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Tes, a potential Mena-related cancer therapy target

Xun Li

News

ancer remains one of the world's most prominent 
causes of human morbidity and mortality, 

particularly in developing countries. According to 
2005 statistics from the WHO, approximately 7.6 
million people died of cancer out of 58 million deaths 
worldwide, with 9 million people estimated to die from 
cancer in 2015 and 11.4 million to die in 2030 (http://
www.who.int/mediacentre/factsheets/fs297/en/index.
html).
 The principal and internationally recognized 
methods of cancer treatment are surgery, radiotherapy, 
chemotherapy, or multimodality therapy. With the 
recent development of cancer biology, more and more 
tumor-related targets have been identified, ushering in a 
new era for target therapy.
 Every possible step that causes cellular cancer, 
such as signal transduction pathways, oncogenes 
and anti-oncogenes, cytokines and receptors, anti-
angiogenesis, suicide genes, and telomerase (Shay 
JW,  Keith WN. Br J Cancer 2008), that is biologically 
relevant, reproducibly measurable, and definably 
correlated with clinical benefit represents a target for 
target therapies like targeting gene-virotherapy and 
monoclonal antibody-directed therapy. These therapies 
can specifically inhibit the growth of tumor cells at the 
molecular level and even kill them.
 Generally speaking, cancer-related targets should 
be crucial to the tumor's malignant phenotype, easily 
measurable in readily obtained clinical samples, 
and yield a significant clinical response. Since 
tumorigenesis is a very complex process involving the 
interaction of multiple factors and pathways, target 
treatment offers hopes to maximize efficacy while 
minimizing toxicity and specificity. More importantly, 
treatment should have little or no toxicity on normal 

cells, thus representing the most promising aspect of 
cancer research (Friday BB, Adjei AA. Clin Cancer Res 
2008; 14:342-346).
 A recent cancer study has provided exciting 
information. According to Xinhua News from London, 
Michael Way and fellow researchers from Cancer 
Research UK, have found a specific tumor-related 
protein, “Tes,” that can prevent the diffusion of 
cancer cells through a Mena-dependent mechanism 
(http://news.xinhuanet.com/newscenter/2007-12/29/
content_7337328.htm, available as of December 28, 
2007).
 Research has found that a large amount of “Mena” 
protein is expressed in tumor tissues, helping cancer 
cells to diffuse throughout the body. Nevertheless, 
the protein “Tes” adheres to Mena, preventing it from 
reacting with another specific substance and rendering 
it ineffective, thus stopping Mena from helping cancer 
cells to diffuse somewhere else. However, there are 
large amounts of Mena in a tumor, so Tes is usually 
unable to stop the diffusion of cancer cells.
 In light of other research, Way explained that new 
study results will open the door to new directions 
in cancer therapy research. Way also noted that if 
drugs containing large amounts of the protein Tes are 
developed in the future, they could stop Mena's action 
in the body, and thus prevent the massive diffusion of 
cancer cells.
 Results of the study by Way and colleagues 
have been published in a recent issue of the journal 
Molecular Cell (Boëda B, Briggs DC, Higgins T, et al. 
Mol Cell 2007; 28:1071-1082).

(Xun Li, Shandong University, Ji'nan, China)

C
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Dynamic of modernizing traditional Chinese medicine and the 
standards system for its development

Ruoyan Gai1, 2, Huanli Xu2, 3, Xianjun Qu2, Fengshan Wang2, Hongxiang Lou2, 
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ABSTRACT: This article reviewed the process 
of Traditional Chinese Medicine's modernization 
on a global scale. This process is motivated by the 
potential need for traditional medicine as a result of 
health transitions and increasing drug R&D based 
on know-how from TCM. The established standards 
system for modern medicine serves as a basic model 
yet has limitations in terms of comprehensively 
evaluating TCM. Spurred by policy committments, 
research to provide supplements suited to TCM's 
features and principles is underway. Advanced 
and interdisciplinary technology and methodology 
is expected to play an essential role in TCM 
development.

Keywords: Traditional Chinese Medicine, Standards 
system, Drug development

Traditional Chinese medicine (TCM) has assembled 
both empirical and theoretical know-how over its long 
history in China. An essential component of the health 
care system, TCM accounts for around 40% of all 
health care provided in China. Modernizing TCM has 
been a long-term national effort since 1997, when TCM 
modernization was an essential goal of the Resolution 
of Health Sector Reform and Development issued by 
the State Council (1).
 This effort by the Chinese government is prompted 
by two recent trends in global society. One is the 

