources and even across disciplines is indispensable.
For example, research on the neurodegenerative disease
Alzheimer's disease (AD) spans the disciplines of
psychiatry, neurology, microscopic anatomy, neuronal
physiology, biochemistry, genetics, molecular biology,
and bioinformatics (23). A series of combination and
integration problems such as data, terminologies,
knowledge, and service integration must be solved first
(24). Eliminating the inconsistency of data and terms as
well as finding and meaningfully combining information
in the vast majority of data all require knowing the exact
semantics of the data (25).

The increasing volume of data generated by
new technologies at an unprecedented rate and the
heterogeneous complex varieties of data are two principal
issues mainly discussed in life science informatics
(26). In the remainder of this paper, we provide insight
into how the Semantic Web technologies address the
heterogeneous variety of life sciences big data. We also
present a survey of the state-of-the-art development of
every technology and some related projects. Finally, we
summarize the challenges and problems that we have to
face now and in the future.

2. Semantic Web technologies

The ever-evolving next-generation Web, characterized
as the Semantic Web (27), is an extension of the current
Web, aiming to provide information for not only
humans but also computers to semantically process
data. Berners-Lee ef al. (27) believed that this form of
Web content that was meaningful to computers would
unleash a revolution of new possibilities. The following
introduces a series of the Semantic Web technologies.

2.1. Resource Description Framework (RDF)

The RDF (28) is a model for representing information
about resources on the World Wide Web. The RDF
model identifies items with Web identifiers (called
Uniform Resource Identifiers, or URIs) and encodes
data in the form of subject, predicate, and object (with
the whole usually referred to as a "triple"). The subject
is a URI or blank node. The object is a URI or string
literal. The predicate specifies the relationship between

the subject and object and is also represented by a URI.
For example, in the KEGG database the breast cancer
gene hsa:675 encodes the Homo sapiens protein with
the number 119395734 in NCBI Protein database.
This gene is the same as gene ENSG00000139618 in
Ensemble database. This could be expressed as two
triples: "<hsa:675> <encodes> <protein:119395734>.
<hsa:675> <owl:sameAs> <ENSG00000139618>".
The relationship among these three resources: hsa:675,
protein: 119395734, and ENSG00000139618, in three
databases is established. Similar to how any document
expressed in HyperText Markup Language (HTML) can
be linked to any other document expressed in HTML,
the information expressed in RDF can be connected to
any other information expressed in RDF (26). However,
with respect to HTML, a linked resource must be a
whole document, whereas with RDF, any information
defined as a resource can be linked together.

RDF is expressive with the simple triple format.
The Semantic Web integrates not only resources that
are themselves built or represented using RDF but also
those resources that can be mapped to RDF (29).

2.2. SPARQL Protocol and RDF Query Language
(SPARQL)

SPARQL is an RDF query language (30). A SPARQL
endpoint is a conformant SPARQL protocol service
as defined in the SPROT (SPARQL Protocol for
RDF) specification. A SPARQL endpoint enables
users (human or other) to query a knowledge base via
the SPARQL language. SPARQL 1.1 specification,
produced by the SPARQL Working Group on 21 March
2013, defines the syntax and semantics of the SERVICE
extension, which allows a query author to direct a
portion of a query to a particular SPARQL endpoint.
The results are returned to the federated query processor
and are combined with results from the rest of the query
(31). The growing number of SPARQL query services
offer data consumers an opportunity to merge data
distributed across the Web. However, SPARQL query
is still in its infancy, and its service provider tends
to change its endpoint in the development stage. The
site (32) monitors the availability of some SPARQL
endpoints. Table 1 summarizes the main current
available SPARQL endpoints in the life sciences.

2.3. Ontology

Semantic heterogeneities arise at the entry level where
different terms are used for the same things or the same
terms are used for different things. Ontology describes
the types of entities in the world and how they are
related. The RDF model enables a link between two
resources. Ontology strengthens and implements
the link by specifying the semantics of terminology
systems in a well-defined and unambiguous manner (33,

www.biosciencetrends.com
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Table 1. List of some available biomedical SPARQL endpoints

« Allie: http://allie.dbcls.jp/
* Bio2RDF:
+ HGNC: http://hgnc.bio2rdf.org/sparql
+ GO: http://go.bio2rdf.org/sparql
+ PharmGKB: http://cu.pharmgkb.bio2rdf.org/sparql
+ Pubmed: http://pubmed.bio2rdf.org/sparql

* BioGateway: http://www.semantic-systems-biology.org/biogateway/querying
¢ Cell Cycle Ontology: http://www.semantic-systems-biology.org/cco/queryingcco/sparql

« HDP: http://healthdata.tw.rpi.edu/sparql

e Linked Food: http://www.linkedfood.org:8890/sparql/
« Linked Life Data: http://linkedlifedata.com/sparql

* myExperiment: http://rdf. myexperiment.org/sparql

* NCBO: http://sparql.bioontology.org/

¢ Neuroscience Information Framework: http://rdf-stage.neuinfo.org/

e The EBI RDF platform:
* BioModels :http://www.ebi.ac.uk/rdf/services/biomodels/sparql
+ BioSamples: http://www.ebi.ac.uk/rdf/services/biosamples/sparql
+ ChEMBL: http://www.ebi.ac.uk/rdf/services/chembl/sparql
» Expression Atlas: http://www.ebi.ac.uk/rdf/services/atlas/sparql
+ Reactome: http://www.ebi.ac.uk/rdf/services/reactome/sparql
« UniProt: http://beta.sparql.uniprot.org/

34). Ontology provides a shared understanding of data,
services and processes and has thus far played a role in
the semantic integration of databases (395).

The OWL Web Ontology Language (OWL) (36) is
designed for use by applications that need to process
the content of information instead of just presenting
information to humans. By providing additional
vocabulary along with formal semantics, OWL facilitates
a greater machine interpretability of Web content than
that supported by XML and RDF. Consider the following
simple example (37): (i) frog and Amphibian are two
classes, and both have an is-a property; (ii) there is a
restriction in which Frog is a subclass of Amphibian;
and (7i7) Herry is one example of a Frog class. We can
simplify the model as "<Frog> <rdfs:subClassOf>
<Amphibian>" and "<Herry> <is-a> <Frog>", and then
we can infer that "<Herry> <is-a> <Amphibian>". By
including descriptions of classes, properties and their
examples, the OWL formal semantics specifies how to
derive its logical consequences, i.e., facts not literally
present in the ontology but entailed by the semantics.
These entailments may be based on a single document or
multiple distributed documents that have been combined
using defined OWL mechanisms (http://www.w3.org/
TR/owl-guide/). In this way, RDF enables the data
publisher to explicitly state the nature of the connection
(38). In contrast, HTML links typically only indicate
that two documents are related in some way without
showing the nature of the relationship. Together with
RDF Schema (39), which provides a data-modeling
vocabulary for RDF data, OWL offers a standard,
machine-processable means of describing relationships
between RDF statements, e.g., that one property is an
rdfs:subPropertyOf of another.

The life sciences are flourishing with ontologies
to enable the data in distributed sources to be shared
and analyzed. The Open Biological and Biomedical

Ontologies (OBO) Foundry (http://www.obofoundry.
org/) is a collaborative experiment involving developers
of science-based ontologies who are establishing a
set of principles for ontology development, with the
goal of creating a suite of orthogonal interoperable
reference ontologies in the biomedical domain. The
ontologies developed by them include biological process,
cellular component, chemical entities of biological
interest, molecular function ontology and so on. The
Ontology Working Group of the Health Care and Life
Sciences (HCLS) is to facilitate creation, evaluation
and maintenance of "core vocabularies and ontologies
to support cross-community data integration and
collaborative efforts". The Gene Ontology (GO) project
(http://www.geneontology.org/) is a collaborative effort
of Gene Ontology Consortium, to address the need for
consistent descriptions of gene products in different
databases. The Micro Array Gene Expression Data
(MGED) Ontology (40) describes Microarray data and
experiments. Biological Pathway Exchange (BioPAX)
is an ontology for biological pathway data. National
Center for Biomedical Ontology's (NCBO) BioPortal
(https://bioportal.bioontology.org/) contains URIs for
concepts from almost 300 biomedical ontologies and
reference terminologies. BioPortal is a convenient tool
that can be used to identify public ontologies that best
map to the entities in biomedical and clinical data sets.
Ontobee (http://www.ontobee.org/) aims to facilitate
ontology data sharing, visualization, query, integration,
and analysis. Several web services have been developed
to efficiently use the existing ontologies. The Ontology
Lookup Service (OLS, http.//www.ebi.ac.uk/ontology-
lookup/) provides a web service interface to query
multiple ontologies from a single location with a unified
output format. To support ontology production based
on existing resources, the OntoFinder/OntoFactory
system (http.//ontofinder.dbcls.jp/) aims to provide
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non-computer experts with an easy interface to assist
ontology selection and term selection from BioPortal,
until a user produces his/her seed ontology. Ontologies
have been widely applied and play an important role
in the life science field. Gene Set Enrichment Analysis
(GSEA) (41) utilizes GO to determine whether an a
priori defined set of genes shows significant, concordant
differences between two biological states. Great efforts
have been paid on how to design a good ontology system
and use it in data integration and automated reasoning.
The pathway data sharing in the BioPAX community
standard (42) and cross-product extensions of the Gene
Ontology (43) use ontology to verify the consistency of
a data model. Multiple ontologies have been integrated
(44). Formal approaches to ontology research and their
potential impact on biomedical applications and analyses
have been summarized (45).

2.4. Linked data

Similar to how the idea to add, search, and automatically
discover documents in the world stimulated the Web's
explosive growth, the same principles of linking, and
therefore ease of discovery, can be applied to data on
the Web (38). Different from a key word search, linked
data make automated reasoning about data possible by
using semantic technologies. We are moving from the
era of "data on the web" to an era of "web of data (linked
data)" (46). Linked data try to create the Web into a giant
global database. The term Linked Data refers to a set of
best practices for publishing and interlinking structured
data on the Web. Tim Berners-Lee in his Design Issues
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introduced four Linked Data principles (47): (i) Use
URIs as names for things. (if) Use HTTP URIs to allow
people to look up those names. (iif) When an individual
looks up a URI, provide useful information using
recommended standards (e.g., RDF and SPARQL). (iv)
Include links to other URIs so that more things can be
discovered.

Hypertext Transfer Protocol (HTTP) URIs provide a
simple way to create globally unique names and a means
to access information describing the identified entity.
The RDF model enables the establishment of RDF links
between data. A SPARQL query facilitates the retrieval
of the data of interest across the distributed sources.

Linked Data has gained significant uptake in the
life sciences. The HCLS group works on the Linking
Open Drug Data (LODD) project (http.//www.w3.org/
wiki/HCLSIG/LODD), which provides linked RDF
data exported from several data sources such as
ClinicialTrials.gov, DrugBank (Attp://www.drugbank.
ca/), and DailyMed (http://dailymed.nlm.nih.gov/
dailymed/about.cfm). In particular, the Bio2RDF project
has interlinked more than 30 widely used data sets (48),
including the Universal Protein Resource (UniProt),
KEGG, the Chemical Abstracts Service (CAS), PubMed,
and Gene Ontology. Linking Open Data (http://www.
w3.org/wiki/Sweol G/TaskForces/CommunityProjects/
LinkingOpenData), a W3C Semantic Web Education and
Outreach (SWEO) community project, aims to publish
existing open license datasets as Linked Data on the
Web to interlink things between different data sources.
In Figure 2 the pink corner shows the life science data of
the Linking Open Data (LOD) Project Cloud Diagram.
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Figure 2. The lower right corner of the Linking Open Data cloud diagram ([Internet] [cited July 18, 2014], Linking
Open Data cloud diagram, by Richard Cyganiak and Anja Jentzsch. Available from http://lod-cloud.net/). The pink part

illustrates the life sciences data.
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Table 2. Popular triple stores

Name Language Cluster Inference Available at

4store C Yes No http://www.4store.org/

Bigdata Java Yes RDFS and limited OWL inference  http://www.bigdata.com/

Mulgara Java Yes RDFS and limited OWL http://www.mulgara.org/

OWLIM Java Yes RDFS, OWL2 RLand OWL2 QL  http://www.ontotext.com/owlim

Virtuoso C Yes limited RDFS and OWL http://virtuoso.openlinksw.com/dataspace/doc/dav/wiki/Main/
AllegroGraph  Common Lisp  Yes RDFS and limited OWL http://franz.com/agraph/allegrograph/

Apache Jena  Java Yes RDFS, OWL http://jena.apache.org/

RDF-3X CH++ No No https://www.mpi-inf.mpg.de/~neumann/rdf3x/

Sesame Java Yes RDFS http://www.openrdf.org/

Life science has 40 datasets with more than 3 billion
triples, accounting for 9.60% of all data.

2.5. Triple store

Life and health science communities have made
remarkable progress as early adopters of Semantic Web
technologies. A triple store is a database for the storage
and retrieval of triples. The UniProt knowledge base
(49) connects more than 150 molecular biology and
chemoinformatics databases and integrates, interprets,
and standardizes data from numerous resources to achieve
the most comprehensive catalog of protein sequences and
functional annotations. As another example, the Protein
Data Bank Japan (PDBj) (50) accepts and processes
PDB entries that are deposited mainly from Asian and
Oceanic researchers and maintains a centralized archive
of macromolecular structures in collaboration with other
Worldwide Protein Data Bank (wwPDB) members,
including the Research Collaboratory for Structural
Bioinformatics (RCSB) PDB (517), the Biological
Magnetic Resonance Bank (BMRB) (52) in the US,
and the Protein Data Bank Europe (PDBe) (53) in
Europe. DNA Data Bank of Japan (DDBJ) (54) contains
approximately 8 billion triples, a number that will likely
increase. Whether RDF stores can meet the needs of a
biological database provider, such as loading, querying,
and scaling the data efficiently, will be a major concern.
The triple store benchmark is a benchmark for
evaluating the performance of storage systems, such
as load cost, query performance and scalability. The
Benchmark can be classified into a synthetic data
benchmark and a real data benchmark. The Lehigh
University Benchmark (LUBM) (55) and the Berlin
SPARQL Benchmark (BSBM) (56) are two often-used
general benchmarks, and they use a data generator to
produce synthetic e-commerce knowledge data. Cell
Cycle Ontology (57) and BioBenchmark Toyama 2012
(58) uses real biological data. BioBenchmark Toyama
evaluated five triple stores, 4store (59), Bigdata (60),
Mulgara (61), Virtuoso (62), and OWLIM-SE (63),
with five biological data sets, Cell Cycle Ontology,
Abbreviation/Long Form Search in Life Sciences
(Allie), PDBj, UniProt, and DDBJ, ranging in size

from approximately 10 million to 8 billion triples.
Table 2 lists some popular triple stores according to
their implemented language, inference ability and the
presence of support for running in clusters. 4store
was used in cell cycle ontology. Mulgara was used
as an internal triple store in DDBJ. OWLIM-SE has
been applied as a UniProt triple store. Virtuoso shows
good performance in BSBM and DBpedia SPARQL
Benchmark. Bigdata is a complete free open source
triple that performs averagely well in BSBM, supports
most inference functions and runs in both single node
and cluster modes and could be a potentially good
candidate to customize one's own triple store.

2.6. Triple store in the cloud

To address such large-scale data management and
analysis, Semantic Web services necessitate the adoption
of advances in high performance computing (64), such
as cloud computing (65,66). Cloud computing has been
proposed as a promising technology to solve both the
economic and efficiency problems caused by the data
explosion. Users do not need to purchase and install
their own local expensive servers, and cloud computing
vendors prepare all the computing resources and
infrastructures as on-demand services. Users need only
to pay the rental fee for the resources they have used in
the cloud, which saves much money as the users pay by
use instead of provisioning for peak (high-end sources
purchased only for dealing with tough but few tasks).
The most important benefit is that cloud computing
greatly facilitates the sharing of analysis pipelines and
data between researchers. According to the level of
resources to be shared, cloud computing can be divided
into four categories (67): Data as a Service (DaaS),
Software as a Service (SaaS), Platform as a Service
(PaaS), and Infrastructure as a Service (IaaS). DaaS
provides on-demand access to up-to-date public data
that can be accessed and used through the Internet. SaaS
provides online software services in publicly accessible
servers. PaaS provides a platform that enables users to
develop, test and deploy their applications in the cloud.
IaaS provides virtualized resources, including hardware
and software, through the Internet. Cloud computing
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provides big data in the life sciences field with good
storage space, web services and development platforms.
The ability to address big data studies on cloud-
based triple stores is drawing more attention.
Apache Cassandra (68) is a cloud database with
linear scalability. CumulusRDF (69) is an RDF store
on a cloud-based architecture, licensed under the
GNU Affero General Public License. The current
version uses Apache Cassandra as a storage backend.
CumulusRDF supports a SPARQLI.1 endpoint and
allows for fast queries of 1 billion triples on 16 nodes
(70). Apache HBase is an open source, horizontally
scalable, row consistent, low latency, random access
data store. HBase has a proven track-record for
scaling out to clusters containing approximately 1,000
nodes. It has been implemented as two versions: Jena-
HBase (71), using Jena as the SPARQL query engine,
and Hive+HBase, a SQL-like data warehousing tool
that allows for querying using MapReduce (72).
MapReduce is a programming model and an associated
implementation for processing and generating large data
sets. MapReduce is highly fault tolerant and scalable
and can run on clusters with thousands of machines,
facilitating its wide use as a cloud programming
framework in bioinformatics (67). The projects (72-76)
focused on developing large-scale RDF stores using
the MapReduce paradigm. Fensel et al. (77) focused
on web-scale data analysis and reasoning. Stratustore
(78) is an RDF store that uses Amazon's SimpleDB
as an RDF store back-end in combination with Jena's
APL. It is an open source project. The results show that
its performance is not competitive with other RDF
stores such as Virtuoso when using 20 simultaneous
Stratustore instances. The throughput of the system also
increases as the number of Stratustore instances grows.
Bugiotti et al. used SimpleDB to store RDF files in the
Amazon Simple Storage Service (S3) and used Amazon
SimpleDB to store the index (79). Dydra (80) relied on
the Amazon EC2 infrastructure, providing a SPARQL
endpoint to query the data stored. SHARD (81), a
Berkeley Software Distribution (BSD) licensed open
source project, is a proof-of-concept high-performance,
low-cost distributed computing technology to develop a
highly scalable triple-store built on Hadoop and Hadoop
Distributed File System (HDFS). Accumulo (82) is
an open-source, distributed, column-oriented store
model. Rya (83) uses Accumulo as a storage backend.
The evaluation (83) showed that, in most cases, Rya
outperforms existing distributed RDF solutions.