potential need for traditional medicine accompanying 
health transitions. Epidemiological and demographic 
changes have created an opportunity to integrate 
traditional medicine into the health system (2). 
Recent studies have indicated a dramatic shift in the 
distribution of global mortality and the disease burden 
from infectious, maternal, perinatal, and nutritional 
causes to chronic, lifestyle-related, and debilitating 
diseases causes (3,4). Meanwhile, social and economic 
development results in most developing countries 
still shouldering “double burdens,” namely, both non-
infectious diseases and emerging and re-emerging 
infectious diseases such as HIV/AIDS and malaria. 
Moreover, the manner of medical practice has changed 
from disease treatment alone to integrated approaches 
including prevention, health care, treatment, and 
rehabilitation (5). The World Health Organization 
(WHO) emphasizes that traditional medicine can play 
an important role in achieving the goal of “Health for 
All” and is dedicated to facilitating the integration of 
traditional medicine with Western medicine worldwide 
(6). Thus, traditional medicine such as TCM has 
received greater attention worldwide as an alternative 
to established modern medicine and its legitimization 
has joined policymakers' agenda in order to solve 
complicated issues resulting from health transitions.
 Another is increasing drug development from 
herbal remedies. Due to relatively high costs and 
long periods for development of new chemical drugs, 
enterprises have recently focused on herbal remedies to 
identify active ingredients and to isolate one or several 
bioactive compounds for drug development. An epoch-
making successful case dates back to the 1970s, when 
Chinese scientists isolated artemisinin from Qinghao 
(Artemisia annua). On a global scale, many bioactive 
compounds, such as atropine, reserpinum, digoxin, 
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ergometrine, levodopa, ephedrinum, and camptothecin, 
are isolated from herbal remedies. The abundant know-
how assembled over the long history of TCM provides 
a clue to discovery: there are 12,807 kinds of crude 
remedies and numerous prescriptions described in 
the voluminous literature on TCM (7). Policymakers 
believe TCM's rich know-how and biodiversity would 
benefit its development in China.
 Thus, TCM modernization has been regarded as a 
crucial strategy for Chinese pharmaceutical industry 
development, helping to fuel China's economic 
growth. Paralleling Western practices, the Chinese 
government has over the past ten years formulated 
and implemented a series of standards to regulate the 
pharmaceutical industry, such as Regulations for New 
Drug Approval, Good Laboratory Practice (GLP), 
Good Clinical Practice (GCP), Good Manufacture 
Practice (GMP) (8), Good Supply Practice (GSP), 
and Good Agricultural Practice for crude herbal and 
animal remedies (GAP) (Table 1). Currently, TCM 
development is also following the standards system. 
Moreover, large Chinese pharmaceutical companies 
with innovative natural drugs, such as Zhejiang 
Kanglaite Pharmaceutical Co., Ltd. (Zhejiang, China), 
have opted to submit to regulatory systems in Western 
countries and have had some success (9,10).
 On the other hand, there are limitations to the 
established Western standards system for TCM 
development (10).  In most cases of TCM, the 
prescription is usually complex involves a mixture 
of various bioactive compounds that have diverse 
mechanisms of action and synergistic/combinational 
effects. Moreover, the diagnostic principles of TCM 
emphasize the overall condition of the individual 
pat ient  and a  hol is t ic  approach rather  than a 
particular disease process and allopathic approaches. 
Additionally, the active ingredients of TCM are 
affected by environmental conditions and are too 
unstable to be precisely measured. All of these factors 
have contributed to the controversy on whether TCM 
remedies can be approved as “drugs.” In fact, some 
professionals in China are skeptical and critical of 
TCM; they are concerned that it has been based 
on inaccurate and mysterious interpretations and 
experientialism rather than scientific evidence such 
as definite pharmacokinetic analysis, toxicity testing, 
and double-blinded clinical trials (11). Therefore, 
Chinese policymakers now emphasize a comprehensive 
approach to develop methodologies to test traditional 
features and principles of TCM in addition to earlier 
attempts to screen and isolate active ingredients from 
herbal remedies (12).
 In 2007, a new plan was issued to expedite 
innovation in TCM with a comprehensive approach 
(13). It aims to establish scientific standards specially 
tailored to TCM, in terms of interpretation of the 
following technicalities of TCM in multiple languages: 

TCM clinical practice guidelines, evaluation of the 
efficacy and safety of TCM, management and quality 
control in plantation, conservation, preparation and 
manufacture, and drug approval. Through the new 
plan, the government set a course towards TCM 
modernization (13). With this policy commitment, huge 
investment has flowed into related research programs 
such as the Herbalome Project (11), which is expected 
to provide the scientific evidence for establishment of a 
standards system for TCM.
 Advanced  exper imenta l  t echnolog ies  and 
me thodo log ie s  i n  mo lecu la r  b io t echno logy, 
pharmacokinetics, and bioinformatics, such as 
chromatography, fingerprint analysis, genomics, 
proteomics, metabonomics, and computer pattern 
interpretation, have been used to trace herbal 
remedies and to identify active ingredients (14). This 
progress favors a recent attempt to treat bio-active 
compounds in several herbal remedies as one target for 
pharmacological tests and consequently identify various 
compounds and interactions, opening the door for TCM 
development (15).
 In conclusion, TCM modernization represents 
increasing medical pluralism with health transitions 
and economic incentives for potential expansion of 
the global pharmaceutical market. There is an urgent 
need for systematic scientific standards to objectively 
evaluate the safety and efficacy of TCM and to strictly 
control its quality, which are key aspects of international 
criteria for drug approval and should be central to the 
ongoing standards system for TCM. The established 
standards system for modern medicine can clearly 
serve as a basic model, but further research is definitely 
needed to provide supplements suited to TCM's 
features and principles. This long-term challenge is 
now in its initial stages. Advanced and interdisciplinary 
technology and methodology is expected to play an 
essential role in TCM development.
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Table 1. China's current standards for the pharmaceutical 
industry paralleling international practices
Years implemented         A series of standards

   1999   Regulations for New Drug Approval
   1999   Good Clinical Practice
   1999   Good Laboratory Practice
   2000   Good Supply Practice
   2001   Good Manufacture Practice
   2002   Good Agriculture Practice
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Three decades of GMP implementation in Thailand: Hardships 
and success
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ABSTRACT: Thailand has implemented GMP for 
almost three decades. GMP Guidelines from the 
World Health Organization (WHO) were adopted 
starting in 1978. A few years later, those guidelines 
were revised twice in 1992 according to ASEAN's 
version and the WHO's version of GMP, respectively. 
In 2003, GMP was enforced by law after 25 years 
of voluntary compliance. In 2007, 153 out of 163 
of modern pharmaceutical manufacturers have 
complied with GMP (93.87%). The rest are closing 
buildings and facilities for renovation in order to 
meet GMP requirements.

Keywords: GMP, FDA, Thailand

Pharmaceutical industries in Thailand have existed 
for more than 40 years. In the beginning, there were 
only two types of pharmaceutical industries. The first 
was midstream industry producing raw materials for 
both active ingredients and inert substances such as 
paracetamol, aluminium hydroxide compressed gel, 
magnesium hydroxide compressed gel, sorbitol, sodium 
chloride, and dextrose monohydrate. The second 
was downstream industry producing pharmaceutical 
products in formulations.  Thailand never had 
upstream industry requiring massive investment for 
new drug development. Before the GMP system 
was implemented, the country was facing numerous 
problems including unexpected contamination of 
products, insufficient or excess active ingredient, and 
incorrect labels on containers. The Thai FDA took a 
caution approach to this crisis. The sole solution put 
forth at that time was the GMP system (1). Therefore, 
GMP Guidelines from World Health Organization 
(WHO) were adopted as the first Guidelines for 
Thailand's GMP in 1978 to ensure that products are 

consistently produced and controlled according to 
quality standards (2).
 Since GMP compliance was voluntary and 
not compulsory in the beginning,  compliance 
by pharmaceutical manufacturers was lacking, 
especially among local companies, though not among 
multinational companies. This was because of large 
investments to improve the standard of manufacturing 
and quality control. The big question was “Is it really 
worth spending our money to do this?” In response 
to this very challenging question, the Thai FDA then 
arranged many more training programs and provided 
more information and documents about GMP for both 
officials responsible for GMP implementation and 
pharmaceutical companies. Furthermore, the Thai FDA 
also worked closely with those manufacturers by setting 
up the Quality Improvement Team (QIT) to work as 
a board of consultants for companies in all matters 
relating to GMP. In 1987, Thailand, as a member 
of ASEAN, revised the aforementioned guidelines 
according to ASEAN's GMP, and these new guidelines 
became the second version of GMP Guidelines for 
Thailand. Later, in 1993, these GMP guidelines were 
revised again in order to comply with the WHO's 1992 
version of GMP, and these become the current GMP 
guidelines for Thailand. At this stage, GMP compliance 
was still voluntary for pharmaceutical manufacturers.
 Within the first 2 decades of GMP implementation, 
only  126 out  of  175 modern  pharmaceut ica l 
manufacturers (72%) complied with GMP. However, 
the Thai FDA consistently worked to further promote 
compliance with GMP among those pharmaceutical 
manufacturers. The average number of pharmaceutical 
companies obtaining GMP certificates gradually 
increased each year (Table 1). Eventually, in the year 
2003 the GMP system was enforced by law after 25 
years of voluntary compliance. The year 2007 marks 
almost three decades of GMP implementation in 
Thailand, and 153 out of 163 modern pharmaceutical 
manufacturers have complied with the GMP (93.87%). 
The rest are closing buildings and facilities for 
renovation in order to meet the GMP requirements (3).
 In addition, Thailand has sought membership in the 
Pharmaceutical Inspection Convention/Pharmaceutical 
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Inspection Cooperation Scheme (PIC/S) since 2006 
and its application is under consideration (4). In the 
meantime, more critical and harder steps are planned. 
The Thai FDA is adopting the current PIC/S GMP 
Guide as a mandatory requirement for manufacturers, 
and this process will be accomplished within the year 
2008. Implementation is expected to be completed 
within one year afterwards.
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Table  1 .  Total  number  of  modern pharmaceut ical 
manufacturers that have obtained a GMP certifi catea

1978                 188      0
1979                 189      0
1980                 189      0
1981                 188      0
1982                 187      0
1983                 188      0
1984                 189      0
1985                 188      0
1986                 187      0
1986                 188      0
1987                 189      0
1988                 188      0
1989                 188    59 (31.38%)
1990                 188    79 (40.03%)
1991                 184    95 (51.63%)
1992                 180  105 (58.33%)
1993                 180  112 (62.22%)
1994                 178  117 (65.73%)
1995                 180  122 (67.77%)
1996                 175  122 (69.71%)
1997                 175  126 (72.00%)
1998                 176  130 (73.86%)
1999                 176  130 (73.86%)
2000                 174  127 (72.99%)
2001                 172  131 (76.16%)
2002                 174  134 (77.01%)
2003                 174  133 (76.43%)
2004                 171  141 (82.46%)
2005                 166  151 (90.96%)
2006                 162  153 (94.44%)
2007                 163  153 (93.87%)