3. Challenge

Semantic Web technologies were not born for big data.
As the basis for Semantic Web technologies, RDF was
originally designed as a metadata data model in 1997,
providing interoperability between applications that
exchange machine-understandable information on the

Web. Six joint documents (Primer, Concepts, Syntax,
Semantics, Vocabulary, and Test Cases) superseded the
W3C RDF Recommendation and described updates
to the syntax and a more detailed model in 2004. In
2014 RDF Schema 1.1, as well as more representation
formats such as JSON-LD, was introduced. The
introduction of vocabulary, semantics, formal syntax,
and rich representation formats made RDF evolve
into a general-purpose language for representing
information on the Web. The introduction of vocabulary
and semantics (such as RDF Schema (RDFS), OWL,
etc.) laid a foundation for dealing with the variety
problem of big data in life sciences. Take wwPDB as an
example.

wwPDB is a collection of the experimentally
determined 3D structures of biopolymers and their
complexes. Metadata such as Functional Keywords,
Biological source and Total molecular weight of an
entry are encoded into RDF data directly, while the
corresponding detailed structure information of the
entry is encoded into URI links as a resource. Therefore
the detailed information, such as atom model, can
be retrieved from the linked file, "<PDBo:link to
pdbml extatom rdf:resource="ftp://ftp.wwpdb.org/
pub/pdb/data/structures/all/ XML-extatom/1gof-
extatom.xml.gz"/>" for the entry 1GOF in the PDB;j
database. Compared with relational database systems,
RDF is more flexible for defining metadata with
the current vocabulary. In the following statements,
owl:DatatypeProperty defines a data type property
instance metadata "datablockName". rdfs:domain
indicates that the subjects of such property must belong
to a "datablock" class, and the property itself should be

a "string" Class.
<owl:DatatypeProperty xmlns:xsd="http://www.w3.org/2001/

XMLSchema" rdf:ID="datablockName">

<rdfs:domain rdf:resource="#datablock"/>

<rdfs:range rdf:resource="http://www.w3.0rg/2001/
XMLSchematstring"/>

</owl:DatatypeProperty>

According to the priority or importance of the data,
one can choose to encode the information into the RDF
model to do further analysis or act as search tags, or
only include the detailed information into a linked file.
By temporarily omitting the data file and concentrating
on the metadata, the search or analysis can be reduced
to a more effective space. Likewise Semantic web
technologies can effectively manage the metadata
of various kinds of data, such as videos and images,
thus providing a good solution for the famous variety
problem of big data.

On the other hand, the other two Vs, velocity and
volume, are still posing a big challenge for Semantic
Web technologies. SPARQL 1.1, proposed in 2013,
facilitates the distributed RDF data query, and is
promising for enabling a global big database. However,
some kinds of practical problems are hindering the
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query efficiency, such as some SPARQL endpoints
do not support SPARQL 1.1 yet; no Vocabulary
of Interlinked Datasets (VoID) for Semantic Web
Integrator and Query Engine (SemWIQ) (84), Web of
Data Query Analyzer (WoDQA) (85), and SPARQL
Endpoint Federation Exploiting VOID Descriptions
(Splendid) framework (86); no service description
for DARQ system (87) and so on. Specifications and
guidance about what artifacts a SPARQL endpoint is
obliged to offer are needed to make a federated query
responsive. A lot of effort has also been put into the
research of triple store. Wu ef al. in the BioBenchmark
(58) show that a single Virtuoso 6.4 and OWLIM-
SE 5.1 node can deal with 8 billion triples well.
BSBM V3.1 also proves that Virtuoso 7 can handle
150 billion triples with 8 machines. At the same time
distributed RDF systems based on Hadoop and other
cloud platforms, as mentioned in Section 2.6, are also
being developed rapidly. It still needs a great effort to
effectively manage petabyte and even bigger data.

Data integration is a typical application of Semantic
Web technologies in life sciences. TogoTable uses
database identifiers (IDs) in the table as a query key
for searching. Because TogoTable (88) uses RDF, it
can integrate annotations from not only the reference
database to which the IDs originally belong, but also
externally linked databases via the LOD network.
TogoGenome (http://togogenome.org/) is a Semantic
Web-based genome database collection. Neurocommons
project (89) uses Semantic Web technology for
assembling and querying biomedical knowledge from
multiple sources and disciplines.

However, the concept of big data, especially
big data in the life sciences, is still in its infancy.
Personal data, such as a personal genome, personalized
medicine, and clinical data (e.g., electronic health
records), are mostly still in an embryonic stage and
located in the local data warehouses of their specific
organizations. Effective-enough data processing
platforms are needed to provide enough incentives
for biological organizations to publish and share their
data. More importantly, the platform or systems must
ensure data security in a collaborative environment
and not risk medical privacy (24). S3QL provides a
permission control mechanism that allows the users
to protect their data by specifying contextual minutia
(90). Cloud security solutions include the use of better
security systems with advanced encryption algorithms
and proper signing of Service level agreements (97).
Private and hybrid clouds are being built to ensure data
safety (92). Similar problems exist in the LOD project.
In addition, maintaining semantics links in a dynamic
big data era is another difficult problem for LOD.

Big data in the life sciences requires a high level of
knowledge of both biology and computer science. Big
data technologies, such as cloud-based applications,
are based on parallel processing. Until now, few

bioinformatics tools have been designed to run in
parallel (6), a process that requires a high level of
computational know-how. By contrast, ontology design,
data analysis, hypothesis building and validation,
and many other problems need specialized biological
knowledge.

Despite these difficulties the flexibility on metadata,
the development of distributed and cloud-based triple
store systems, and the improvement of federated query
systems facilitate Semantic Web technologies as a
promising solution for the big data in life sciences, with
great efforts and collaboration from the computer and
biological community.

4. Conclusions

Big data poses a great challenge for the life sciences. To
address the heterogeneous variety of life scientific big
data, a series of Semantic Web technologies provides
a promising solution. RDF, SPARQL, triple store
and ontology facilitate the integration and analysis of
heterogeneous multi-disciplinary data. Linked data turns
the Web into a giant global database. Triple store in the
cloud takes full advantage of cloud services to address
the exponential growth of biological data. Although still
in its infancy, the whole scientific community is making
efforts to develop new technologies and tools to ensure
that big data is accessible, analyzable and applicable to
the field of life sciences.
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Summary

Enhanced green fluorescent protein (EGFP) expressing Balb/c nude mice strain with Rag-2
and Jak3 double mutants (Nude-R/J-EGFP mice) was established to improve the take rate
of human tumors and to distinguish tumor and host cells. EGFP was ubiquitously expressed
in all organs including the brain, lung, liver, heart, kidney, spleen, and gastrointestinal tract
in Nude-R/J-EGFP mice. The mice showed complete loss of T lymphocytes, B lymphocytes,
and NK cells, indicating a higher take rate of human tumor xenograft. M213-mCherry, an
mCherry expressing the cholangiocarcinoma cell line, was successfully detected and tumor
vessels derived from the host were clearly identified with fluorescence imager. Thus, dual-
color fluorescence imaging visualizes the tumor-host interaction by non-invasive in vivo
fluorescent imaging in Nude-R/J-EGFP mice. These finding suggests that Nude-R/J-EGFP
mice are becoming a powerful tool to investigate human tumor-host interactions.

Keywords: Enhanced green fluorescence protein (EGFP), nude mice, NK cells, fluorescence

imaging, xenotransplantation

1. Introduction

Human cancer xenograft models of immunodeficient
mice are widely used in oncology research (/). Athymic
nude mice, Scid mice, and NOD/Scid mice have been
used for this purpose. Since nude mice lack T cells
but retain functional B cells and NK cells, they show
limited growth of human tumors and tumor cell lines
(2,3). However, they are still commonly used because
their lack of fur facilitates tumor implantation and
assessment (4,5). In particular, recent advances of
in vivo fluorescent technologies enable us to detect
fluorescence-expressing tumor cells inside mice without
fur. In addition, several fluorescence protein-expressing
transgenic mice have been established to distinguish
tumor cells from host cells (6-9). Thus, fluorescence
protein-expressing severe immunodeficient mice
without fur are optimized for in vivo imaging.

Recent approaches have involved the use of severe

*Address correspondence to:

Dr. Seiji Okada, Division of Hematopoiesis, Center for
AIDS Research, Kumamoto University, Japan 2-2-1 Honjo,
Kumamoto, 860-0811, Japan.

E-mail: okadas@kumamoto-u.ac.jp

immunodeficient mice with NK defective genetically
modified mice (/0-13), which markedly improved the
efficiency of xenotransplantation. We have previously
generated Rag-2/Jak3 double-deficient mice with
a Balb/c genetic background (Balb/c R/J mice)
(14). These mice showed a lack of mature T and B
lymphocytes and NK cells, and showed high efficiency
of human hematopoietic stem cell (HSC) and peripheral
blood mononuclear cell (PBMC) transplantation, and
human tumor xenograft (/5). Based on these findings,
we established an enhanced green fluorescent protein
(EGFP) -expressing Balb/c nude mice strain with Rag-
2 and Jak3 double mutants (Nude-R/J-EGFP mice) and
evaluated them for use in fluorescence bio-imaging.

2. Materials and Methods
2.1. Mice

Transgenic C57/BL6-EGFP mice were obtained from
Prof. Masaru Okabe (Osaka University, Osaka, Japan).
C57/BL6-EGFP mice express EGFP under the control
of chicken B-actin promoter and cytomegalovirus
enhancer (/6). Balb/c-EGFP mice were established by
crossing C57/BL6-EGFP mice with the Balb/c strain
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for 10 generations. Balb/c-EGFP Rag-2""Jak3"" mice
were then established by crossing Balb/c Rag-2"Jak3™
mice (14) and Balb/c-EGFP mice. Finally, Balb/c-EGFP
nude Rag-2"Jak3” mice (referred to as Nude-R/J-EGFP
mice) were established by crossing Balb/c-EGFP Rag-
27 Jak3” mice and Balb/c nude mice, and were housed
and monitored in our animal research facility according
to institutional guidelines. The mice were maintained
by mating nu/nu males with nu/+ females as nu/nu
females cannot feed infants (/7). The nude (/8), Rag-
2 (19) and Jak3 (20) mutations were genotyped using a
previously described PCR method using genomic DNA
extracted from tail tissue. EGFP mice were detected
with Ultra violet lamp. All experimental procedures and
protocols were approved by the Institutional Animal
Care and Use Committee of Kumamoto University.

2.2. Cell lines

The human cholangiocarcinoma cell line, KKU-M213,
was cultured in Dulbecco's modified Eagle’s medium
(DMEM; Wako Pure Chemical, Osaka, Japan)
supplemented with 10% (v/v) heat-inactivated fetal
bovine serum (JRH Bioscience, Lenexa, KS, USA),
100 u/mL penicillin and 100 pg/mL streptomycin (21).
mCherry-transfected KKU-M213 (M213-mCherry)
was established with pmCherry-N1 Vector (Clontech,
Mountain View, CA, USA) and the transfection reagent
Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer's instructions.
Transfected cells were selected in medium containing
neomycin (G418; Carbiochem, Darmstadt, Germany),
followed by limiting dilution to isolate stable clones.

2.3. Flow cytometry

Mouse spleen cells were stained with DX5-APC (pan
NK marker), mCD122 (IL-2Rf)-PE, mCD19-PE, and
mCD3-Pacific Blue (eBiosciences, San Diego, CA,
USA), and analyzed using LSR II (BD Biosciences,
San Diego, CA, USA) to detect murine lymphocytes
(1/4). Data were analyzed with FlowJo (Tree Star, San
Carlos, CA, USA).

2.4. Xenograft mouse model

Eight-ten-week-old Nude-R/J-EGFP mice were
subcutaneously inoculated with M213-mCherry (6 x 10°
cells) suspended in 100 pL phosphate-buffered saline
(PBS) in both flanks. On day 16, xenotransplanted mice
were euthanized and imaged with an in vivo imaging
system.

2.5. Image acquisition

We confirmed that organs and cells obtained from
nude-R/J-EGFP mice could be visualized fluorescently.

In brief, after euthanizing Nude-R/J-EGFP mice,
internal organs were placed on a tray and imaged
using an Maestro in vivo fluorescence imaging system
(Cambridge Research & Instrumentation, MA, USA).
For M213-mCherry inoculated mice, euthanized
nude-R/J-EGFP mice were placed on a tray and
imaged using a Nuance multispectral imaging system
(Cambridge Research & Instrumentation).

3. Results and Discussion

In the present study, we developed and characterized
nude mice with ubiquitously expressed EGFP and
complete loss of lymphocytes and NK cells on a Balb/
¢ background (Nude-R/J-EGFP mice). The generated
Nude-R/J-EGFP mice survived and bred well under
specific pathogen-free conditions. Green fluorescence
expression can be readily detected by the naked eye
under fluorescent light in nude-R/J-EGFP and clearly
detected in Nude-R/J-EGFP using a hand-held UV lamp
(Figure 1A). Almost all internal organs showed green
fluorescence under the imaging instrument (Figure 1B).
The expression of EGFP in spleen cells was confirmed
with flow cytometry (Figure 2A). To confirm the
predicted immunophenotype of Nude-R/J-EGFP mice,
single-cell suspensions from spleen cells were labeled
with fluorescent antibodies against mouse DX-5 (pan
NK marker), CD122 (IL-2Rf), CD3 (T cell marker) and
CD19 (B cell marker). In contrast to wild-type mice, no
B (CD19 positive) and T (CD3 positive) lymphocytes
or NK cells (DX-5 and CD122 double-positive cells)
were detected in Nude-R/J-EGFP mice as expected (/4)
(Figure 2B).

The fluorescence of Nude-R/J-EGFP mice (green)
and subcutaneously transplanted M213-mCherry

A Day light

UV lamp

Gastro-intestinal fract

Figure 1. EGFP expression of the Nude-R/J-EGFP mice.
(A) Nude-R/J-EGFP mice visualized in daylight or using
a handheld UV lamp (left: Nude-R/J-EGFP mice, right:
Nude mice). (B) Internal organs showing strong EGFP
expression in the heart, lung, kidney, liver, brain, spleen, and
gastrointestinal tract using a fluorescence imaging system.
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Figure 2. Flowcytometric analysis of EGFP and lineage
markers of the Nude-R/J-EGFP mice spleen cells. (A)
Strong expression of EGFP in spleen cells of Nude-R/J-EGFP
mice. (B) Lack of mature lymphocytes and NK cells in
Nude-R/J-EGFP mice. Spleen cells from Balb/c wild-type
mice and Nude-R/J-EGFP mice were stained with DX5-APC
(pan NK marker) and mCD122 (IL-2Rf)-PE, or mCD19-PE
and mCD3-Pacific Blue, and analyzed with flow cytometry.
No T and B lymphocytes or NK cells were observed in the
spleen of Nude-R/J-EGFP mice.

Figure 3. Visualization of mCherry expressing tumor in
Nude-R/J-EGFP mice. (A and B) Direct fluorescence of
M231-mCherry tumor grown in the subcutaneous region of
Nude-R/J-EGFP mice and visualized using a non-invasive
fluorescence imaging system. (C) Direct green fluorescence
of tumor vessels in the M213-mCherry tumor visualized using
a multispectral imaging system (Nuance). (D) Merged with
tumor red fluorescence.

(red) was successfully detected with a Maestro in vivo
fluorescence imaging system (Figure 3). The tumor
vessels inside M213-mCherry were further detected
with a Nuance multispectral imaging system.

Nude mice are used as recipients of human tumor
xenotransplantation, since the lack of a hair phenotype
enables easy measurement of subcutaneous tumors
and makes them suitable for fluorescence detection
of tumors. However, only 25-35% of human tumors

obtained from patients have been successfully
transplanted into nude mice, because nude mice lack
mature T cells, but retain B cells and NK cells. To
overcome this weakness, several attempts have been
made to develop more immunodeficient mice such
as beige-nude, CBA/N nude and hairless scid mice
(22,23). However, significant NK activity remains
in these mice. Recent advances in developmental
engineering have enabled to develop immunodeficient
mice with complete loss of NK cells, such as NOD/
Scid/commonyc”™ (NOG and NSG) mice (24), NOD/
Scid/Jak3™ mice (/3), Balb/c Rag-2"commonyc” mice
(11), Balb/c Rag”/-Jak3" mice (/4), which markedly
improved the efficiency of xenotransplantation. In
addition, several immunodeficient mice expressing
fluorescence protein have been developed to optimize
in vivo imaging (7,9). These mice are very useful to
distinguish host cells and transplanted human tumor
cells (25). However, the level of immunodeficiency
is not sufficient for transplantation of human cells
in nude based mice (7). NOD/Scid based mice are
sufficient for human cell transplantation; however,
their fur prevented precise assessment of tumor size
and detection of fluorescence subcutaneously and
within the body (9). Newly generated Nude-R/J-EGFP
mice have favorable attributes for in vivo bio-imaging,
i.e. high immunodeficiency with NK deficiency,
being hairless, and expressing EGFP, indicating that
Nude-R/J-EGFP mice are optimized for human cancer
xenotransplantation and detection using a Nuance
multispectral imaging system.