Year
Total number of
modern pharmaceutical
manufacturersb

Total number of
modern pharmaceutical
manufacturers that have
obtained a GMP certifi catec

a Source: Thai FDA Annual Report and  Thai FDA's Website (http://
wwwapp1.fda.moph.go.th/drug/zone_search/fi les/sea001_008.asp)
b Modern pharmaceut ical  manufacturers :  pharmaceut ical 
manufacturers that produce drugs intended for use in the practice of 
modern medicine or treatment of animal diseases.
c The Thai FDA started issuing a GMP certifi cate in 1989.
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Introduction

The transport of proteins through nuclear pore 
complexes (NPCs) is mediated by importins and 
exportins (1). CRM1/exportin1 is the most characterized 
exportin. The formation of exportin-substrate molecule 
complexes is regulated by Ran. The export substrates 
of CRM1 possess a leucine-rich nuclear export signal 
(NES). The NES was identified in Heat shock cognate 
protein 70 (Hsc70), influenza virus NS2, HIV-1 Rev 
(2), protein kinase A inhibitor (3) (Figure 1) and other 
proteins.
 A virus is a unique pathogen which is incapable of 
replicating without a host cell. It utilizes the host cell 

ABSTRACT: Cell nuclear import and export of 
proteins are among the most important processes 
for cellular homeostasis. Viruses, including 
influenza virus and HIV-1 also utilize nuclear 
export machinery for their propagation. Therefore, 
the specific inhibition of nuclear export can be 
a good target for the development of antiviral 
drugs. This report documents the establishment 
of Madin-Darby Canine Kidney (MDCK) cells 
stably expressing GFP-NES fusion protein for 
the sensitive screening of novel nuclear export 
inhibitors. Leptomycin B (LMB), an inhibitor for 
the interaction between substrate nuclear export 
signal (NES) and cellular export factor, CRM1, 
was used for evaluating the screening system. 
The low concentration (30 pg/mL) and short time 
treatment (~10 min) of LMB resulted in the nuclear 
accumulation of GFP fluorescence.

Keywords: Nuclear export, Screening, Antiviral drug

environment and cellular factors for its propagation 
(for a review, see Ref. 4). Nuclear export of proteins 
from the nucleus seems to be an attractive target 
for antiviral therapy because viruses such as human 
immunodeficiency virus (HIV) and influenza virus 
utilize this environment. Development of antiviral drugs 
is one of the most important strategies, however, some 
viruses, especially RNA viruses, easily resist drugs 
designed for virus gene products. It is well recognized 
that influenza virus, which is resistant to amantagine (the 
inhibition of viral M2 protein), are already spreading 
all over the world. The same problems are serious in 
HIV treatment, and a recent protocol, termed HAART 
therapy, a multi drug combination theory, is essential to 
treat patients with HIV. To make such antiviral therapy 
more effective, further development of novel drugs 
which target cellular proteins is essential. Therefore, 
inhibitors which control or inhibit the nuclear export 
system could be good candidates. However, only 
leptomycin A (LMA) and leptomycin B (LMB) are 
available for research use as inhibitors of CRM1-
mediated nuclear export.
 Recently, Hsc70 was identified to be a mediator 
for nuclear export of influenza viral ribonucleoprotein 
complex (RNP). Hsc70 has been found to possess 
NES (5) and involve nuclear export of importin and 
transportin (6). These findings also suggest that the 
inhibition of nuclear export of influenza viral RNP 
by LMB is effective for reducing influenza virus 
production (7). Although LMB is effective in vitro, it 
can also damage the cellular activity.
 Recently a new cell line expressing GFP fused 
HIV-1 protease was established for screening anti-
HIV protease activity (8). This report describes the 
establishment of a stable cell line which expresses 
the GFP - nuclear export signal (NES) fusion protein. 
The established cells (GES5) were sensitive to LMB. 
This cell line can be utilized to develop a new, high-
throughput screening system for nuclear export 
inhibitors without using free virus.

Materials and Methods

Brief Report
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Figure 1. The general mechanism of nuclear export and representative NES-containing proteins. NES-containing 
protein binds to CRM1. Leptomycin B inhibits NES-CRM1 interaction. CRM1 is an Importin-beta family protein 
and binds to Ran-GTP. The complex is exported from the nucleus to cytoplasm through NPC. The dissociation 
of NES containing protein-CRM1-Ran-GTP complex is triggered by conversion of Ran-GTP to Ran-GDP. The 
representative leucine-rich NES are also shown.

Figure 2. LMB sensitivity of GES5 cells. 
GES5 cells were treated with LMB as 
indicated. GFP fluorescence accumulates at 
10 min after addition of 10 ng/mL or 1 ng/mL 
of LMB and is retained in the nucleus up 
to 12 h, whereas very low concentration of 
LMB treatment (100 pg/mL or 30 pg/mL) 
requires 1 h for nuclear accumulation of GFP 
fl uorescence. The nuclear accumulation of GFP 
fl uorescence is shown as (–), (±) and (+).
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Cells, chemicals and plasmids

Madin-Darby canine kidney (MDCK) cells were 
maintained in MEM supplemented with 5% FBS. 
LMB was purchased from LC Laboratories, Inc. 
(Woburn, MA, USA) and dissolved in 70% ethanol 
to a final concentration of 10 μg/mL and stored at 
-20ºC. A plasmid for expressing GFP-NES fusion 
protein (pEGFP-NES) was kindly supplied by Dr. 
Shoko Saitoh (Tsukuba University, Japan) (9). For the 
establishment of cell lines, ~90% confluent MDCK 
cells were transfected in a 24 well plate with 2 μg of 
pEGFP-NES in the presence of 6 μL of lipofectamine 
2000 (Invtrogen). The cells were incubated for 5 h 
with the DNA-lipofectamine 2000 complex, and then 
were washed once with MEM, and replaced with MEM 
containing 5% FBS. Twenty-one hours later, the cells 
were trypsinized and seeded into 90 mm dishes. G418 
sulfate (Nacalai, Kyoto Japan) was added to a final 
concentration of 600 μg/mL. The cell lines expressing 
high intensity fluorescence were selected under 
fluorescence microscopy (Axiovert25, Carl Zeiss).

Nuclear translocation assays using Leptomycin B (LMB)

GES5 cells were grown on coverslips, and LMB was 
added at the final concentrations indicated in Figure 2. 
The accumulation of fluorescence into the nucleus was 
observed under fluorescence microscopy (Axiophot, 
Carl Zeiss).

Results and Discussion

Establishment of a cell line which expresses GFP-NES 
fusion protein

To establish cell lines stably expressing GFP-NES 
fusion protein, MDCK cells were transfected with 
pEGFP-NES and colonies were selected in the presence 
of G418 sulfate. A cell line, designated MDCK-GFP-
NES#5 (GES5) was selected, and tested for LMB 
sensitivity (Figure 2). Fluorescence of GFP was 
diffusely distributed in both the nucleus and cytoplasm 
(data not shown), whereas that of GFP-NES clearly 
distributed in cytoplasm (Figure 2). When LMB was 
added, CRM1-dependent nuclear export was inhibited, 
thus resulting in nuclear accumulation of GFP-NES 
protein. This effect was observed at 10 min after 
addition of LMB.
 This cell line system is sensitive to LMB and it 
is safe, because there is no need to use live HIV-1 or 
influenza virus. The newly established cell line, GES5, 
was easily maintained with conventional medium and 
serum. The addition of nuclear export inhibitors such 
as LMB rapidly results in nuclear accumulation of 
GFP fluorescence. Indeed, when the MDCK cell line 
expressing GFP-Hsc70 and GFP-Hsc54 (5) were tested 

for LMB sensitivity, accumulation of fluorescence 
in nucleus requires 24 h and 6 h, respectively (data 
not shown). Moreover, LMB is generally used at a 
concentration of 5-10 ng/mL as reported previously 
(5,9,10). In this system, nuclear accumulation of GFP 
fluorescence is observed with a 30 pg/mL treatment 
(Figure 2). Therefore, the GES5 cell line is thus 
considered to be useful for a sensitive and high- 
throughput screening system.
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ABSTRACT: Preproglucagon is known to be 
processed into glucagon-like peptide (GLP)-1, GLP-2, 
and glicentin in the L cells of the intestinal tract. 
GLP-2 has been shown to possess intestinotrophic 
activity in rodents. However, the ligand-binding 
mechanisms of GLP-2 receptor (GLP-2R) have not 
been extensively investigated. The present study 
sought to determine the localization of GLP-2R in 
the small intestine by analyzing GLP-2R mRNA 
expression using the reverse transcriptase-polymerase 
chain reaction (RT-PCR) method. GLP-2R mRNA 
expression was detected at all sites in the small 
intestine; its expression levels were particularly high 
in the jejunum. Moreover, GLP-2R mRNA expression 
was detected in both non-mucosal intestinal tissues 
and intestinal mucosa. These findings suggest that in 
addition to the intestinal mucosa, the functional sites 
of GLP-2 may be present in the non-mucosal tissues. 
These results imply that GLP-2 peptide acts as an 
intestinotrophic factor that may affect the intestines 
from outside the mucosa. The intestinotrophic effect 
of GLP-2 from outside the mucosa may be a function 
of the enteric neurons transmitting several growth 
signals to mucosal cells. 