In summary, we established an EGFP-expressing
Balb/c nude mice strain with Rag-2 and Jak3 double
mutants (Nude-R/J-EGFP mice) and showed that
Nude-R/J-EGFP mice are optimal for human tumor
engraftment and non-invasive in vivo fluorescent
imaging.
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Summary

To study the impairment of cholangiocyte primary cilia caused by prolonged cold preservation
and its correlation with graft cholangiopathy after orthotopic liver transplantation (OLT).
Subjects were 60 male Wistar rats that were divided into 2 groups: a control group (n = 30)
receiving a donor liver preserved for 1 h and a study group (n = 30) receiving a donor liver
preserved for 12 h. A two-cuff method was used to establish the OLT model, and the hepatic
artery and bile ducts were reconstructed using stents. Samples were collected 2, 8, and 16
weeks after surgery, and 5 samples were collected from each group at each time point. Serum
biochemical indicators were measured, morphological changes in intrahepatic bile ducts
and cholangiocyte primary cilia were observed using an optical microscope and scanning
electronic microscope, respectively, and the ciliary marker (o-tubulin) and membrane
proteins (PC-1, TRPV4, and P2Y,,) were detected using immunofluorescence analysis and
Western blotting. In the study group, phlogocytes infiltrated around bile ducts and bile ducts
proliferated markedly at 8 weeks. At 16 weeks, the biliary structures were indistinct and
some bile ducts disappeared, a large amount of collagen was deposited, numerous phlogocytes
infiltrated around ducts, some biliary epithelial cells (BECs) were deformed or dead, and
primary cilia disappeared. In the control group, the intrahepatic bile ducts and BECs were
nearly intact and the primary cilia were present. In the study group, the expression of
o-tubulin, polycystin-1 (PC-1), TRPV4, and P2Y,, in bile ducts disappeared completely after 8
weeks. In the control group, expression of the marker and proteins decreased at 2 weeks and
increased slightly after 8 weeks. These results suggest that the study group had dysfunctional
primary cilia at the start of OLT and that this dysfunction was irreversible. In the control
group, the primary cilia defects and subsequent biliary injury were temporary. Thus,
prolonged cold preservation of a donor liver may cause graft cholangiopathy by altering the
integrity and functions of cholangiocyte primary cilia.

Keywords: Liver transplantation, cold preservation, primary cilium, graft cholangiopathy

1. Introduction

formation of biliary sludge or gallstones. Primary
pathological manifestations of GC in the biliary tree are

Graft cholangiopathy (GC) produces non-anastomotic
strictures and intrahepatic bile duct dilation in the
biliary tree of a graft and may be associated with the
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Dr. Jiahong Dong, Department of Hepatobiliary Surgery,
Chinese PLA General Hospital, Beijing 100853, China.
E-mail: dongjiahong2001@163.com

bile duct loss and cholestasis. Major risk factors for GC
are ischemia/reperfusion injury, immune response, and
cytotoxic injury (/,2).

Biliary epithelial cell (BEC) defects caused by cold
preservation are the direct cause of biliary complications
after liver transplantation (3). The pathophysiological
modification of BECs lining the biliary tree is the
pathologic basis of GC. Each intrahepatic BEC contains
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a primary cilium (4). The primary cilia that extend from
the apical plasma membrane of BECs into the bile duct
lumen are ideally positioned to detect changes in bile
flow, composition, and osmolality, i.e., to be sensory
organelles that may control cholangiocyte functions
such as ductal bile formation (5-7). The primary cilia
can sense a traumatic physical or chemical stimulus
and they participate in the process of repairing injury
(8). The primary cilia function as a result of membrane
proteins such as polycystin-1 (PC-1), PC-2, TRPV4,
P2Y,,, and fibrocystin (9, 10).

An OLT model was created to verify whether or
not prolonged cold preservation would cause GC by
damaging the structures and functions of primary cilia.

2. Materials and Methods
2.1. Animal model

Male inbred Wistar rats (6-8 weeks old, 220-250 g, Vital
River Laboratory Animal Technology Co. Ltd, Beijing,
China) were used as donors or recipients, and care was
provided according to the guidelines of the Institutional
Animal Care and Use Committee. All animals were kept
in a temperature-controlled environment with a 12-h
light-dark cycle and were allowed free access to food and
water 12 or 4 h before surgery.

Sixty rats were randomly divided into 2 groups. In
the study group (n = 30), the donor livers were preserved
for 12 h. In the control group (n = 30), the donor livers
were preserved for 1 h. The donor liver was preserved
with University of Wisconsin (UW) solution at 4°C after
in situ perfusion. After hepatectomy of the recipient’s
liver, the donor liver was implanted in an orthotopic
position. The anhepatic time in the recipient was kept
to less than 15 min. After completion of the end-to-
end anastomosis between the suprahepatic inferior vena
cava of the recipient and the donor, the portal vein was
reconstructed with the cuff technique, the liver was
reperfused, circulation to the intrahepatic inferior vena
cava was re-established with another cuff, and the hepatic
artery and bile ducts were reconstructed using stents. All
samples were collected 2, 8, and 16 weeks after surgery,
and 5 samples were collected from each group at each
time point.

2.2. Serum biochemical testing

Total bilirubin (TBIL), alkaline phosphatase (ALP), and
gamma glutamyl transpeptidase (GGT) are considered
to be markers of BEC injury after liver transplantation
(11). Serum concentrations of TBIL, ALP, and GGT
were measured with an automatic biochemistry analyzer
(Glamour 6000, UV-VIS METROLAB S.A., Buenos
Aries, Argentina).

2.3. Histopathological observation

Liver tissues were fixed in formaldehyde and embedded
in paraffin and then cut into 3-5-um sections. After
deparaffinization, the tissues were stained with
hematoxylin and eosin (HE) for histopathologic
evaluation using an optical microscope (Olympus BX41,
Tokyo, Japan).

2.4. Scanning electron microscopy (SEM)

Samples for SEM were fixed in 2.5% glutaraldehyde
for 24 h, dehydrated with a graded ethanol series, and
critical-point dried in CO,. The dried samples were
mounted on aluminum and sputter-coated with gold
and they were then examined under a scanning electron
microscope (Hitachi S-4300, Tokyo, Japan).

2.5. Immunofluorescence analysis

Immunofluorescence microscopy was performed with
a Zeiss LSM 510 confocal microscope with a 100- Pan-
Apochromat 1.4-nm oil objective (Carl Zeiss, Inc.,
Thornwood, NY, USA). Liver samples were frozen
at —20°C and cut into 8-pum sections. Samples were
then fixed in acetone for 10 min, washed 3 times in
phosphate-buffered saline with 0.05% Triton-X, and
incubated in 1% bovine serum albumin for 10 min at
room temperature. After samples were washed 3 times in
phosphate-buffered saline, they were incubated overnight
at 4°C with antibodies against acetylated o-tubulin, PC-
1, TRPV4, and P2Y,, (1:50, Santa Cruz Biotechnology,
Inc.). Afterwards, they were incubated for 1 hour with
secondary antibodies (1:50) (Santa Cruz Biotechnology,
Inc.). Nuclei were stained with 4-,6-diamidino-
2-phenylindole.

2.6. Western blotting of a-tubulin, PC-1, TPPV4, and
P2Y,,

Samples of the intrahepatic bile ducts were lysed in
1-mL lysis buffer. Equal amounts of sample were
separated using SDS-PAGE. Gels were electroblotted
with Sartoblot onto polyvinylidene difluoride
membranes. The membranes were blocked in Carnation
non-fat milk and probed with a 1:200 dilution of the
a-tubulin, PC-1, TRPV4, P2Y,, and B-actin antibodies
(Santa Cruz Biotechnology, Inc.) and a 1:1,000 dilution
of the second antibody (Rabbit anti-rabbit IgG, Santa
Cruz Biotechnology, Inc.). Antigen/antibody complexes
were visualized with a chemiluminescence system
(Amersham Biosciences, Piscataway, NY, USA) and
scanned into images. The relative densities of the bands
were analyzed using NIH Image (version 1.61; National
Institute of Health, Bethesda, MD, USA). The ratio of
target protein to -actin served as an index for statistical
analysis.

2.7. Statistical analysis
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Statistical analyses were performed using SPSS version
13.0 system for Windows (SPSS Inc. Chicago, IL,
USA). Data are expressed as the mean and standard
deviations (SD). Differences were analyzed using
analysis of variance (ANOVA). Results were considered
significant at p < 0.05.

3. Results

3.1. Prolonged cold preservation injured cholangiocytes

The control group exhibited inflammation and swelling
in cholangiocytes with an increase in serum TBIL, ALP,
and GGT at 2 weeks and a gradual return to normal
after 8 weeks. In the study group, the cholangiocytes
displayed sloughing and necrosis at 2 weeks, and this
was accompanied by increasing levels of TBIL, ALP,

L A CRsNerv g o GAle G Lty
Figure 1. Cholangiocyte expression. Control group: There
was marked bile duct edema, bile duct proliferation, and
phlogocyte infiltration around ducts at 2 weeks (A). Bile duct
edema resolved and phlogocyte infiltration decreased while
bile duct proliferation remained the same at 8 (B) and 16
weeks (C). Study group: Cholangiocytes swelled and some
died, many phlogocytes infiltrated around bile ducts, and
bile ducts proliferated at 2 weeks (D). These manifestations
became more apparent at 8 weeks (E). Numerous
cholangiocytes died, the biliary structure was indistinct, and
some bile ducts disappeared at 16 weeks (F).

and GGT. These changes worsened over time (Figure 1,
Table 1).

3.2. Prolonged cold preservation injured bile ducts

In the control group, the biliary structures in portal area
and interlobular ducts were almost normal and bile duct
proliferation and phlogocyte infiltration were marked at
2 weeks. These manifestations slowly disappeared prior
to 16 weeks. In the study group, numerous phlogocytes
infiltrated around bile ducts and bile ducts proliferated
markedly at 2 weeks. These manifestations became
more marked at 8 weeks. At 16 weeks, the biliary
structure was indistinct; some bile ducts in the portal
area disappeared and a large amount of collagen was
deposited around ducts (Figure 2).

3.3. Prolonged cold preservation injured primary cilia

In the control group, some cholangiocytes lost their
primary cilia while other cholangiocytes had shortened
cilia. Expression of the ciliary marker (a-tubulin)
and membrane proteins (PC-1, TRPV4, and P2Y,,)
decreased at 2 weeks and increased slightly after 8
weeks. In the study group, the primary cilia were sparse
and shorter. Moreover, the primary cilia disappeared

Figure 2. Bile duct expression (scanning electron
microscopy). Control group: The primary cilia shortened
(%5,000, A). Study group: Most cholangiocytes lost primary
cilia. Cholangiocytes with primary cilia had sparse and
shorter cilia at 2 weeks (x5,000, B). Bile ducts proliferated
markedly at 8 weeks (%2,000, C). Cholangiocytes died and
were sloughed off and collagen was deposited around ducts at
16 weeks (x5,000, D).

Table 1. Comparison of biochemical indicators in two groups (mean =+ s)

Items Control group Study group

2 weeks (n=5) 8 weeks (n=5) 16 weeks (n=75) 2 weeks (n=15) 8 weeks (n=15) 16 weeks (n =5)
TBIL (umol/L) 1428 +7.9 3.96 +1.13° 237+ 0.86° 17.75 + 8.34"° 24.53 +7.95% 41.62 + 14.95*
ALP (U/L) 320.64 +36.75 77.35+15.92° 68.63 +4.02° 383.67 +£53.23™  435.87+86.34™  574.56 + 106.63*"
GGT (U/L) 34.72+9.36 5.90 £ 2.58° 6.73 + 1.60° 46.75 + 4,93 61.45+10.52* 7822+ 12.05*

* p <0.05, within the same group over time; ° p < 0.05, vs. control group at the same time point; * p < 0.05, vs. 2 weeks for control group.
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and the expression of a-tubulin, PC-1, TRPV4 and
P2Y,, was completely absent after 8 weeks (Figures 2, 3,
and 4; Table 2).

4. Discussion

The vascular plexus around bile ducts is a unique blood
supply for BECs, so they are susceptible to damage
as a result of ischemia/reperfusion and immune injury
(12,13). That said, BECs are powerful cells because
they produce 40% of bile even though they only
account for about 4% of all cells in the liver (/4,15).
During liver transplantation, BECs inevitably suffer
ischemia/reperfusion injury and exhibit immunological

Figure 3. The expression of a-tubulin, PC-1, TRPV4, and
P2Y,,. Control group: The expression of a-tubulin (A), PC-1
(B), TRPV4 (C), and P2Y,, (D) decreased at 8 weeks. Study
group: Expression of a-tubulin (E), PC-1 (F), TRPV4 (G),
and P2Y,, (H) was absent. Inmunofluorescence x200.

rejection (/6,17). Cold ischemia and reperfusion injury
(CIRI) is crucial to estimating graft function after
cadaveric donor liver transplantation. However, some
marginal donor livers that have been preserved in the
cold for a prolonged period must be used because of
the scarcity of donors. Use of these livers is associated
with a number of biliary problems, such as delayed
biliary recovery, ischemic bile duct lesions, and biliary
strictures after liver transplantation (/8). During
transplantation, the bile ducts are susceptible to warm
ischemia before they are subsequently preserved,
rewarmed, and reperfused (/9). Cholangiocytes lining
the bile duct wall are weakened by depletion of energy
stores. Cholangiocytes are susceptible to CIRI because
of the following factors: an increase in oxygen free
radicals and depletion of glutathione in cellular stores,
the toxic effects of hydrophobic bile salts, and the
infiltration of inflammatory cells into the basement
membrane and release of inflammatory mediators
(20). Therefore, the number of cholangiocytes that
detach from the underlining basement membrane and
enter bile is related to the duration of cold ischemia
(21). Sufficient cellular repair or regeneration to
replace the lost cells damaged by CIRI is generally
considered necessary for bile duct recovery after liver
transplantation and the extent of the cholangiocyte
regenerative response is considered to correlate with
the degree of injury. The primary cilia may, as sensory
organelles, participate in bile formation and bile duct
recovery after CIRI.

In order to explore the effect of GC on primary cilia
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Figure 4. The expression of a-tubulin, PC-1, TRPV4, and
P2Y,, in intrahepatic bile ducts. Study group: 1 (2 weeks),
2 (8 weeks), 3 (16 weeks); Control group: 4 (2 weeks), 5 (8
weeks), 6 (16 weeks).

Table 2. Levels of expression of a-tubulin, PC-1, and TRPV4 in intrahepatic bile ducts (mean =+ s)

Items Control group

Study group

2 weeks (n=35) 8 weeks (n=5) 16 weeks (n=175)

2 weeks (n =15) 8 weeks (n=15) 16 weeks (n=15)

a-tubulin/B-actin 1.34+0.58 1.79 +£0.47 1.71 +£0.62
PC-1/p-actin 0.87+0.23 0.73£0.29 0.95+0.32
TRPV4/B-actin 0.48 £0.18 0.53+£0.22 0.64 +£0.26
P2Y12/B-actin 2.16+0.74 2.53£0.46 272+ 1.14

0.86 +0.62" 1.14 +0.43* 0.69 + 0.33*
0.42+0.18"" 0.23+0.11" 0.08 + 0.04™
0.33+0.11* 0.17 £0.09* 0.13 +0.06*°
1.53 +0.59* 0.76 + 0.48* 0.64 +0.25

* p <0.05, within the same group; " p < 0.05, vs. control group at the same time.
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as a result of prolonged cold preservation, the current
study created a rat model of OLT after preserving the
donor liver in UW solution at 4°C for 1 or 12 h. This
study then observed several indicators over time. The
morphology of intrahepatic bile ducts and BECs was
markedly altered in the study group in comparison to
the control group, although bile duct proliferation did
proceed for up to 8 weeks. Cholangiocyte sloughing
and necrosis were marked at 16 weeks. These
manifestations were accompanied by an increase in
serum TBIL, ALP, and GGT. These findings indicated
that prolonged cold preservation was responsible for
injury to bile ducts and BECs, and this injury was in
turn closely associated with GC. However, the question
of whether or not powerful organelles like the primary
cilia affect GC must be studied further.

In the liver, only BECs have cilia. Liver discase
caused by defects in ciliary structures and ciliary
dysfunction is known as cholangiociliopathy.
Cholangiociliopathy includes cystic and/or fibrotic
liver diseases such as autosomal dominant polycystic
kidney disease (ADPKD, caused by mutations in either
PKDI or PKD2, genes that encode PC-1 and PC-
2, respectively), autosomal recessive PKD (ARPKD,
caused by mutations in a single gene, PKHD1, that
encodes fibrocystin), nephronophthisis (NPHP, caused
by mutations in the six NPHPI-6 genes that encode
nephrocystins 1-6), Bardet-Biedl syndrome (BBS,
caused by mutations in the 12 BBS genes that encode
BBS1-12), and Meckel-Gruber syndrome (MKS, caused
by mutations in three MKSI-3 genes that encode MKS1
and meckelin) (22,23). In addition, some forms of
cholecystopathy such as primary sclerosing cholangitis
(PSC) and primary biliary cirrhosis (PBC) may also be
forms of cholangiociliopathy. Abnormalities in cilia are
involved in the development of some tumors, such as
astrocytomas and glioblastomas (24,25). Understanding
the key mechanisms that regulate sensation/transduction
by cholangiocyte cilia or the phenotypic manifestations
of these actions (i.e., the concentrations of intracellular
Ca™ and cAMP) should facilitate the development of
targeted therapies to prevent or halt these diseases.
Indeed, a study recently found that treating PCK rats
(an animal model of ARPKD) with octreotide, the
synthetic analog of somatostatin, decreased cAMP
levels in cholangiocytes, it suppressed hepatic cyst
growth, and it reduced hepatic fibrosis (26). Clinical
trials are underway to assess this therapeutic approach
in humans.

The current results indicated that cholangiocyte
primary cilia in the study group were irreversibly
damaged after surgery. These cilia were quite sparse
at 2 weeks and nearly absent at 8 weeks. At 8 weeks,
BECs had a normal morphology for the most part.
BECs suffered irreversible injury at 16 weeks. In the
study group, levels of a-tubulin, PC-1, TRPV4, and
P2Y,, expression in intrahepatic bile ducts decreased

markedly starting at 2 weeks. This finding indicates
that the primary cilia were dysfunctional at the start of
OLT and that this dysfunction was irreversible. In the
control group, primary cilia defects and subsequent
biliary injury were temporary, suggesting that ciliary
abnormalities are part of the pathophysiology of GC.

Genes and proteins that play a role in the structure
or function of primary cilia may represent new targets
for treatment of biliary lesions or reconditioning. Levels
of biochemical indicators and bile duct morphology
in the study group indicated that prolonged cold
preservation of a donor liver can cause GC. Moreover,
the current results suggested that prolonged cold
preservation resulted in reduced expression of a-tubulin,
PC-1, TRPV4, and P2Y, in intrahepatic bile ducts, and
this was in turn closely associated with GC. The current
results suggest that prolonged cold preservation of a
donor liver may cause GC by altering the integrity and
functions of cholangiocyte primary cilia.