Keywords: GLP-2, GLP-2 receptor, Small intestine, 
Localization, Mucosa

Introduction

Preproglucagon, a precursor of enteroglucagon, is 
known to be processed into glucagon-like peptide 
(GLP)-1, GLP-2, and glicentin in the L cells of in the 
intestinal tract (1). GLP-1 regulates blood glucose via 
the stimulation of glucose-dependent insulin secretion, 
inhibition of gastric emptying, and inhibition of 

secretion of glucagons. Research has shown that GLP-2 
has an intestinotrophic effect in rodents (2). Myojo et 
al. (1) demonstrated that glicentin has a direct trophic 
effect on rat small intestinal mucosa and on the IEC-6 
rat small intestinal cell line, and they suggested that 
this peptide forms the active site of enteroglucagon. 
Moreover, the current authors reported that methionyl-
rat glicentin has a growth-enhancing effect on the 
mucosa during an intestinal adaptive response following 
70% resection of the rat small intestine (3). In the 
residual intestine of rats with 70% of the distal small 
intestine resected, furthermore, the jejunum mucosal 
weight increased as a result of GLP-2 treatment (4) 
and small intestinal injury following methotrexate 
administration (5).
 The distribution of receptors to these peptides 
suggests that GLP-2, like glucagon and GLP-1, acts 
through a distinct and specific novel receptor expressed 
in its principal target tissue-the gastro intestinal tract 
(6). The novel expression sites (e.g., jejunum) for both 
glucagon and GLP-1 receptor gene in the mouse have 
previously been identified (7).
 GLP-2 is known to be an intestine-derived 
peptide with intestinotrophic properties that may be 
therapeutically useful in treating diseases characterized 
by intestinal damage or insufficiency (8). Nian et al. 
provided evidence demonstrating the divergence in the 
mechanisms of tissue-specific regulation of proglucagon 
genes in humans and rodents (9). Moreover, the 
structural changes and the ligand-binding mechanisms 
of GLP-2 receptor (GLP-2R) have previously been 
investigated (10-13). The present study sought to 
determine the localization of GLP-2R in the intestines 
by analyzing the GLP-2R mRNA expression of rat 
intestinal sites (i.e., the duodenum, jejunum, ileum, and 
each mucosal site) by using a reverse transcriptase-
polymerase chain reaction (RT-PCR) method.

Materials and Methods

Preparation of intestinal samples

All experimental procedures were conducted in 
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accordance with Osaka University Medical School 
guidelines for the care and use of laboratory animals.
 The experiments were carried out using male Wistar 
rats (180-200 g) (Clea Japan, Inc., Tokyo, Japan). The 
small intestines of the rats were removed 24 h after 
fasting. Each portion of intestinal tissue was divided 
into the following 3 sites: the duodenum (D), jejunum 
(J), and ileum (I). The mucosal tissue (M) at each site 
was then harvested and collected. Further, each site of 
non-mucosal tissue (NM) was divided into proximal (1), 
middle (2), and distal (3) sites. These 12 sites of the rat 
small intestine were used for the experiment described 
below. On preparation, these samples were immediately 
stored in liquid nitrogen until assay.

Semi-quantitative RT-PCR

Total RNA was isolated from rat intestinal tissues using 
an RNeasy® Mini Kit (Qiagen K.K., Tokyo, Japan) and 
identified by ultraviolet (UV) spectrophotometry. For 
the generation of first strand cDNA templates for RT-
PCR, 3 μg of DNase I-treated total RNA from the rat 
intestines were reverse transcribed at 42°C for 50 min 
using the SuperScriptTM First-Strand Synthesis System 
(Invitrogen Japan K.K., Tokyo, Japan). An aliquot of the 
first-strand reaction solution (volume, 1/20) was used 
as a template for PCR with KOD-plus DNA polymerase 
(Toyobo Co., Ltd., Osaka, Japan). PCR was performed 
over a range of cycles spanning the exponential phase 
of amplification kinetics, and linearity was shown for 
relative cDNA input across 2 orders of magnitude. 
Primer pairs selected for PCR were as follows: rat 
GLP-2R, 5′-GCTGGCCTCATTCTTATCC-3′ and 
5′-AACAAGAAGAGTGTAAGAGCC-3′; and rat 
β-actin (encoded by the ACTB gene), 5′-ATCATGTTT
GAGACCTTCAACAC-3′ and 5′-TCTGCGCAAGTT
AGGTTTTGTC-3′. Samples for GLP-2R analysis were 
denatured at 94°C for 2 min and subjected to 34 cycles 
of PCR (94°C for 15 sec, 56°C for 30 sec, and 68°C 
for 1 min) with an additional extension at 72°C for 8 
min; this resulted in the generation of a 291-base-pair 
(bp) product spanning the entire GLP-2R open reading 
frame. ACTB cDNA amplification was performed at an 
annealing temperature of 60°C for 24 cycles, resulting 
in the generation of an 825-bp product. ACTB cDNA 
amplification was used as an internal control to monitor 
the efficiency of first-strand cDNA synthesis. PCR 
products were separated by gel electrophoresis on a 1% 
agarose gel, stained with ethidium bromide, and imaged 
under UV light. The expression ratios of GLP-2R were 
normalized to that of the housekeeping gene ACTB.

Statistical analysis

Student's t-test was performed in order to calculate 
the statistical significance of differences among the 
means of mRNA expression levels normalized to that 

of ACTB. Data presented in the figures denote mean 
± SD values of the results collected from at least 2 
independent experiments.