This study focused on determining whether injury
to the primary cilia is the determining factor for GC
as a result of prolonged cold preservation. Although
logistically difficult, examining abnormalities in
primary cilia as a result of GC would prove interesting.
There may be association between those abnormalities
and GC, and such an approach would facilitate the study
of the mechanisms of the disease and therapies to treat
it. Nevertheless, whether or not the morphologically
and functionally abnormal primary cilia that were
observed lead to GC has yet to be determined.
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Summary

This study sought to devise a way to assess the infiltration of cancer cells in model stromal
tissues. Human breast carcinoma MDA-MB-231 cells were loaded on the surface of a type I
collagen gel in the well of 8-well chamber slide and allowed to migrate into the gel. The gel
was then subjected to frozen sectioning and staining. Azan staining facilitated satisfactory
microscopic observation of cancer cells migrating into the collagen gel. Cell migration was
promoted by the presence of fetal calf serum in the gel. In contrast, the proportion of cells
remaining on the gel surface increased in the presence of galardin, a matrix metalloproteinase
inhibitor. Moreover, the distance of cell migration from the gel surface was significantly
shorter depending on the concentration of galardin. Observation of cancer cell migration into
reconstituted type I collagen gel with a combination of frozen sectioning and azan staining
is a useful way to assess the ability of individual cancer cells to migrate and to evaluate how

effectively pharmaceuticals inhibit the first step of invasion.

Keywords: Cancer cell invasion, type I collagen, frozen section, azan stain, galardin

1. Introduction

Cancer cells that develop in epithelial tissues destroy the
basement membrane and invade stromal tissues (/,2).
During invasion, some matrix metalloproteinases (MMPs)
are involved in the degradation of extracellular matrix
components such as type IV collagen in the basement
membrane and type I collagen in stromal tissues (3,4).
Since cancer cell invasion is an initial stage of metastasis,
the ability to observe and control that invasion would
benefit cancer research.

A Boyden chamber assay is typically used to assess
cancer cell invasion by comparing the number of cells on
a gel surface to the number that reach the bottom of the
gel (5-7). This method is convenient but it does not allow
the detailed observation of the invasive characteristics of
individual cancer cells. A previous study used time-lapse
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microscopy to dynamically observe the disappearance
of cancer cells from the surface of reconstituted type I
collagen gel into the gel (8). Results suggested that the
migratory behavior of cancer cells varies depending on
their malignancy and that their behavior is unique even
when they are members of the same cell population.
This previously described method is suited to counting
cells disappearing from the gel surface and the Boyden
chamber assay is suited to counting cells that reach the
bottom of the gel, but neither is suited to observing cells
that migrate into the gel.

The present study used type I collagen gel as a model
of stromal tissue and it prepared frozen sections of that gel
in order to microscopically observe cancer cells both on
the gel surface and in the gel. Staining to visualize cells in
collagen gels and the effects of several pharmaceuticals on
cell migration were also investigated.

2. Materials and Methods
2.1. Cells

The human breast carcinoma cell line MDA-MB-231
was obtained from the American Type Culture
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Collection (ATCC; Rockville, MD, USA). The cells
were maintained in high-glucose Dulbecco's modified
Eagle's medium (DMEM; Invitrogen, Carlsbad,
CA, USA) containing 10% fetal calf serum (FCS)
supplemented with penicillin-streptomycin and 2
mM glutamine. Cells were cultured at 37°C in a 5%
CO, atmosphere. The cells were harvested after pre-
incubation in serum-free medium for 24 h at 37°C and
resuspended in the same medium before use.

2.2. Reconstitution of collagen gel

Reconstituted type I collagen gel was prepared as described
before with some modifications (8). Briefly, a solution of
bovine skin type I collagen (Koken, Tokyo, Japan) was
diluted to 1 mg/mL in 0.05 M acetic acid and mixed with
10x DMEM and a reconstitution buffer (1 M Hepes buffer,
pH 7.4, containing 10 M NaHCO;) at a ratio of 8:1:1 (v/v,
type I collagen solution/DMEM/reconstitution buffer). Two
hundred pL of the solution was added to each well of an
8-well chamber slide (Nalge Nunc, Naperville, IL, USA)
and the mixture was then incubated at 37°C for 18-20 h to
form mature single-layer gels.

Bilayer type I collagen gels were prepared as
follows. A lower gel was first prepared by mixing 100
pL of 0.1% collagen solution with or without 10%
FCS, DMEM, and reconstitution buffer (8:1:1, v/v)
in an 8-well chamber slide. Two hundred pL of type
I collagen gel without FCS (upper gel) formed on the
solidified gel containing 8% FCS, as described earlier.

2.3. Incubation of cells on reconstituted type I collagen
gel and frozen sectioning

Two hundred and fifty pL of a cell suspension (4 X
10° cells/mL) was loaded onto the reconstituted type I
collagen gel in a chamber slide and incubated for 3 h
at 37°C in a 5% CO, atmosphere. After incubation, the
gel surface was rinsed twice with 250 pL of phosphate-
buffered saline (PBS) and then DMEM containing
0.1% BSA to remove unbound cells. The gel was
subsequently incubated for 18 h at 37°C in a 5% CO,
atmosphere to allow the cells to migrate into the gel.

To investigate the effects of pharmaceuticals such as
the matrix metalloproteinase inhibitor galardin (Cosmo
Bio Co., Ltd., Tokyo, Japan), type I collagen gels were
prepared in the presence of pharmaceuticals of interest.
Cells were pre-incubated with the same concentration
of the pharmaceuticals for 30 min at 37°C and then
allowed to migrate into the gels.

After removing the medium on the gel surface, the
gel was then mounted with an embedding compound
(Tissue-Tek O.C.T. Compound; Sakura Finetechnical,
Tokyo, Japan) and frozen at —80°C. The frozen gel was
sliced perpendicular to the gel surface with a cryostat
in sections with a thickness of 20 pm and the sections
were placed on glass slides.

2.4. Azan staining of frozen collagen gel sections

Frozen sections of reconstituted type I collagen gel into
which cells had migrated were stained using conventional
hematoxylin-eosin staining or azan staining that can
stain cells and collagen fiber different colors (9,/0). For
azan staining, the sections were fixed with 20% (v/v)
formalin solution for 2 min, soaked in xylene, and then
successively immersed in 80% ethanol and 100% ethanol
for 3 min each. For metachroming, the sections were
immersed in 10% (w/v) potassium dichromate solution
containing 10% (w/v) trichloroacetic acid for 10 min
and then stained with 0.1% (w/v) azocarmine G (Alfa
Aesar, Ward Hill, MA, USA) for 3 h with occasional
observation under an optical microscope. After staining
with azocarmine G, the sections were soaked in 0.1%
(v/v) aniline in 95% (v/v) ethanol for a few seconds and
then in 0.1% (v/v) acetic acid in 95% (v/v) ethanol for 1
min. After the sections were rinsed with water, they were
immersed in 5% (w/v) phosphotungstic acid solution for
1 h and then stained with aniline blue-orange G solution
(Wako Pure Chemical Industries, Osaka, Japan) for 1 h
with occasional observation under an optical microscope.
The stained sections were mounted and then observed
under a microscope (X200 or x400; BX-51, Olympus,
Tokyo, Japan).

2.5. Data processing

The distance each cell migrated from the gel surface
was measured using at least 5 photographs of
microscopic visual fields (x 200) or at least 150 cells. A
Mann-Whitney U test was performed with StatMate 111
software (ATMS, Tokyo, Japan) and a p value less than
0.05 was considered significant.

3. Results

3.1. Enhanced visualization of cells in reconstituted
type I collagen gel via azan staining

While conventional histochemical staining using
hematoxylin-eosin is not suited to identifying the gel
surface (Figure 1A), azan staining is often used to
distinguish collagen fibers in connective tissues (9,70).
Azan staining was thus examined to microscopically
observe the cancer cell distribution in frozen sections of
reconstituted type I collagen gels. As shown in Figure
1B, azan staining of frozen sections stained cancer
cells red and it stained type I collagen fibers blue. This
facilitated the microscopic observation of the cancer
cell distribution in reconstituted type I collagen gels.

3.2. Promotion of cell migration by FCS

Cell migration into reconstituted collagen gels was
promoted by using FCS as a chemoattractant. The
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Figure 1. Comparison of microscopic views of gels stained
with hematoxylin-eosin and azan staining. MDA-MB-231
cells were allowed to migrate into a type I collagen gel and
frozen sections of the gel were stained with hematoxylin-
cosin (A) and azan (B) as described in the Materials and
Methods. Original magnification: x200.

Figure 2. Typical microscopic views of gels where cells
were allowed to migrate into the gels in the absence or
presence of FCS. MDA-MB-231 cells were allowed to
migrate into bilayer type I collagen gels without FCS (A) or
with 8% FCS in the lower gel (B). The frozen sections were
stained with azan and observed under a microscope. Original
magnification: x400.

following 2 types of gels were examined: i) bilayer gels
without FCS and i7) bilayer gels with 8% FCS in the
lower gel. As shown in Figure 2, the cell morphology
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Figure 3. Distribution of cells migrating into type I
collagen gels containing various concentrations of
galardin. MDA-MB-231 cells were allowed to migrate into
bilayer type I collagen gels containing the concentrations
of galardin as indicated in the figure and 8% FCS in upper
and lower gels, respectively. The frozen sections were
stained with azan and then the cell distribution was observed
microscopically. For data processing, the distance from the
gel surface was taken into account only for cells distributed in
the gel but not for cells remaining on the gel surface.

changed dramatically and cell migration was promoted
in the latter gel system using FCS. In the absence of
FCS, 24.1% of cells remained on the gel surface and
cells that migrated into the gel were distributed at a
median distance of 17.5 pm (8.9, 21.1; n = 216) from
the gel surface (data not shown). In contrast, the number
of cells remaining on the gel surface decreased (11.9%)
in the presence of FCS and the distance of migration
from the gel surface increased to a median distance of
26.4 um (15.8, 40.7; n = 193) (data not shown).

3.3. Cell migration in the presence of galardin

During invasion, cancer cells produce MMPs to digest
extracellular collagens (4). Galardin is a synthetic MMP
inhibitor with a broad spectrum of activity against various
MMP species (11,12). Figure 3 shows the distribution of
the distance that cells migrated from the gel surface in the
presence of lower gel containing 8% FCS for untreated
cells and cells treated with various concentrations of
galardin. The proportion of cells remaining on the gel
surface was 2.9 + 0.9% in the absence of galardin. This
proportion increased to 6.8 = 0.6% in the presence of 0.1
uM of galardin, to 7.7 = 1.3% in the presence of 1 uM of
galardin, and to 12.4 + 2.0% in the presence of 10 uM of
galardin (data not shown). Some cells migrated a relatively
long distance in the presence of galardin but the median
distance that cells migrated from the gel surface was
significantly shorter than in the absence of galardin: 63.0
+2.1% in 0.1 pM of galardin, 57.1 £ 3.7% in 1 uM of
galardin, and 45.7 £ 1.2% in 10 uM of galardin (p < 0.001).
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4. Discussion

The present study devised a novel approach to assess
the invasive ability of cancer cells. Cells of the human
breast carcinoma cell line MDA-MB-231 served as
model cancer cells and reconstituted type I collagen
gel served as a model of stromal tissue. Cancer cells
migrating into the gel were satisfactorily observed
using a combination of FCS to promote cell migration
on the bilayer gel (Figure 2B) and azan staining of
frozen sections of the gel (Figure 1B). This approach
allows the observation of cells on the gel surface and
cells migrating into the gel. Invasive ability can be
assessed based on the proportion of cells migrating into
the gel and the distance cells have migrated from the
gel surface. The distance of migration can also be used
to assessment the invasive ability of an individual cell.
Additionally, this approach is suited to observing the
promotion of cell migration by chemoattractants (Figure
2) and to assessing the inhibition of cell migration by
pharmaceuticals such as galardin. Galardin is a known
as MMP inhibitor (//-13) and is reported to prevent
invasion and metastasis (/4,15) (Figure 3).

Recently, various quantitative methods of assessing
cell migration and invasion have been reported (8,/4-
19). Some of these methods facilitate the fluorescence-
assisted quantification or real-time observation
of migrating cells. The present method involves
observation of frozen sections, and this approach would
facilitate immunocytochemistry to detect molecular
species expressed on the cell surface or released around
cells.

Cancer cells invading stromal tissues have routes
of migration that involves various matrix-degrading
metalloproteinases, such as MMPs, and cell adhesion
molecules, such as integrins (2,4,20-22). Since most
of the previous studies of the migratory ability of
cancer cells have mainly dealt with cell populations
but not individual cells, a detailed molecular basis for
individual characteristics of migratory ability needed to
be elucidated. A previous study involving the real-time
observation of cancer cell invasion noted that individual
cells invaded at different times (8). The present study
found that some cells remained on the gel surface
while others migrated into the gel a considerable
distance from the gel surface (Figure 3), suggesting that
migratory ability exhibits individual characteristics.
The present approach could be used to examine the
individual characteristics of that ability in combination
with immunocytochemistry.

Carcinoma cell migration and invasion play a
role in the initial phase of metastasis, in which cells
migrate from a tumor to invade normal stromal tissues
and then the circulatory system. Therefore, cells may
migrate a long distance in stromal tissues. The present
study using a model of stromal tissues suggested that
some cells migrated a relatively long distance (Figure

3). In addition, the MMP inhibitor galardin was not
very effective at inhibiting the long distance that cells
migrated at the concentrations used in this study.
Pharmaceuticals that can inhibit this cell migration step
would help to prevent metastasis.

In conclusion, the present study devised an approach
to observe cancer cell migration into reconstituted type
I collagen gel via a combination of frozen sectioning
and azan staining. This approach is a useful way to
assess the ability of individual cancer cells to migrate
and to evaluate how effective certain pharmaceuticals
are at inhibiting the first step of invasion process.
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Summary

Dysfunction of the endothelium is regarded as an important factor in the pathogenesis of
vascular disease in diabetes mellitus (DM). Unfortunately, prevention of the progression
of vascular complications of DM remains pessimistic. Ferulic acid and astragaloside
IV, isolated from traditional Chinese medicine Angelica sinensis and Radix astragali
respectively, exhibit potential cardio-protective and anti-hyperglycemic properties. In the
present study, we investigated the protective effects and underlying mechanism of ferulic
acid and astragaloside IV against vascular endothelial dysfunction in diabetic rats. After
the diabetic rat model was established using streptozotocin, sixty rats were divided into 6
groups (control, model, ferulic acid, astragaloside 1V, ferulic acid + astragaloside IV, and
metformin) and treated for 10 weeks. Blood samples were collected to measure levels of
hemoglobin Alc (HbAlc), triglyceride (TG), total cholesterol (TC), low density lipoprotein
cholesterol (LDL-C), low density lipoproteins (Ox-LDL), alanine aminotransferase (ALT),
aspartate aminotransferase (AST) and creatinine (Cr), nitric oxide (NO) and endothelial
nitric oxide synthase (eNOS), and abdominal aorta tissue samples were collected for
observing histological morphology changes of endothelium and detecting gene and protein
expression of nuclear factor-kB (NF-kB) P65, monocyte chemoattractant protein-1
(MCP-1), and tumor necrosis factor o (TNF-a). We found that ferulic acid combined
with astragaloside IV was capable of improving the structure of the aortic endothelium
wall, attenuating the increase of HbAlc, TG, TC, LDL-C and Ox-LDL, promoting the
release of NO and eNOS, and inhibiting over-activation of MCP-1, TNF-a, and NF-kB
P65, without damage to liver and kidney function. In conclusion, ferulic acid combined
with astragaloside IV exhibited significant protective effects against vascular endothelial
dysfunction in diabetic rats through the NF-kB pathway involving decrease of Ox-LDL,
increase of NO and eNOS, and activation of NF-kB P65, MCP-1 and TNF-q.

Keywords: Ferulic acid, astragaloside IV, vascular endothelial dysfunction, diabetes mellitus

1. Introduction

world. It has reached epidemic proportions worldwide
and is associated with a large economic burden.

Diabetes mellitus (DM) is a serious and complex chronic According to a recent report, the number of diabetics
disease, which is dramatically increasing throughout the is estimated to reach 439 million by 2030 worldwide

(7). Diabetics show several complications, especially

*Address correspondence to:
Dr. Jialin Teng, Shandong University of Traditional Chinese
Medicine, Ji'nan, Shandong, China.

vascular complications (e.g., coronary insufficiency,
cerebrovascular, and peripheral vascular disease), which
are the main etiology for a great percentage of morbidity

E-mail: sd.jia@163.com and mortality (2). Patients with DM exhibit complex
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vascular changes, such as an accelerated atherosclerosis
process and hypercoagulability (3). Atherosclerosis
is a major factor that accelerates diabetic vascular
complications and vascular endothelial dysfunction is
considered to be the earliest detectable abnormality in the
process of atherosclerosis (4). Thus, improving vascular
endothelial dysfunction plays an important role in DM
treatment.

It is well-known that hyperglycemia-induced
oxidative stress and inflammation play an important
role in development of vascular endothelial dysfunction
(5). Hyperglycemia stimulates the body to produce a
large number of oxygen free radicals and then induces
oxidative stress which damages vascular endothelial
cells and causes DM vascular complications (6). Low
density lipoproteins (Ox-LDL), an important product of
oxidative stress, after binding with a specific receptor
(Lectin-like OX-LDL receptor-1, LOX-1) on the surface
of vascular endothelial cells, activates nuclear factor-xB
(NF-kB), and mediates expression of some cytokines or
inflammatory molecules including tumor necrosis factor
o (TNF-a), intercellular adhesion molecule-1 (ICAM-1),
vascular cell adhesion molecule-1 (VCAM-I), as well
as monocyte chemoattractant protein-1 (MCP-1) (7,8).
These cytokines facilitate the adhesion of neutrophils
and monocytes to endothelium affecting production
of endothelium-derived nitric oxide (NO), impairing
endothelial dependent vasodilation function, inducing
inflammatory damage of vascular walls, and initiating
atherosclerosis (9).