Results and Discussion

In order to isolate an equal amount of total RNA from 
each site, the wet weights of the divided tissues were 
determined. The wet weight of jejunum was found to be 
the highest. The values of M and NM were 10.0 mg/cm 
and 63.8 mg/cm, respectively. However, the NM/M wet 
weight ratio of the duodenum and that of the jejunum 
were equal (i.e., 6.4). Among the 3 intestinal sites, 
the NM/M wet weight ratio (7.3) of the ileum was the 
highest (Table 1). These results demonstrated that the 
rat ileum contains a smaller amount of mucosal tissue 
than the jejunum and duodenum. Further, these values 
of NM/M wet weight ratio were used to calculate the 
total expression at each site per length based on GLP-
2R mRNA expression values.
 Fol lowing the measurement  of  wet  weight , 
amplification curves of rat GLP-2R and ACTB mRNA 
expression in RT-PCR were investigated using the total 
RNA from the jejunum in order to establish suitable 
conditions for semiquantitative detection. A linear 
relationship between PCR products and cycle numbers 
was obtained: 32-36 and 24-32 cycles of PCR for GLP-
2R and ACTB, respectively. Accordingly, the conditions 
selected for the semiquantitative detection of GLP-2R 
and ACTB were 34 and 24 cycles of PCR, respectively.
 Having determined the appropriate PCR conditions, 
the expression ratio of GLP-2R mRNA to ACTB 
mRNA at the 3 aforementioned sites was investigated. 
Each NM site of D, J, and I was measured after they 
were divided into proximal (1), middle (2) and distal 
(3) sites. GLP-2R mRNA expression was observed at 
all of the sites. Among these sites, however, GLP-2R 
mRNA expression was the highest in the jejunum NM 
site (Figure 1A). Additionally, among the rat intestinal 
tissues, the expression ratio of GLP-2R mRNA to 
ACTB mRNA was highest at the J-1 site and relatively 
lower at the ileum site (Figure 1B). The J-1 site was 
located in the initial 1-2 cm of the proximal jejunum. At 
the J-2 and J-3 sites, which were near the beginning of 
the ileum, the level of GLP-2R expression was lower. 

       Wet weightIntestinal
     Mucosal     Non-mucosal     NM/M        

NM/M ratio of

     
site

             (M)                (NM)             ratio          
GLP-2R mRNA 

   (mg/cm)        (mg/cm)                            
expression

                                                                                    
(mean ± SD, n = 3)

Duodenum       8.7          55.3               6.4               1.29 ± 0.27
Jejunum     10.0          63.8               6.4               2.06 ± 1.00

Ileum       8.1          59.4               7.3               1.03 ± 0.05

Table 1. The wet weight and GLP-2R mRNA expression ratio 
of mucosal and non-mucosal tissues

NM/M ratio of GLP-2R mRNA expression represents the ratio of the 
GLP-2R mRNA expression normalized to ACTB mRNA.
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providing pharmacotherapy for several small intestinal 
injuries. The present study compared GLP-2R mRNA 
expression levels at different sites in the intestinal tract. 
The GLP-2R mRNA expression levels were highest 
in the jejunum. Further, the mRNA expression level in 
the jejunum, particularly in the proximal jejunum, was 
markedly higher at the non-mucosal site than at the 
mucosal site. These findings suggest that the jejunum 
may be the main site of GLP-2 binding and that, in 
addition to the intestinal mucosa, functional sites of 
GLP-2 may be present in the non-mucosal tissues. 
Additionally, GLP-2 peptide may affect the intestines 
as an intestinotrophic factor from outside the mucosa. 
Bjerknes et al. reported that the nervous system is a key 
component of a feedback loop that regulates epithelial 
growth and repair (17). The current data implicates 
GLP-2 as a potentially crucial neurotransmitter involved 
in the regulation of food intake and body weight. The 
intestinotrophic effect of GLP-2 from outside the 
mucosa may be a function of the enteric neurons, which 
transmit several signals to mucosal cells.
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ABSTRACT: Caspases are well known as mediators 
of programmed cell death, or apoptosis, in which their 
functions are highly conserved throughout evolution. 
In addition to inducing apoptosis, caspases have 
important roles in immune reactions. As part of a 
cell's response to pathogens or alarm (cellular danger) 
signals from damaged cells, caspase-1 is activated by 
forming an inflammatory complex with apoptosis-
associated speck like protein containing a caspase 
recruitment domain (ASC) and nucleotide-binding 
oligomerization domain like receptor (NLR) family 
proteins. The activated caspase-1 then cleaves and 
promotes the maturation of cytokines, such as IL-1β, 
IL-18, and IL-33. Although it has long been unclear 
how hosts recognize diverse stresses, including injury 
and pathogen infection, and react appropriately, 
recent analyses have revealed many details about the 
sensing mechanisms provided by NLRs. Members 
of the NLR family are activated and yield different 
outcomes depending on the stimulus. For example, 
the NLR member cryopyrin/NALP3 induces cytokine 
secretion and lipid synthesis in response to viral 
dsRNA and K+ efflux, while another NLR, IPAF, 
induces IL-1β in response to the virulence protein, 
flagellin. Cryopyrin/NALP3-mediated caspase-1 
activation is involved not only in the immune 
response to pathogens but also in the stress response 
to UV irradiation in human skin. In this review, 
we focus on the stress responses that particularly 
involve inflammatory caspases. Since host reactions 
to stresses have been studied in invertebrates as well 
as in mammals, we also review the caspase-mediated 
immune responses that have been identified in the 
fruit fly Drosophila melanogaster, and suggest that the 
contribution of caspases to general stress responses is 
evolutionally conserved. 