Although drugs and changing life styles have been
widely promoted to control the complications of DM,
unfortunately, the prevention of the progression of
vascular complications in diabetic patients remains
pessimistic (3). Therefore, an effective approach to
prevent or delay the development and progression of
diabetic vascular complications is urgently needed.
In recent years, application of traditional Chinese
medicines (TCMs) for DM and its related complications
has received increasing attention due to their wide
availability, low side effects, and proven therapeutic
mechanisms and benefits. Many TCMs and their
active components have been reported to have anti-
hyperglycemic effects, for example Angelica sinensis,
Radix astragali, Radix rehmanniae, Panax ginseng
(10,11).

Angelica sinensis, which is called Dang-Gui in
Chinese, has been mostly used to treat gynecological
conditions and anemia for more than two thousand
years in East Asia (/2). In recent studies, Angelica
sinensis and its active components have been shown to
have multiple properties including cardio-protective,
immune-modulatory, anti-oxidative, anti-inflammatory
and so on (/3). Ferulic acid (Figure 1A), as one of the
major active components of Angelica sinensis, can
effectively improve endothelial function in patients with
coronary heart disease (/4). Radix astragali, which is
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Figure 1. The structure of ferulic acid (A) and astragaloside
1V (B).

known as Huang-Qi in Chinese, is traditionally used
for treatment of diabetes, cardiovascular diseases, and
wound healing, exerting anti-hyperglycemic, anti-
oxidant, anti-inflammatory and immune-modulatory
effects (15,16). Recently, some active components
isolated from Radix astragali including astragaloside IV
(Figure 1B) have been demonstrated to have effects of
alleviating glucose intolerance, insulin resistance, and
hypertriglyceridemia in DM (16,17). Angelica sinensis
combined with Radix astragali composes Dang-Gui-Bu-
Xue-Tang which is a classical prescription in traditional
Chinese medicine for treating inflammation and ischemic
diseases (/8). Moreover, Dang-Gui-Bu-Xue-Tang is
proposed as a potentially useful adjuvant therapy for
patients with insulin resistance and/or patients who wish
to increase insulin sensitivity (/9). In a word, Angelica
sinensis and Radix astragali either used alone or in
combination possess effective cardio-protective and anti-
hyperglycemic activities. We speculate that ferulic acid
combined with astragaloside IV should exhibit effects
against vascular complications of DM.

Thus, in the present study, we investigated the
protective effects of ferulic acid and astragaloside IV
against vascular endothelial dysfunction in diabetic rats.
Furthermore, the underlying mechanisms for ferulic
acid- and astragaloside IV-induced protective effects
were investigated.

2. Materials and Methods
2.1. Chemicals

Ferulic acid and astragaloside IV were purchased
from Chengdu Kang Bang Biological Technology Co.,
Ltd., Chengdu, China. Metformin was purchased from
Shanghai Squibb pharmaceutical Co., Ltd., Shanghai,
China. They were diluted in 55°C normal saline
immediately before each experiment.

2.2. Reagents
High-fat and high-sugar diets were purchased from

Shanghai Slac Laboratory Animal Co., Ltd., Shanghai,
China. Streptozotocin was purchased from Sigma, St.
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Louis, MO, USA. Hemoglobin Alc (HbAlc) detection
kit, NO kit and endothelial nitric oxide synthase
(eNOS) kits were purchased from Nanjing Jiancheng
Bioengineering Institute, Nanjing, China. The anti-
TNF-a, anti-MCP-1, anti- NF-xB P65, anti--actin
antibodies and second antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Diaminobenzidine (DAB) horseradish peroxidase color
development kit was purchased from Beyotime Institute
of Biotechnology (Shanghai, China). Ox-LDL, TNF-a,
and MCP-1 enzyme-linked immune-sorbent assay
(ELISA) kits were purchased from Shanghai Dingguo
Technology Co., Ltd., Shanghai, China. TRIzol reagent
and SuperScript II First-Strand Synthesis System were
purchased from Invitrogen (Grand Island, NY, USA).
SYBR Premix Ex TagTM kit was purchased from
TaKaRa Bio Inc., Dalian, China.

2.3. Diabetes rat model and drug administrations

Male Wistar rats (Animal experimental center of
Shandong University, Ji'nan, China) weighting
approximately 180-220 g were used in this study. They
were kept in a room with a 12 h/12 h light/dark cycle
and appropriate temperature (22-26°C) and humidity
(55%), and given food and water ad libitum. After
adaptive feeding for one week with blood glucose
measured in the normal range, 60 rats were randomly
divided into control group (n = 10) and model group
(n = 50). The rats in the control group were fed normal
chow diets, while the other rats were fed high-fat and
high-sugar diets (containing 10.00% lard, 20.00%
sucrose, 10.0% yolk powder, 0.50% sodium cholate and
59.50% normal chow) for 6 weeks. After an overnight
fast, the rats in the model group were intraperitoneally
injected with streptozotocin (40 mg/kg) and the rats in
the control group were intraperitoneally injected with
vehicle citrate buffer at a dose of 1 mL/kg. Seventy two
hours after injection, tail blood samples were taken to
test random blood glucose. Rats with random blood
glucose levels > 16.70 mmol/L for three measurements
were considered diabetic.

Rats proven to be diabetic (n = 50) were randomly
assigned to five groups with 10 rats in each group:
model group, ferulic acid group, astragaloside IV
group, ferulic acid + astragaloside IV group, and
metformin group. First, the rats were fasted overnight
and blood samples were obtained from tails for
biochemical determinations including fasting blood
glucose (FBG), triglyceride (TG), total cholesterol (TC),
low density lipoprotein cholesterol (LDL-C), alanine
aminotransferase (ALT), aspartate aminotransferase
(AST), creatinine (Cr) and so on. They were
administrated with medications as follows: rats were
treated with ferulic acid (50 mg/kg-d), or astragaloside
IV (50 mg/kged), or ferulic acid (50 mg/kg-d) +
astragaloside IV (50 mg/kged), or metformin (40.5 mg/

kged), respectively by intragastric administration (i.g.)
every day for 10 weeks. Rats in the control group and
model group were administered with the same volume
of normal saline. Body weight of rats in each group
was measured every week and tail blood samples were
taken to test FBG every two weeks.

All animal experiments were performed in
accordance with the guidelines of Shandong University
of Traditional Chinese Medicine for the care and use
of laboratory animals and approved by the Animal
Ethics Review Committee of Shandong University of
Traditional Chinese Medicine.

2.4. Blood and tissue sample collection

After 10 weeks of drug administration, the rats were
fasted overnight, then weighed and anesthetized with
10% chloralhydrate (0.3 g/kg, intraperitoneally). After
anesthesia, the rats were fixed, the chest opened to
expose the heart, and the aorta was isolated. Blood
samples were collected from the apex of the heart, and
centrifuged at a speed of 3,000 r/min for 5 min. Serum
was removed and aliquots for the respective analytical
determinations, was stored at —80°C until analysis. The
abdominal aorta was dissected carefully, cleaned of fat
and adherent connective tissues. A segment of 15 mm
in length was cut and fixed with 4% paraformaldehyde
for hematoxylin and cosin (HE) staining and
immunohistochemical staining, and a segment of 5 mm
in length was cut and stored at —80°C for quantitative
real-time RT-PCR and Western blot analysis.

2.5. Blood samples detection

According to the manufacture's instructions, the
following serum items were detected: First, FPG, TG,
TC, LDL-C, ALT, AST and Cr were measured using
a fully automatic biochemical analyzer (Olympus,
Tokyo, Japan); second, HbAlc was detected to measure
long-term blood glucose control; third, concentrations
of NO and eNOS in serum were determined by the
nitrate reductase method and a colorimetric method
respectively.

2.6. HE and immunohistochemistry staining assay

To observe the histological morphology changes of the
abdominal aorta, HE staining was performed. First,
abdominal aorta tissues were fixed with 10% neutral
formaldehyde and dehydrated in graded ethanol (85%,
95%, and 100%). After permeation in xylene, they were
embedded in paraffin. The paraffin blocks were cut
into 2 pm slices, mounted onto glass slides and stained
by standard techniques of HE staining according to
previous studies. The specimens were examined using
a Phenom desktop scanning electron microscope (FEI
Company, USA).
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Immunohistochemistry staining assays were
performed to analyze the protein expression of TNF-a,
MCP-1, and NF-kB P65. Paraffin-embedded sections
(3-5 pm thick) were cut from formalin-fixed abdominal
aortaand carried out as described previously (20). First,
paraffin sections were de-paraffinized, hydrated, and
immersed in 0.3% hydrogen peroxide in methanol for 30
min to block the endogenous peroxidase activity. Second,
the sections were incubated in primary antibodies (anti-
TNF-a or anti-MCP-1 or anti-NF-kB P65) overnight at
4°C, followed by incubation in anti-mouse secondary
antibody for 1 h at room temperature. Third, visualization
was carried out using the DAB horseradish peroxidase
color development kit, and slides were counter stained
in hematoxylin-1. Finally, ten random fields were
examined per slice for expression of TNF-a, MCP-1,
and NF-kB P65 using an Olympus BX40 microscope at
a magnification of x400. Immunohistochemical results
of TNF-a, MCP-1, and NF-kB P65 expression were
assessed according to criteria described previously (21).
Five fields for each sample were selected randomly for
the calculation. The percentage and staining intensity of
the positive cells were observed by Image-Pro plus 6.0
to quantify the expression of proteins: (i) Percentage of
positive cells was graded on a scale 0-4, indicating 0%, <
10%, 10-50%, 50-80%, and 80-100%, respectively; (ii)
Staining intensity of positive cells was graded on a scale
of 0-4, indicating colorless, light yellow, brown yellow,
and brown, respectively; (ii/) The multiplication of
percentage scores and staining intensity scores gave the
positive rating: 0 means negative (—), 1-4 means weakly
positive (+), 5-8 means positive (++), and 9-12 means
strongly positive (+++).

2.77. ELISA assay

ELISA assays were performed to determine the levels
of OX-LDL in serum, and TNF-o and MCP-1 in
abdominal aorta tissue, using commercially available
kits according to the manufacturer's instructions. The
optical density was measured on a Bio-Rad Model 680
micro plate reader (Bio-Rad Laboratories, Hercules,
CA, USA) at 490 nm.

2.8. Quantitative real-time RT-PCR assay

Quantitative real-time RT-PCR was used to detect
the mRNA expression of factors related to vascular
endothelial dysfunction in the abdominal aorta of diabetic
rats. First, total RNA was prepared from the abdominal
aorta tissues by using TRIzol reagent according to the
manufacturer's instructions. Then, total RNA was reverse-
transcribed into cDNA using the SuperScript I First-
Strand Synthesis System according to the manufacturer's
directions. In the current study, relative mRNA
expression levels for the target genes were determined
by using glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) as normalization control. The primers for the
target genes and GAPDH were shown as follows: TNF-a
(198 bp): forward 5'-CTCATTCCTGCTCGTGG-3', and
reverse 5'-CTCCGCTTGGTGGTTT-3'; MCP-1 (131
bp): forward 5'-CTGTCACGCTTCTGGG-3' and reverse
5'-GCCGACTCATTGGGAT-3"'; GAPDH primers
(199 bp): forward 5'-ATCGGACGCCTGGTTA-3' and
reverse 5'-CGCTCCTGGAAGATGG-3'". Afterwards,
according to the protocol of SYBR Premix Ex TaqTM
kit, amplification of target genes and GAPDH were
conducted in a 20 pL reaction mixture containing 10 pL
SYBR (2x), 0.2 uL ROX Dye II, 2.5 pL each forward
and reverse primers of each gene, 4 nL. cDNA and 0.8 pL
ddH,0 using ABI Prism 7500 Detection System (Applied
Biosystems, Inc., USA). Thermal cycling parameters
consisted of a hot-start at 95°C for 3 min followed by 45
cycles of 95°C for 20 s, 55°C for 15 s and extension at
72°C for 20 s. The analysis of relative gene expression
was performed by comparative 2**“" method (22).

2.9. Western blot analysis

Western blot analysis was performed to determine the
expression of proteins-related to vascular endothelial
dysfunction in the abdominal aorta of diabetic rats. The
abdominal aorta was incubated with 50 uL. RIPA lysis
buffer at 4°C for 30 min and then the lysates (30 pg of
protein per lane) were fractionated by SDS-PAGE. The
proteins were electro-transferred onto polyvinylidene
difluoride (PVDF) membranes. The membranes were
first incubated in blocking solution (5% skim milk) for
1 h at room temperature and then incubated overnight at
4°C with the first antibodies: anti-TNF-a or anti-MCP-1
or anti- NF-kB P65. After they were washed with TBST
(10 mM Tris-HCI, 0.15 M NaCl, 8 mM sodium azide,
0.05% Tween-20, pH 8.0) three times, the membranes
were incubated with horseradish peroxidase-conjugated
secondary antibodies for 1 h and then again washed with
TBST three times. Finally, protein bands were visualized
with an enhanced chemiluminescence (ECL) detection
system. As an internal control, B-actin was detected with
anti-f-actin antibodies.

2.10. Statistical analysis

All experiments were performed in triplicate and the
results are expressed as mean = S.D. Statistical analysis
was performed with one-way analysis of variance
(ANOVA) and the Student's #-test using SPSS.15.0
software (SPSS Inc., USA). P < 0.05 was indicative of
a significant difference.

3. Results

3.1. The general condition of rats

After treatment for 10 weeks, the rats in the control
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Table 1. The effects of ferulic acid and astragaloside IV on biochemical indexes and HbAlc of rats

Group FPG (mmol/L) HbAlc (%) TG (mmol/L) TC (mmol/L) LDL-C (mmol/L)
Control 5.43+0.23 54402 0.85+0.13 1.88+0.10 0.30 £ 0.06
Model 22.28 +2.09 145+0.6 2.01 +0.09 279 +£0.12 520+0.12
Ferulic acid 21.64+1.25 14.6+0.5 1.11£0.18™ 2.10+0.19* 0.32+0.10*
Astragaloside IV 12.92 +2.94" 9.5+04™ 1.94+0.11 2.64+0.16 0.65 +0.07
Ferulic acid + Astragaloside IV 12.72 £ 2.84™ 92+02" 1.08 +0.16™ 2.38+0.10"" 0.38 +£0.06"
Metformin 7.64 +1.06™ 8.9+0.4™ 0.85+0.13 1.88£0.10 0.50 +0.20

Data are shown as mean + S.D. (n = 10). " p <0.05 and ™" p < 0.01 versus Model group after treatment for 10 weeks.

group were in good shape, glossy coat color and obesity,
while the rats in the model group and drug treatment
groups had different degrees of low spirits, matte coat
color, and typical characteristics of diabetes mellitus
(polydipsia, polyphagia, polyuria, and weakness). In
addition, there was a great change in body weight of
rats after treatment with ferulic acid and astragaloside
IV (Data not shown). After 10 weeks of treatment, body
weights in each group increased with the control group
increasing the most and the model group increasing
the minimum (p < 0.01). Body weights in metformin
group (p < 0.01), astragaloside IV group (p < 0.05) and
ferulic acid + astragaloside IV group (p < 0.05) were
higher compared to the model group. However, there
was no significant difference between body weights in
the ferulic acid group compared to the model group (p
>0.05).

3.2. The effects of ferulic acid and astragaloside IV on
biochemical indexes and HbAlc of rats

The effects of ferulic acid and astragaloside IV on
biochemical indexes (e.g., FPG, TG, TC, and LDL-C)
of diabetic rats are presented in Table 1. Compared to
model group, levels of FPG in metformin group (p <
0.01), astragaloside IV group (p < 0.05) and ferulic
acid + astragaloside IV group (p < 0.05) decreased
significantly. However, there was no significant
difference between FPG in the ferulic acid group and the
model group (p > 0.05). Compared to the model group,
the levels of HbAlc, TG, TC and LDL-C decreased
significantly in the ferulic acid + astragaloside IV group
(» < 0.01). Compared to the model group, both in the
metformin group and astragaloside IV group, levels of
HbAlc decreased significantly (p < 0.01) but the levels
of TG, TC and LDL-C decreased non-significantly (p
> 0.05). Compared to the model group, in the ferulic
acid group, levels of TG, TC and LDL-C decreased
significantly (p < 0.01) but levels of HbAlc decreased
non-significantly (p > 0.05). Taken together, ferulic acid
combined with astragaloside IV exhibited a significant
effect on decreasing the levels of FPG, HbAlc, TG,
TC, and LDL-C. In addition, there was no significant
difference between ALT, AST, and Cr before and after
treatment with ferulic acid and astragaloside IV (data
not shown).
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Figure 2. The contents of NO (A) and NOS (B) in the
serum of diabetic rats. The data represent mean + S.D. (n =
10). * p <0.05 and ** p < 0.01 versus Model group.

3.3. The effects of ferulic acid and astragaloside IV on
NO and eNOS of rats

After treatment for 10 weeks, the amount of NO and
eNOS in serum were detected. As shown in Figure 2,
the amount of NO and eNOS decreased in the model
group and drug treatment groups compared to the
control group. The amount of NO and eNOS in each
drug treatment group (p < 0.05) especially ferulic acid
+ astragaloside IV group (p < 0.01) were higher than
those in the model group. That is to say, compared
to the model group, the amount of NO and eNOS in
each drug treatment group increased. Moreover, in the
ferulic acid + astragaloside IV group, the amount of NO
and eNOS increased significantly compared to other
treatment groups (p < 0.01).

3.4. The effects of ferulic acid and astragaloside IV
on the histological morphology changes of abdominal

aorta of rats

As shown in Figure 3A, in the control group, the
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Control

Astragaloside |V

Model

Astragaloside IV + Ferulic acid

Ferulic acid

Metformin

Figure 3. The histological morphology changes of abdominal aorta endothelium of diabetic rats in each group (original
magnification x400). (A) Control group; (B) Model group; (C) Ferulic acid group; (D) Astragaloside IV group; (E) Ferulic acid

+ Astragaloside IV group; (F) Metformin group.

abdominal aorta intima was smooth, endothelial cell
integrity was preserved, the single layer was close to
the elastic plate and medial thickness was uniform.
However, in the model group (Figure 3B), the typical
three-layer structure of the aortic wall was not clear,
and intimal thickness increased with irregular intima.
In the drug treatment groups especially in ferulic acid
combined with astragaloside IV group (Figure 3C-3F),
the aortic intima was smooth and intimal thickening
was less compared with the model group. Progression
of aorta intima and endothelial structure were
attenuated by ferulic acid and astragaloside IV therapy.
In the ferulic acid + astragaloside IV group, as shown
in Figure 3E, intima was smooth with little endothelial
cell drop, and media smooth muscle cells proliferated
with uniform thickness and regular arrangement.

3.5. The effects of ferulic acid and astragaloside IV on
the expression of Ox-LDL, MCP-1, TNF-oa and NF-xB
P65

The expression of Ox-LDL in serum and the expression
of MCP-1 and TNF-a in the abdominal aorta tissue
were detected by ELISA assays. As shown in Figure
4, compared to the control group, both the expression
of Ox-LDL, MCP-1, and TNF-a in the model group
and each drug treatment group increased significantly.
Furthermore, compared to the model group, the
expression of Ox-LDL were significantly inhibited
after treatment with ferulic acid single (p < 0.01) or
ferulic acid combined with astragaloside IV (p < 0.01).
Compared to the model group, the expression of MCP-
1 and TNF-a were significantly inhibited after treatment
with ferulic acid and astragaloside IV especially in

13
O Coe-LDL
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Figure 4. The expressions of Ox-LDL in serum of rats and
the expressions of MCP-1 and TNF-a in the abdominal
aorta tissue of rats detected by ELISA assay. The data
represent mean + S.D. (n = 10). * p < 0.05 and ** p < 0.01
versus Model group.

the ferulic acid + astragaloside IV group (p < 0.01).
However, the expression of Ox-LDL, MCP-1, and
TNF-a was inhibited insignificantly in the metformin
group compared to the model group. Taken together,
ferulic acid combined with astragaloside IV exhibited
the greatest effect on inhibiting the expression of Ox-
LDL, MCP-1, and TNF-a compared to only treatment
with ferulic acid, astragaloside IV or metformin alone.
The mRNA expressionof MCP-1 and TNF-a in
the abdominal aorta of diabetic rats were detected by
quantitative real-time RT-PCR assays. As shown in
Figure 5, compared to the control group, the mRNA
expression of MCP-1 and TNF-a in the model group
and each drug treatment group increased significantly.
Furthermore, compared to the model group, the
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Figure 5. The mRNA expressions of MCP-1 and TNF-a
in the abdominal aorta of diabetic rats detected by
quantitative real-time RT-PCR assay. The data represent
mean + S.D. (n = 10). * p <0.05 and ** p < 0.01 versus Model

group.
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Figure 6. The protein expression of TNF-0, MCP-1 and
NF-kB P65 in the abdominal aorta of diabetic rats in each
group detected by immunohistochemistry staining assay
(original magnification x400).
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Figure 7. The protein expression of TNF-a, MCP-1, and
NF-xB P65 in the abdominal aorta of diabetic rats in each
group detected by Western blot analysis.

expression of MCP-1 and TNF-a were significantly
inhibited in each drug treatment group especially in
the ferulic acid + astragaloside IV group (p < 0.01).
Ferulic acid combined with astragaloside IV exhibited
the greatest effect on inhibiting the mRNA expression
of MCP-1 and TNF-a compared to only treatment with
ferulic acid, astragaloside IV or metformin alone.

The protein expression of TNF-a, MCP-1, and
NF-«kB P65 were detected by immunohistochemistry
staining and Western blot analysis. As shown in
Figure 6 and Figure 7, compared to the control group,
the expression of TNF-a, MCP-1, and NF-kB P65
increased significantly. Furthermore, compared to the
model group, the levels of TNF-a, MCP-1, and NF-
kB P65 were significantly down-regulated in each
drug treatment group especially in the ferulic acid
+ astragaloside IV group. Ferulic acid combined
with astragaloside IV exhibited the greatest effect on
inhibiting the mRNA expression of MCP-1 and TNF-a
compared to other treatment.

4. Discussion

Dysfunction of the endothelium is regarded as an
important factor in the pathogenesis of vascular discase
in DM. In this work, we evaluated the protective
effect of ferulic acid and astragaloside IV against
vascular endothelial dysfunction in streptozotocin-
induced diabetic rats. The major finding of this study
was that ferulic acid combined with astragaloside IV
was capable of improving the structure of the aortic
endothelium wall (Figure 3), attenuating the increase of
FPG, HbAlc, TG, TC, LDL-C (Table 1) and Ox-LDL
(Figure 4), promoting the release of NO (Figure 2), and
inhibiting over-activation of MCP-1, TNF-a, and NF-
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kB P65 (Figures 4-7). Moreover, there was no damage
to liver and kidney function after treatment with ferulic
acid and astragaloside IV for 10 weeks. In a word,
our data contribute in part to elucidate the molecular
mechanisms involved in the protective effect of ferulic
acid and astragaloside IV against vascular endothelial
dysfunction in DM with little side effects. Ferulic
acid combined with astragaloside IV might exhibit a
significant protective effect against vascular endothelial
dysfunction in DM via inhibiting the NF-xB pathway
involving a decrease of Ox-LDL, an increase of NO
and eNOS, and activation of NF-kB P65, MCP-1, and
TNF-a.

Hyperglycemia is generally considered as a harmful
factor in vascular dysfunction, and the focus has been
on tight blood glucose control as a treatment for diabetic
patients (3). In the current study, we found that ferulic
acid combined with astragaloside IV could effectively
reduce the levels of FPG and HbAlc. Dyslipidemia is
a major risk factor for atherosclerosis. Reducing high
levels of TC, particularly LDL-C, decreases the risk for
developing atherosclerosis (23). We found that ferulic
acid combined with astragaloside IV could effectively
reduce the levels of TG, TC, and LDL-C, and decrease
the risk for vascular dysfunction in DM.

DM has been known as an oxidative stress
disorder which is caused by imbalance between free
radical formation and the ability of the body's natural
antioxidants in hyperglycemia (24). Many studies
have suggested that oxidative stress plays a key role
in the pathogenesis of endothelial dysfunction, insulin
resistance, and pancreatic f cell damage and so on
in development and progression of DM as well as in
complications (25). As a major product of oxidative
stress, Ox-LDL induces apoptosis, monocyte adhesion,
and reactive oxygen species generation via up-
regulating and binding to its receptor LOX-1, and then
causes toxicity to the vascular endothelial cells and
causes endothelial dysfunction, which is considered
to be a driving force in the initiation and development
of atherosclerosis. Notably, the toxicity of Ox-LDL is
not only damage of vascular endothelial structure, but
more important is that Ox-LDL affects the secretion of
endothelium-derived vasomotor factors and adhesion
factors which leads to endothelial dysfunction (23).
NO is an important vasomotor factor and endothelin
(ET) is a stronger vasoconstrictor factor, which are
secreted by vascular endothelial cells. Keeping balance
between the levels of NO and ET is important in the
maintenance of vascular endothelium diastolic function
(26). Moreover, the production of NO in endothelial
cells is mainly regulated by eNOS which is a nitric
oxide synthase that generates NO in blood vessels and
is involved with regulating vascular tone by inhibiting
smooth muscle contraction and platelet aggregation
(27). However, the production or activation of eNOS
and NO could be reduced in endothelial cells attributed

to oxidative stress and the increase of Ox-LDL in
DM patients. Thus, regulating the activity of eNOS
and promoting NO production might be key targets
for prevention of endothelial dysfunction in DM. In
the current study, we found that the levels of Ox-
LDL were significantly decreased by ferulic acid and
astragaloside IV (Figure 4). Furthermore, the activity
of eNOS and the amount of NO in serum of diabetic
rats were effectively improved after treatment with
ferulic acid and astragaloside IV (Figure 2). That
is to say, ferulic acid combined with astragaloside
IV exhibited a significant protective effect against
vascular endothelial dysfunction in DM via decreasing
Ox-LDL and increasing NO.

Some studies demonstrated that enhanced NF-
kB activity is an important factor involved in macro-
and microvascular dysfunction in diabetes. It is
closely related to DM-associated oxidative stress and
inflammation (28). In the state of hyperglycemia-
induced oxidative stress, the elevation of free radicals
could impair Ca* translocation and then trigger NF-
kB activation, reducing vascular contractibility and
modifying some gene expression including cytokines
(e.g., IL-6, TNF-0), angiotensin-II and adhesion
molecules (e.g., ICAM-1, VCAM-1, and E-selectin) and
chemokines (e.g., MCP-1, IL-8) released from vascular
endothelial cells and causing endothelial dysfunction
(29). Importantly, as well as hyperglycemia, cytokine
stimulation (e.g., TNF-a, IL-13, MCP-1, and ICAM-
1) also could activate NF-xB via reactive oxygen
species formation. In addition, NF-xB is one of the
most important regulators of pro-inflammatory gene
expression. In DM models, activation of NF-kB is
correlated with an increased of some cytokine pro-
inflammatory molecules. NF-kB could lead to or
enhance expression of host genes, such as cytokine
TNF-aand chemokine MCP-1, inducing inflammatory
damage of vascular wall, and then initiating
atherosclerosis (30). Thus, NF-xB plays critical roles
in the pathophysiology of several process of vascular
endothelial dysfunction in DM, and it is plausible that
exogenous modulation of NF-kB activation may be
effective in developing new therapeutic strategies.
In the current study, we found that gene and protein
expression of MCP-1, TNF-a, and NF-kB P65 were
significantly inhibited by ferulic acid and astragaloside
IV (Figures 4-7). That is to say, ferulic acid combined
with astragaloside IV exhibited a significant protective
effect against vascular endothelial dysfunction in DM
via inhibiting the NF-kB pathway.

In conclusion, the current study demonstrated that
ferulic acid combined with astragaloside IV could
effectively reduce the levels of FPG, HbAlc, TG, TC,
and LDL-C. The current study also demonstrated that
ferulic acid combined with astragaloside IV exhibited a
significant protective effect against vascular endothelial
dysfunction in diabetic rats through the NF-kB pathway
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involving decrease of Ox-LDL, an increase of NO

and

eNOS, and activation of NF-kB P65, MCP-1, and

TNF-0. We hope the current study provides a direction
of new therapy for treating vascular complications of
DM.
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A simple, rapid, economical, and practical method for the
determination of efavirenz in plasma of Chinese AIDS patients
by reverse phase high-performance liquid chromatography with
ultraviolet detector
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Summary This study aimed to develop a reverse phase high-performance liquid chromatographic
(RP-HPLC) method for the determination of efavirenz in human plasma and to use it for
determining the concentrations of efavirenz in Chinese AIDS patient. A simple mobile phase
consisting of 0.01 mol/L NaH,PO, solution and acetonitrile (38:62, V/V) was pumped at a
flow rate of 1.0 mL/min through a reverse phase Diamonsil C,; column maintained at 30°C.
Diazepam was used as an internal standard and monitored with efavirenz at 247 nm. The
protein of 100 pL plasma sample was precipitated before 20 pL of the supernatant was
directly injected into the column. The linear response over the concentration ranges 0.10-20.0
pg/mL was obtained and the linear regression equations was Y = 2.2873X — 0.1449 (r = 0.9999).
The intra-day and inter-day precisions (1.9-2.6%, 2.2-7.2%, respectively), the relative and
absolute recovery (99.3-106.3%, 75.6-80.3%, respectively) met the international standards.
Stability of plasma samples were evaluated for short-term (ambient temperature for 16 h)
and long-term (-20°C for 30 days) storage conditions and were found to be stable. The mean
plasma concentration of efavirenz of the 406 patients was 2.21 £ 1.95 pg/mL, 77.3% of which
were within the therapeutic window (1-4 pg/mL), 15.1% were below the window, and 7.6%
were over it. In conclusion, the method had advantages of convenience, rapidity, necessary
accuracy and precision, high practicality and met the needs for therapeutic drug monitoring
and the pharmacokinetic study of efavirenz, especially in underdeveloped countries. For
Chinese AIDS patients, it was beneficial to use efavirenz under the guidance of therapeutic
drug monitoring.

Keywords: Efavirenz, RP-HPLC, plasma concentration, AIDS

1. Introduction

Efavirenz, a non-nucleoside reverse transcriptase
inhibitor for the treatment of HIV infection, is
recommended by WHO as a first-line drug with its
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excellent therapeutic effect. It has been widely used
over the world, especially in underdeveloped countries,
such as China and some African countries (/). Efavirenz
is mainly metabolized by CYP2B6 enzyme. However,
cytochrome P450 2B6 gene exhibits highly degrees
of polymorphism (2), which has a great difference in
allele frequency among races, thus leading to obvious
differences in efavirenz plasma concentration, either
among individuals or among races (3-6). In addition,
rifampicin and voriconazole, efc., which is often
simultaneously used in HIV-infected patients for
concurrent diseases, have interactions with efavirenz
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and affect efavirenz plasma concentration. Nowadays,
many studies have shown that both the therapeutic
effect and side effects of efavirenz are related to its
plasma concentration (3,4,7-11). The generally accepted
therapeutic window of efavirenz is 1-4 ug/mL (steady
state trough concentration). A long-time exposure to a
lower efavirenz trough concentration may easily lead to
virologic failure or virus resistance to efavirenz, while a
higher trough concentration may result in a higher risk of
side effects and toxicities (7,11,12). A previous research
shows that 28.6% of Chinese HIV-infected patients may
have efavirenz plasma concentration above 4 pg/mL after
taking a standard dose of efavirenz (600 mg, po, qd) (13).
If we can monitor the plasma efavirenz concentration
of the patients with efavirenz-containning antiretroviral
treatment (ART) and adjust the dosage according to the
results, a better therapeutic effect as well as a decline
of side effects may be achieved (/4-16), especially for
patients taking rifampicin or voriconazole at the same
time. Therefore, we need to develop a method for the
quantitative determination of efavirenz in human plasma.
Considering the actual situation in under-developed
countries, the method must be simple, rapid, economical,
and practical, with good accuracy and precision,
selectivity, and sensitivity.

Up to now, several methods for the determination
of efavirenz in plasma using LC-MS (/7,18), LC-MS-
MS (719,20), MALDI-TOF/IOF (21), HPLC-PAD (22-
25), etc., have been published. These methods may not
be widely used in underdeveloped countries because
of the inaccessibility and high costs of laboratory
equipments. On the contrary, reverse phase high-
performance liquid chromatographic with ultraviolet
detector (RP-HPLC-UV) method is feasible due to its
easy accessibility and low cost. Also, many HPLC-UV
methods for determination of plasma efavirenz (23,26-
31) or simultaneous determination with other drugs
such as anti-tuberculosis (anti-TB) agents or other
antiretroviral agents (24,32-50) have been reported.
In most of these methods, the volumes of plasma used
range from 200 to 900 pL (23,26-28,33,34,44-46),
which were inapplicable for children due to the scarcity
of sample. High-cost, complicated and time-consuming
plasma sample pre-treatments such as solid-phase
extraction (26,33,34,44-406), liquid-liquid extraction
(23,24,27,28,32,35) appeared in some methods. A few
of reported methods were difficult to repeat because
of the lack of internal standard (26). Moreover, some
methods had complicated mobile phase (34,37) or
gradient elution (35,40,50), and some had a longer
system run time (32,50). Therefore, none of the reported
methods met all the requirements mentioned above. In
our study we developed a method for plasma efavirenz
determination by RP-HPLC with UV detector. In this
method, 100 pL sample plasma was precipitated by 200
pL acetonitrile (including internal standard: diazepam)
and the supernatant was directly injected into HPLC

system without dilution after mixing and centrifugation.
Isocratic elution was applied and the detection time
was 7.5 min. The reliability and repeatability of this
method was further verified by using it to determine
efavirenz plasma concentrations in large samples. In a
word, our method is simple, rapid, cost-effective, and
can be applied in the therapeutic drug monitoring and
pharmacokinetics researches on efavirenz, especially in
underdeveloped countries.

2. Materials and Methods
2.1. Chemicals

Efavirenz standard (99.8% purity) and efavirenz tablet
(Stocrin®) were purchased from the Toronto Research
Chemicals Inc. (North York, Canada, batch number
5-ABY-15-1) and Merck Sharp & Dohme (South
Granville, New South Wales, Australia), respectively.
Diazepam (99.5% purity, internal standard) was
from the Sigma company (Shanghai, China, batch
number 34H0556). Acetonitrile and methanol (HPLC
grade) were obtained from Merck KGaA (Darmstadt,
Germany), triethylamine and phosphoric acid (HPLC
grade) from Tedia Company Inc (Fairfield, USA).
NaH,PO, was from Shanghai Clinical Research Center
(Shanghai, China). Deionized water was processed
through a water purification system (Yiyang Enterprise
Development Company, Chongqing, China).

2.2. Chromatographic system

The HPLC system, Shimadzu LC-20A (Kyoto Japan),
was consisted of column compartment CTO-20A,
degasser DGU-20AS, pump CBM-20A, auto-sampler
SIL-20AC, and SPD-20AV UV detector. The eluent
was monitored at 247 nm. Chromatographic separation
was achieved at 30°C using a reverse phase YMC-
Pack ODS-A C18 column (C18, 150 mm x 4.6 mm, 5
pum) with a guard column (ZORBAX Eclipse Plus-C18,
150 mm x 4.6 mm, 5 pm, Agilent Technologies, Santa
Clara, USA). The mobile phase was consisted of 0.01
mol/L NaH,PO, (containing 0.01 mol/L triethylamine,
pH 5.2) and acetonitrile (32:62, V/V), and pumped at a
flow rate of 1.0 mL/min. The injection volume was 20
uL (26,28,31,32).

2.3. Selection of study subjects, sample collection, and
data collection

Chinese AIDS outpatients, aging from 18 to 75 years,
with no obvious hepatic or renal dysfunction, receiving
efavirenz-containing ART at Shanghai Public Health
Clinical Center from January 2012 to January 2013,
were recruited to this study. Peripheral bloods (3-5
mL) were drawn 16 h after the last dose, and were put
into heparin anticoagulant tubes (5/). Plasma samples
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were heat-inactivated (56°C water bath for 60 min) and
stored at -80°C before they were analyzed. Correlated
information of the patients was collected, including
gender, age, weight, height, hepatic and renal functions,
antiretroviral regimen, efavirenz dosage, time of
taking medicine, time of blood sample collection,
drug combinations and adverse drug reactions (ADR).
The study followed the Declaration of Helsinki and
ethics approval was granted by the Ethics Committee
of Shanghai Public Health Clinical Center. Written
informed consent was obtained from each patient.

2.4. Preparation of various solutions

NaH,PO, buffer solution was prepared by dissolving
accurately weighed NaH,PO, (3.1202 g) and
triethylamine (2.0238 g) in 2 L ultrapure water and
blended well by ultrasonic. The pH value was adjusted
to 5.2 using 20% phosphoric acid. The solution was
degassed by ultrasonic for 20 min after vacuum
filtration before using. Two hundred pg/mL efavirenz
stock solution was prepared by dissolving accurately
weighed efavirenz standard (10 mg) into a 50 mL
mixture of methanol and water (1:1, V/V), and stored
at 4°C before using. Working solutions of efavirenz in
concentrations of 1, 2, 5, 10, 20, 30, 40, 80, 100, and
160 pg/mL were prepared by diluting stock solution of
efavirenz with the mixture of methanol and water (1:1,
V/V). The diazepam stock solution (100 pg/mL) was
prepared by dissolving accurately weighed diazepam
(10 mg) in 100 mL acetonitrile and stored at 4°C.
Before sample preparation, 1 pg/mL diazepam working
solution was prepared by diluting stock solution with
acetonitrile.

2.5. Sample preparation

One hundred pL plasma sample was transferred to 2
mL centrifuge tubes and 200 pL of diazepam working
solution (acetonitrile with 1 pug/mL diazepam) was
added. The mixture was blended for 2 min and was laid
aside for 10 min at room temperature, then centrifuged at
15,000 rpm/min for 6 min. Twenty pL of the supernatant
was directly injected into HPLC system under the
condition described in 2.2. The chromatograms were
recorded and concentrations of efavirenz were calculated.

2.6. Statistical methods

Descriptive analysis was performed to determine the
mean and the standard deviation (mean + S.D.) for
continuous variables such as age, height, body mass
index (BMI), and the percentages for categorical
variables such as sex. Plasma efavirenz concentrations
were showed as mean = S.D. Statistical analysis
was carried out by SPSS 18.0. Normality test of the
plasma efavirenz concentrations of different groups

was assessed by Kolmogorov-Smirnov method before
comparing. Levene's test was applied to determine
variance homogeneity. Plasma efavirenz concentrations
of multiple groups were compared with single factor
analysis of variance. The comparison between two
groups was performed with #-test if the data comply
with the normal distribution. If not, difference tests
were done using Mann-Whitney test or Kruskal-Wallis
test. Analyses were done two-sided, and the result was
considered as significance when the p value was below
0.05.

3. Results
3.1. Chromatographic behavior

Figure 1 showed the typical Chromatograms of blank
plasma (C), blank plasma spiked with efavirenz and
diazepam (B), and plasma sample from a patient
following the oral administration of 600 mg efavirenz
tablet above two weeks (A). The retention times of
efavirenz and diazepam were 6.475 min and 4.535 min,
respectively. The peaks of the two components were
well separated, whilst no endogenous compounds peak
was found beside the peaks of efavirenz and diazepam
in blank plasma. The retention times of efavirenz and
diazepam from patient’s plasma sample are the same as
those from standard substances, with good peak shapes
and no interference peaks.

3.2. Drug combination test

In clinical practice, efavirenz is often used simultaneously
with other drugs such as fluconazole, voriconazole,
zidovudine, lamivudine, stavudine, tenofovir, ritonavir,
and rifampin, etc. In order to evaluate the effect of
these drugs on chromatographic peaks of efavirenz and
diazepam, 2 pg/mL standard solutions of above drug
were prepared and 20 pL was injected into the HPLC
system, respectively. The chromatograms showed that
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Figure 1. Chromatograms of efavirenz (retention
time 6.475 min) and diazepam (retention time 4.535
min) from extracted plasma sample from patient (A);
Chromatograms of spiked plasma sample containing
efavirenz and diazepam standard (B); Chromatogram of
extracted blank plasma (C).
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the drugs above had no interference on the peak of
efavirenz and diazepam.

3.3. Linearity

Different concentrations of efavirenz (0.10, 0.50, 1.0, 2.0,
4.0, 8.0, 16 pg/mL) were prepared using blank plasma
and standard substance. 0.1 mL sample plasma of each
concentration was processed according to the sample
preparation method and was quantified. According to
the chromatography, the concentration of efavirenz
(Y) between 0.10 and 16.0 pg/mL had a good linear
correlation with the ratio of peak areas of efavirenz and
diazepam, and a regression equation was established: Y
=2.2873X — 0.1449 (r = 0.9999). The lowest detection
limit was 0.027 pg/mL (S/N = 3), while limit of
quantification was 0.089 pg/mL (S/N = 10).

3.4. Recovery

Varying concentrations of efavirenz quality control
samples (0.3, 3.0, and 10.0 pg/mL) were prepared in
blank human plasma and extracted as described above.
Relative recovery was calculated by comparing the
measured concentration according to regression equation
with added concentration. Absolute recovery of the
efavirenz was determined by comparing the peak arca
ratio after extraction with those of un-extracted solutions
containing same concentrations of efavirenz as in plasma
(Table 1). The relative recovery was 99.3-106.3% with
RSD ranging from 3.2% to 4.5%, and the absolute
recovery was 75.6-80.3% with RSD ranged from 2.8%
to 4.8%.

3.5. Accuracy and precision

In order to evaluate the accuracy and precision of the
method, three different concentrations quality control
samples of efavirenz (0.2, 3.0, 10.0 pg/mL) were
prepared in blank human plasma and extracted as
described above. Intra-day assay accuracy and precision
was determined from the analysis of five replicate

Table 1. Results of recovery test of efavirenz

samples at each of the low, mid and high quality control
standards, whereas, inter-day accuracy and precision
involved the calculation of the mean values of fifteen
samples at each of the low, mid and high quality control
standards over three different days (Table 2). The intra-
day and inter-day precision was 1.9-2.6% and 2.2-7.2%,
respectively.

3.6. Stability
3.6.1. Stability of stock solution

Stock solution of efavirenz (200 pg/mL) was taken out at
day 1, 15, 30, 45, and 60, and then dissolved in methanol-
water (1:1, V/V) at a concentration of 2 pg/mL, while
stock solution of diazepam was dissolved in acetonitrile
at a concentration of 1 pg/mL, 20 pL of each of which
was injected into the HPLC system and determined
under the chromatographic condition described in 2.2.
The RSD of efavirenz and diazepam was 1.3% and 1.4%,
proving the stability of stock solution of efavirenz and
that of diazepam within 60 days.

3.6.2. Stability of plasma samples at ambient temperature

Three different concentrations samples of efavirenz (0.2,
3.0, 10.0 pg/mL) were prepared in blank human plasma
and were laid aside at room temperature. Samples of
each concentration were extracted at 0, 2, 4, 8, 16 h and
quantified by the HPLC system. The RSD of efavirenz
at concentrations of 0.2, 3.0 and 10.0 pg/mL were 6.0%,
3.1% and 2.5%, respectively, proving the stability of
plasma samples at ambient temperature in at least 16 h.

3.6.3. Stability at freezing state

Three different concentrations samples of efavirenz (0.2,
3.0, 10.0 pg/mL) were prepared in blank human plasma
and stored at -20°C. The frozen samples were taken out
at day 0, 3, 6, 15, and 30, and processed. The efavirenz
concentrations of these samples were determined. The
RSD of efavirenz at concentrations of 0.2, 3.0, and

Relative recovery

Absolute recovery

Expected (pg/mL)

Mean+S.D.,n=5 Recovery RSD Mean+S.D.,n=5 Recovery RSD

0.30 0.319+0.014 106.3% 4.5% 0.756 £ 0.021 75.6% 2.8%
3.00 2.978 +£0.095 99.3% 3.2% 0.777 £0.033 77.7% 4.2%
10.00 10.316 £ 0.384 103.2% 3.7% 0.803 +£0.038 80.3% 4.8%

Table 2. Results of intra-day and inter-day accuracy and precision test of efavirenz

Intra-day (n =5)

Inter-day (n = 15)

Expected (pg/mL)

Mean + S.D., pg/mL Accuracy Precision Mean + S.D., ng/mL Accuracy Precision
0.30 0.311 +0.006 3.7% 1.9% 0.318 +0.023 6.0% 7.2%
3.00 3.070 +0.075 2.3% 2.4% 3.009 £ 0.066 0.3% 2.2%
10.00 10.473 £0.267 4.7% 2.6% 10.337 +0.229 3.4% 2.2%
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Table 3. Demographic data and ART regimens, and influence on the efavirenz plasma concentrations

Factors Categories n Percentage (%) Mean £ S.D. (ng/mL) P

Gender Male 364 89.7 2.18 +1.89 0.646
Female 42 10.3 2.46+2.40

Age <60 374 92.1 2.20+£1.96 0.641
>60 32 7.9 2.31+1.89

BMI <25 105 25.7 223+£232 0.529
>25 301 74.1 2.20+1.80

ART regimens Zidovudine + Lamivudine + Efavirenz 224 55.2 2.24+2.05 0.206
Stavudine + Lamivudine + Efavirenz 109 26.8 2.27+2.07
Tenofovir + Lamivudine + Efavirenz 65 16.0 1.95+1.39
Others 8 2.0 2.53+1.16

10.0 pg/mL were 4.3%, 5.2%, and 3.6%, respectively,
proving the stability of plasma samples at -20°C in at
least 30 days.

3.6.4. Stability of freezing and thawing cycles

Three different concentrations samples of efavirenz
(0.2, 3.0, 10.0 ug/mL) were prepared in blank human
plasma and extracted after three times freezing and
thawing cycles. The RSD of efavirenz at concentrations
0f 0.3, 3.0, and 10.0 pg/mL were 7.7%, 4.1%, and 1.3%,
respectively, proving the stability of plasma samples
after exposing to three freeze-thaw cycles.

3.6.5. Stability of re-dissolved supernatants at ambient
temperature

Efavirenz with blank plasma at concentrations of 0.2, 3.0,
and 10.0 pg/mL were dealt with according to the method
described above. The supernatants were assessed for
stability at ambient temperature at hour 0, 3, 6, and 12.
The RSD of efavirenz concentration were 5.2%, 4.3%,
and 2.0%, respectively, which proved the stability of re-
dissolved supernatants in 12 h at ambient temperature.

3.7. Clinical application

Four hundred and six plasma samples of Chinese
AIDS patients were dealt with and determined. The
mean steady state trough concentration of the 406
patients was 2.21 + 1.95 pg/mL, 77.3% of which were
within the therapeutic window (1-4 pg/mL), 15.1%
were below the window, and 7.6% were over it. The
highest concentration was 14.89 pg/mL, 36 folds as the
lowest concentration (0.41 pg/mL). Plasma efavirenz
concentrations had no significant difference among the
groups (p > 0.05) divided by the patients' gender, age,
BMI and therapeutic regimen (Table 3).

4. Discussion

As mentioned above, although there are many methods

for determination of efavirenz in plasma, most of
them have high requirements for equipments and
technologies, hardly repeated in undeveloped countries.
The method established in this paper, by RP-HPLC with
UV detector, has a lower requirement for equipments
compared to reported methods (/7-25). In our method,
diazepam was used as internal standard because of
its cheapness, accessibility, and well-separated with
efavirenz. But patients who take diazepam had to be
excluded so as to avoid the interference on the results.
For sample pretreatment, 100 pL plasma was mixed
with 200 pL acetonitrile (with 1 pg/mL diazepam) to
precipitate protein, and the mixture was centrifuged
and then the supernatant was directly injected into the
HPLC system. In contrast to solid-phase extraction,
liquid-liquid extraction (23,24,26-28,32-35,38,44-
46), this method has advantages of simplicity, rapidity,
economical and low requirement for plasma volume,
suitable for pediatric patients. As shown in Figure 1,
endogenous substances have no interference on the peak
of efavirenz and diazepam, and the column pressure
have no obvious rise after the determination of over 400
plasma samples, which indicated that plasma proteins
could be precipitated completely in this method. The
detection wavelength of 245, 246, 247, 250 nm were
used in different methods (26,28,31,33). In our study,
100 pg/mL solution of efavirenz standard were scanned
by ultraviolet spectrophotometer ranging from 190-500
nm, and a maximum absorption was achieved at 247 nm
with no interference, so 247 nm was chosen as detective
wavelength.

As to mobile phase, complicated mobile phase and
time-wasting gradient elution were reported. In this
paper, we finally took 0.01 mol/L NaH,PO, (containing
0.01 mol/L triethylamine, pH 5.2)-acetonitrile (38:62, V/
V) as mobile phase after repeated attempts with reference
to other reports (26,28,31,32). The addition of diluted
phosphoric acid and triethylamine adjusted the pH of the
mobile phase, improved the peak shapes of the efavirenz
and diazepam. Under the chromatographic conditions
described above, the system run time was 7.5 min and
efavirenz was well-separated from internal standard
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diazepam with good peak shapes. The retention times
of efavirenz and diazepam were 6.475 min and 4.535
min, respectively. Figure 1 showed that blank plasma
samples had no peak near the retention time of efavirenz
and diazepam. No endogenous substances or other co-
administered drugs such as zidovudine, lamivudine,
stavudine, tenofovir, ritonavir, lopinavir, fluconazole,
voriconazole, and rifampicin interfered with the
chromatogram of efavirenz and diazepam. The standard
curve parameters of efavirenz concentrations ranging
from 0.10 to 16.0 pg/mL showed a linear relationship
between peak area and concentrations. The absolute
recoveries of efavirenz at a concentration of 0.3, 3.0, and
10.0 were 75.6%, 77.7%, and 80.3%, while the relative
recovery were 106%, 99.3%, and 103%, respectively.
The intra-day and inter-day RSD for standards at a
concentration of 0.3, 3.0, and 10.0 pg/mL ranged from 1.9
to 2.6% and 2.2 to 7.2%. The lowest detection limit and
limit of quantification estimated mathematically from the
standard curve equation were 27 ng/mL and 89 ng/mL,
respectively. Via the tests on the repetitiveness, accuracy
and the stability, supposed this method was reliable.

The mean efavirenz concentration of 406 Chinese
AIDS patients was 2.21 + 1.95 pg/mL, which was in
accordance with two other published papers related
to Chinese patients (/3,52), but a little lower than
that of Spanish (2.27 pg/mL) (53). Of all the plasma
samples, 77.3% were within the therapeutic window
of 1-4 pg/mL, 15.1% below 1 pg/ mL, and 7.6%
over 4 pg/mL, which showed that a considerable
proportion of Chinese patients might have a higher
risk of treatment failure or ADR. There was no
significant difference of plasma efavirenz concentrations
among the groups divided according to gender, age,
BMI, and ART regimens, which indicated that efavirenz
concentrations would not be influenced by demographic
backgrounds or regimens in Chinese patients. It had
been reported that the main reason leading to wide intra-
and inter-individual variability of plasma efavirenz
concentrations was the polymorphism of CYP2B6 gene.
For example, CYP2B6 516 G>T, a SNP highly related
to the concentration of efavirenz, has a high mutation
frequency. In Chinese, the mutation frequency of the
SNP was at a higher level, 18-35% from different reports
(52,54-56). This may well explain part of the difference
in plasma efavirenz concentrations in Chinese AIDS
patients. Therefore, in virtue of the great difference in
pharmacodynamics and pharmacokinetics of efavirenz
among races and individuals, the close relationship
between therapeutic effects or side effects and its plasma
concentration, and the higher prices of efavirenz, the
dose of efavirenz should be individualized on the basis
of therapeutic drug monitoring for patients with high
frequency of CYP2B6, so as to improve therapeutic
efficacy, to reduce the incidence of ADR, and to cut
public health expenditure.

In conclusion, with its simplicity, fastness, accuracy

and reliability, the method introduced above is suitable
for therapeutic drug monitoring and pharmacokinetic
study of efavirenz, especially in economically challenged
countries. Chinese AIDS patients, with the great inter-
individual difference of plasma efavirenz concentrations,
need therapeutic drug monitoring when taking efavirenz.
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A case of advanced lung cancer with malignant pericardial effusion
treated by intrapericardial Cinobufacini injection instillation
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Summary

Malignant pericardial effusion is one of the severe complications in advanced lung
cancer patients, seriously affecting the patient's cardiopulmonary function and even life.
Pericardial drainage and instillation of anti-neoplastic drugs in the pericardial cavity seems
to offer the best chance of controlling pericardial effusion. We reported a case concerning
treatment of a 63-year-old man in advanced lung cancer with a large amount of pericardial
effusion. We utilized pericardium puncture and drainage combined with instillation of
Cinobufacini injection in the pericardial cavity to treat pericardial effusion. After treatment
with Cinobufacini injection for two weeks, the patient was followed up in one month
to assess effectiveness, quality of life, and safety. We found that the cardiac tamponade
symptoms such as difficult breathing, chest distress, and palpitations were significantly
relieved. The patient's quality of life was effectively improved with KPS scores increased.
We also found that the levels of tumor marker CA-125 in the pericardial effusion decreased
(from 340.80 U/mL to 34.85 U/mL) and pericardium B ultrasound showed that the quantity
of pericardial effusion reduced significantly (from 2.5 cm to 0.6 cm). Furthermore,
there were little gastrointestinal adverse reactions and myelosuppression in the patient
after instillation of the Cinobufacini injection. Taken together, this provides a new way
for treating cancerous pericardial effusion, especially for patients who cannot tolerate
instillation of chemotherapy drugs, and is worthwhile to carry out more standardized
studies in the future.

Keywords: Cinobufacini injection, malignant pericardial effusion, advanced lung cancer,
intrapericardial instillation

1. Introduction

obstruction, and superior vena cava syndrome, which
threatens life and necessitates urgent palliation (2). As

Lung cancer is the leading cause of cancer-related
mortality in men and women throughout the world
and contributes approximately 1.37 million deaths
per year worldwide (/). A series of complications
occurs in advanced lung cancer, including malignant
pleural effusion, pericardial effusion, central airway
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one of the most common complications of advanced
lung cancer, malignant pericardial effusion often
leads to chronic cardiac tamponade and obstinate
cardiac insufficiency, seriously affecting the patients'
cardiopulmonary function and even life (3). Recently,
various approaches have been proposed to prevent
occurrence of pericardial effusion: extended drainage,
pericardial window, sclerosing local therapy, local and/
or systemic chemotherapy, and radiation therapy (4).
For advanced lung cancer with pericardial effusion,
pericardial drainage and the use of local anti-neoplastic
therapy seems to offer the best chance of controlling
effusion. Local instillation of anti-neoplastic agents
(e.g., cisplatin) is used to cure the metastases rather
than simply prevent effusion by drainage with short-
term effective rates at 76-100% (5,6). Although local
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instillation of chemotherapy is extremely effective,
there are different levels of digestive tract, liver and
kidney damage and blood toxicity reactions and
other adverse reactions (6). Thus, it is urgent to look
for novel anti-neoplastic agents to treat pericardial
effusion. Recently, traditional Chinese medicines have
attracted attention as candidates for treating malignant
pericardial effusion opening a new research direction.

Cinobufacini injection or Huachansu injection,
an aqueous extract from the skin and parotid venom
glands of the toad (Bufo bufo gargarizans Cantor) that
contains Chansu, is a Chinese medicine preparation
widely used in clinical cancer therapy in China (7).
Cinobufacini injection used alone or in combination
with other chemotherapeutic agents (e.g., gemcitabine
and oxaliplatin) have significant anticancer activity
against many human cancers, such as non-small-cell
lung cancer. It can improve the patients' quality of
life and even effectively reduce tumor shrinkage with
little toxicity (8). However, there are few reports about
treating malignant pericardial effusion by instillation
of Cinobufacini injection. In our department,
pericardium puncture and pericardial cavity instillation
of Cinobufacini injection using indwelling catheter
drainage were performed for treating one advanced
lung cancer patient with malignant pericardial effusion.
The effect was satisfactory with good safety. Now the
case report is presented as follows.

2. Case report

The patient was a 63-year-old man. Three years ago,
he underwent a right lower pulmonary lobectomy
because of lung space-occupying lesions according to
CT examination results. The post-operative course was
uneventful and pathology showed squamous carcinoma.
After the operation, the patient received radiotherapy
30 times and six cycles of chemotherapy with regimens
of gemcitabine with cisplatin, and the process of
radiotherapy and chemotherapy went smoothly. Two
years ago, the patient went to Cancer Institute &
Hospital, Chinese Academy of Medical Sciences re-
checking with chest CT examination and the results
showed right side pleural effusion with a new and small
amount of pericardial effusion. Since the symptoms
including dyspnea, cough, and being flustered was
not evident at that time, the patient didn't accept any
systematic therapy for pericardial effusion. A month
later, the patient felt that symptoms such as dyspnea,
cough, and being flustered became more serious than
before, so he came to our hospital for a re-check. We
found that the patient had no history of heart failure
but was associated with different levels of cardiac
tamponade symptoms and signs such as difficulty
in breathing, being flustered, coughing repeatedly,
orthopnea, distension of the jugular vein, heart
enlargement, etc. Chest CT examination showed right

side pleural effusion with a large amount of pericardial
effusion and the heart B-ultrasound showed that the
effusion had a length-diameter more than 2.0 cm (Note:
the effusion quantity detected by echocardiography is
commonly classified based on the method proposed by
Dr. Weitzman (9), a small amount of effusion is defined
as the maximum diastole dark space in the pericardial
cavity < 1.0 cm while 1.0-1.9 cm for the medium
amount of effusion, > 2.0 cm for a large amount of
effusion). Furthermore, the level of CA-125 (340.80
U/mL) was extremely increased in the pericardial
effusion. At the same time, no acid fast bacilli or toxic
symptoms of TB were detected in pericardial effusion.
Taken together, according to the patient's symptoms
and signs and auxiliary examinations such as chest CT
or pericardium B ultrasound, the diagnosis was clear:
the patient showed phase IV advanced lung cancer with
a large amount of pericardial effusion.

After being diagnosed, the patient was hospitalized
in our department many times to improve pericardial
effusion. First, the pericardium puncture was guided
by ultrasonic probe positioning and a central venous
catheter was indwelled for drainage. Briefly, after the
puncture point was located by B ultrasound, the needle
was inserted into the patient until the effusion was taken
out and a guide wire was implanted slowly from the
end of the needle puncture, and then the central venous
catheter was entered into the pericardial cavity within 10
to 15 cm along with the guide wire, and finally the guide
wire was pulled out and the central venous catheter was
fixed for continuous drainage. Second, after drainage,
the pericardium B ultrasound was performed to confirm
if the pericardial effusion had completely drained out (the
residual effusion in the pericardial cavity < 0.2 cm), and
then 40 mL of Cinobufacini injection was injected into
the pericardial cavity. Finally, the catheter was closed
and fastened, and the patient was advised repeatedly to
change positions in order to ensure a maximum contact
area between the drug and the inner pericardial cavity.
Treatment took place twice per week with a course
every two weeks. After treatment with a Cinobufacini
injection course and one month later, the patient was
followed up to assess effectiveness, quality of life, and
safety. Furthermore, routine physical examinations,
lab tests including blood routines, tumor markers in
the pericardial effusion such as CA-125 and CEA, and
morphologic imaging tests were performed during each
follow-up. The response to Cinobufacini injection in
treatment of malignant serous membrane cavity effusion
was assessed using the WHO criteria (1979) as follows:
(i) Complete response (CR): It was defined as effusion
disappears entirely maintaining for at least 4 weeks
according to clinical examination, chest radiography,
CT or echocardiogram; (ii) Partial response (PR): It
was defined as effusion reduced by more than 50%
maintaining for at least 4 weeks; (iii) No remission (NR):
It was defined as effusion beyond control or the effusion
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Table 1. The results of intrapericardial instillation of Cinobufacini injection for malignant pericardial effusion

Items Before Cinobufacini injection instillation

After Cinobufacini injection instillation one month later

Symptoms

KPS scores 50 points

Blood routine
g/L (L)

Tumor markers
NSE: 1.65 ng/mL (N)

Pericardium B ultrasound ~ Quantity of pericardial effusion: 2.5 cm

Difficult breathing, chest distress, and palpitations

WBC: 7.36*10°/L (N); RBC: 1.63*T/L (L); HGB: 55

CA-125: 340.80 U/mL (H); CEA: 2.07 ng/mL (N);

Difficult breathing relieved, no chest distress and
palpitations

80 points

WBC: 6.51*10°/L (N); RBC: 2.33*T/L (L); HGB: 85 g/
L@)

CA-125: 34.85 U/mL (N); CEA: 2.25 ng/mL (N); NSE:
8.35 ng/mL (N)

Quantity of pericardial effusion: 0.6 cm

Note: N means normal, L means low, and H means high.

quantity reduced less than 50% (/0). The effective
rate was worked out by CR + PR. Quality of life was
assessed using Karnofsky performance scale (KPS)
scores with a score from 0 to 100, where 0 is dead
and 100 is completely normal (/7). The safety profile
was assessed by recording: adverse events, physical
examinations, and lab and imaging tests.

The process of pericardium puncture was successful
and the patient did not experience any adverse effects
including complications of drainage insertion, or
infection with indwelling pericardial catheters after
puncture. Furthermore, the patient was steady without
any discomfort in the process of continuous drainage.
After Cinobufacini injection instillation, adverse
reactions such as pain, gastrointestinal reactions, shock,
infection, hemorrhage, arrhythmia and pulse pause,
acute pulmonary edema and heart failure did not occur.

After treatment with Cinobufacini injection for two
weeks, the patient was followed up one month to assess
effectiveness, quality of life, and safety. The treatment
outcomes of the patient are summarized in Table 1.
The cardiac tamponade symptoms were significantly
relieved and symptoms such as difficult breathing, chest
distress, and palpitations were eased with KPS scores
increased to 80 points. Blood routine examinations
showed that there was no myelosuppression with
hemoglobin (HGB) increased from 55 g/L to 85 g/
L. The levels of tumor marker CA-125 in pericardial
effusion decreased from 340.80 U/mL to 34.85 U/
mL and the levels of tumor marker CEA were normal.
Pericardium B ultrasound showed that the quantity
of pericardial effusion was significantly reduced. The
maximum diastole dark space in the pericardial cavity
decreased from 2.5 cm to 0.6 cm (Figure 1). That is
to say, that pericardial effusion was reduced by more
than 50% maintaining more than 4 weeks. The clinical
response to treatment was PR.

3. Discussion

Malignant pericardial effusion is one of the severe

complications in advanced lung cancer patients. It
often affects circulatory and respiratory functions
rapidly causing difficulty in breathing, flustering,
shortness of breath, chest distress, cough, inability to
be supine, heart failure and even death. It seriously
affects the patient's survival and quality of life (3).
Thus, the immediate control of pericardial effusions
is mandatory for both survival and an improvement
in the performance status and the quality of life of
patients. Pericardium puncture and drainage could
effectively relieve the above symptoms, however, if
only simple pericardial drainage is performed, effusion
recurrences can be observed in up to 40% of cases
(12). Instillation of cytotoxic chemotherapy drugs
in the pericardial cavity is most commonly used,
which can kill tumor cells directly and eliminate the
effusion. However, because of the limited efficacy of
existing chemotherapy drugs, obvious toxicity, and
casily relapsed malignant pericardial effusion, patient's
quality of life, treatment and prognosis are significantly
affected (/3). Therefore, it is a big issue or challenge to
control the malignant pericardial effusion clinically and
an urgent need is to actively seek new efficient low-
toxicity drugs.

In recent years, many traditional Chinese medicines
have been shown to have potent anti-cancer effects
and have attracted considerable interest as potential
candidates for the development of novel cancer
therapeutics. Chansu is a traditional Chinese medicine
obtained from the post-auricular and skin glands of
Bufo bufo gargarizans Cantor, which has been used to
treat conditions like swelling, pain, and heart failure
for thousands of years in China and has recently
been used for treatment of cancer because of its anti-
cancer effects (/4). Cinobufacini, a traditional Chinese
medicine containing the water-soluble components of
Chansu, exhibits a variety of biological activities, such
as anesthetic, anodyne, antimicrobial, cardioactive, and
antineoplastic properties (/5). Currently, Cinobufacini
has been developed into a variety of dosage forms
such as tablets, oral solutions, and injections which
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Figure 1. Quantitative assessment of pericardial effusion size in the patient was detected by pericardium B ultrasound,
which was usually defined as the maximum diastole dark space in the pericardial cavity. (A) The quantity of pericardial
effusion before pericardium puncture (2.5 cm); (B) The quantity of pericardial effusion after drainage (0 cm); (C) The quantity of
pericardial effusion after instillation of Cinobufacini injections two weeks later (0.8 cm); (D) The quantity of pericardial effusion
after instillation of Cinobufacini injections one month later (0.6 cm).

are approved by the Chinese State Food and Drug
Administration (SFDA) and widely used to treat
patients with lung, liver, colon, and pancreatic cancers
at oncology clinics in China (7,8). It could effectively
inhibit cell proliferation, induction of cell differentiation
and apoptosis, disruption of the cell cycle, inhibition of
cancer angiogenesis, reversal of multi-drug resistance,
and regulation of the immune response in cancer
cells (/4). It also could effectively enhance physical
immunity and improve the quality of life with little
toxicity in cancer patients.

Recently, Cinobufacini injection has been reported
to be effective for treating malignant pleural effusions
and ascites. Zhang et al. found that symptoms such as
cough, chest pain, difficult breathing, and chest distress
were significantly relieved and the cancer patients'
quality of life was improved after intrapleural instillation
of Cinobufacini injection with little gastrointestinal
adverse reactions, myelosuppression and nephrotoxicity
(16). Furthermore, Cinobufacini injection in
combination with Cisplatin treating malignant pleural
effusions by intrapleural instillation exhibited great
synergistic action while improving efficiency and
reducing the toxicity of Cisplatin (/7). Ran reported
that Cinobufacini injection in combination with BCG-
polysaccharide nuceic acid treating malignant pleural
effusions and ascites was effective for improving

KPS scores with little adverse reaction (/8). Taken
together, instillation of Cinobufacini injection might
be an effective therapy for malignant pleural effusions
and ascites, especially for the patients who could not
tolerate instillation of chemotherapy drugs. However,
there are few reports on instillation of Cinobufacini
injection treating malignant pericardial effusion. In the
current study, we utilized pericardium puncture and
drainage combined with instillation of Cinobufacini
injection in the pericardial cavity to treat one advanced
lung cancer patient with malignant pericardial effusion.
The effect was satisfactory with good safety. We
found that the cardiac tamponade symptoms such as
difficult breathing, chest distress, and palpitations were
significantly relieved after treatment with Cinobufacini
injection. The patient's quality of life was effectively
improved with KPS scores increased. We also found
that the levels of tumor marker CA-125 in pericardial
effusion decreased and pericardium B ultrasound
showed that the quantity of pericardial effusion was
significantly reduced. Furthermore, there were little
gastrointestinal adverse reactions and myelosuppression
in the patient after instillation of Cinobufacini injection
in the pericardial cavity.

To sum up, the current case report indicates that
Cinobufacini injection instillation therapy is likely to
become a new option for advanced lung cancer patients
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with malignant pericardial effusion. It is easy to perform
with little adverse reactions. It can relieve the patient's
suffering and improve quality of life. It provides a new
way for treatment of cancerous pericardial effusion,
especially for patients who cannot tolerate instillation
of chemotherapy drugs, and it is worthwhile to carry
out clinical observations using a larger group of patients
and further standardized studies in the future.
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Summary

At the end of 2013, a Japanese newspaper reported that 4,173 children were unidentified or
missing in Japan. The article concluded that child abuse was a matter of national concern.
In examining the strengths and weaknesses of Japan's welfare system in regard to child
abuse, it would seem that a weakness exists with regard to its ambiguity on the roles of
different officers who contact suspected cases. Although three types of officer (health,
welfare, and police officers) can take charge, child abuse cases might be missed because
the division of labor varies between the different types of officer. However, a strength exists
in the periodical pediatric health check system that is in place in each of Japan’s 1,742
municipalities. To efficiently implement early intervention for child abuse, it is necessary
to rearrange the division of labor among the three types of officers to clarify who should
intervene in suspected cases.

Keywords: Child abuse, Japan, pediatric health checks

Child abuse is a national concern in Japan. The number
of child abuse notification cases is increasing (/). The
Japanese police report that 32 children were killed
by abuse in 2012. Of the 59,919 cases that resulted
in notification in 2011, physical abuse accounted for
36.6%, followed by neglect (31.5%), psychological
abuse (29.5%), and sexual abuse (2.4%) (2). Worldwide,
the estimated number of homicide deaths in children
under 15 amounts is approximately 34,000 (3). Gilbert
et al. report that about 4-16% of children experience
physical abuse and that one in ten is neglected or
psychologically abused. As for sexual abuse, between
5% and 10% of girls and up to 5% of boys are exposed
to penetrative sexual abuse during childhood (4).

The difficulty in early detection of child abuse
is that it usually occurs behind closed doors in a
home environment, and that the main players in the
abuse, usually parents, may be unaware that they are
committing abuse. In Japan, this is further complicated
by the fact that people nearby who suspect child abuse
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Teikyo University, 2-11-1 Kaga, Itabashi-ku, Tokyo 173-
8605, Japan.

E-mail: kenzo.takahashi.chgh@med.teikyo-u.ac.jp

may be reluctant to notify authorities because it tends
to be viewed as a family affair. Thus, the true situation
of child abuse is likely to be hidden. Those who engage
in the management of child abuse view it as a difficult
challenge (9).

On December 31, 2013, The Yomiuri Shimbun
(a Japanese newspaper) reported that 4,173 infants
were unidentified or missing in Japan, and concluded
that child abuse was a matter of concern (6). The
article reported that the newspaper had conducted a
questionnaire survey targeting all of Japan’s 1,742
municipalities in November 2013. Each municipality
notes instances of non-attendance at periodical pediatric
health checks; 334 municipalities showed the probable
existence of missing infants. Some municipality
officers were reported to have conducted home visits
to check if the children were brought up in a safe
environment. Others reported that they only performed
a phone or mail survey and simply asked whether the
infants in question were being nurtured properly. The
article concluded that Japan has no surveillance system
for identifying missing children with regard to cases of
possible child abuse.

From the above-mentioned article, we see the
strengths and weaknesses of Japan's welfare system for
children and gain a clue as to how the early prevention
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of child abuse might be achieved. With regard to early
detection, the weakness of Japan's system is in the
ambiguity of the roles of the different types of officer
who make contact with suspected child abuse cases.
Throughout Japan, three types of officer (police,
welfare, and health officers) can, in principle, take
charge in cases of child abuse.

While health officers take charge in the health
service (including through consultation of parents
suspected of abuse), welfare officers are generally
in charge of managing child abuse cases. Welfare
officers collect information on notifications of abuse
from neighbors of the families in which child abuse is
suspected and hospital staff, including medical doctors.
Aside from these points of contact, police officers
receive notification in cases where law enforcement
might be necessary.

The roles for identifying child abuse seem to be
deliberate because there is an overlap in the roles of the
three types of officer. However, child abuse cases might
be missed due to the lack of clear definition. In fact,
while the number of notifications has increased year
by year, there has not been a corresponding decrease
in the number of confirmed child abuse cases. In the
Netherlands, pediatricians are trying to detect child
abuse among children who present to the emergency
department (7). Learning from these practices, Japanese
pediatricians are also trying to identify abuse cases
at the emergency department and several manuals
have been published and circulated (5). However,
the efficacy of this type of medical approach has a
limitation in that its basic focus is on the detection of
physical abuse. We believe that a population-focused
approach would be more effective in the early detection
of child abuse.

A possible avenue for a population-focused
approach to child abuse prevention in Japan exists in
the periodical pediatric health check system, which is in
place in every municipality of Japan. Health checks are
provided, free of charge, for children aged 3-4 months,
1.5 years and 3 years (8,9). All of the target children
are registered and health officers at their corresponding
municipalities have contact with parents. Thus, it would

seem to be relatively easy to monitor attendance of
pediatric health checks.

Properly utilized, pediatric health checks could
provide an innovative and functional avenue for
facilitating the early prevention of child abuse. For
that purpose, it is necessary to redefine the mandate of
the pediatric health check system and to rearrange the
division of labor among health officers, welfare officers
and police, in order to clarify who should intervene in
cases where child abuse is suspected.
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