Keywords: Caspase, Inflammasome, Stress response, 
Danger signal, Drosophila

Introduction

Caspases are a family of cysteine proteases that are 
highly conserved in multicellular organisms. They are 
known as the central regulators of apoptosis. A cell 
death-executing caspase was first identified as Ced-3 in 
Caenorhabditis elegans, and since then, the regulatory 
functions of caspases following apoptotic stimulation 
have been studied in detail (1,2). On the other hand, 
recent studies have also indicated various non-apoptotic 
functions of caspases (3). In mammals, the first 
Ced-3 homolog reported was caspase-1 (interleukin-
1β-converting enzyme, ICE), a cysteine protease 
responsible for the processing of prointerleukin 1β 
(proIL-1β) and the secretion of mature IL-1β (4-6). 
Thus, the first-described function of the mammalian 
Ced-3 homolog was in the immune response. Not only 
caspase-1, but also caspase-5 and caspase-11 have been 
reported as inflammatory caspases (7,8).
 Caspase-1 is synthesized as an inactive procaspase-1. 
When activated, the enzyme is cleaved into subunits 
p20 and p10, which form a heterotetramer (8,9). In 
macrophages, caspase-1 activation promotes the 
secretion of IL-1β in response to pathogen associated 
molecular patterns (PAMPS), which include bacterial 
compounds and viral infections, or to endogenous 
molecules released from damaged cells (10). Caspase-1 
also processes IL-18 and IL-33, and thus is responsible 
for both inflammatory and innate immune responses 
(11). However, many questions about the mechanism 
remain: How do cells sense various PAMPs and 
endogenous alarms, and distinguish them from the cell 
itself? Does each “danger signal” activate caspase-1 
differently? And how does caspase-1 respond to each 
signal? Here, we review some of the pathways in 
various stress responses that occur through caspase-1.

Review
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Inflammasomes

The caspase-1-activating complex is called the 
“inflammasome” (9,12). It is composed of caspase-1 
and apoptosis-associated speck-like protein containing a 
caspase-recruitment domain (CARD) (ASC/ PYCARD/ 
CARD5/ TMS1ASC) in addition to apoptotic protease 
activating factor-1 (Apaf-1)-like inflammasome 
components such as NALP1 (Defcap/ Nac/ CARD7), 
cryopyrin (NALP3/ Cias1/ Pypaf1), and ICE protease 
activating factor (IPAF/ CARD12), which can sense 
different bacteria, toxins, or endogenous danger signals 
released from damaged cells (13-16) (Figure 1).
 In the case of microbial pathogens, host cells 
recognize them by germ-line encoded pattern 
recognition receptors (PRRs), which contain leucine-
rich repeats (LRRs). The best known of these signaling 
systems are triggered by the LRR-containing Toll-
like receptors (TLRs) on the surface of the cells. For 
instance, TLR4 senses lipopolysaccharide (LPS), 
TLR5 senses flagellin, TLR7 and 8 recognize toxins 
and antiviral imidazoquinoline R837 and R848, and 
TLR9 recognizes bacterial and viral nucleic-acid 
motifs (17-21). TLR activation induces the synthesis 
of proIL-1β which assembles into an inflammasome 
with caspase-1 and constitutively expresses ASC. TLR 
activation also leads to the induction of IL-16 and 
tumor necrosis factor (TNF) production (22).
 I n  add i t i on  t o  TLRs ,  nuc l eo t ide -b ind ing 

oligomerization domain (NOD)-like receptors (NLRs/ 
CATERPILLER proteins) also sense pathogens. 
NLRs are cytosolic proteins that recognize microbial 
pathogens within the compromised cells, which 
means they function as intracellular PRRs (23,24). 
Both extracellular and intracellular PRRs trigger 
intracellular immune responses, such as assembly of the 
inflammasome, activation of caspase-1, and secretion 
of cytokines including IL-1β, IL-18, and IL-33 (11) 
(Figure 2).

Figure 1. NLR family proteins and ASC. Members of the nucleotide-
binding oligomerization domain (NOD)-like receptor (NLR) family 
contain common domains such as the Pyrin domain (PYD), caspase 
recruitment domain (CARD), NOD, leucine-rich repeat (LRR), or 
WD40, which contribute to the NLR's ability to sense and react 
to various stresses. The apoptosis-associated speck like protein 
containing a CARD (ASC) structure is also illustrated.

Figure 2. Mechanism for the intracellular and extracellular stress response. Both intracellular and extracellular danger signals induce the 
assembly of the inflammasome, which is generally composed of NLR, ASC, and procaspase-1. Activated caspase-1 then functions to process and 
promote the secretion of cytokines such as IL-1β, IL-18, and IL-33.
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with a virus, neither ssRNA nor dsDNA, but dsRNA is 
essential for the cryopyrin/NALP3-dependent induction 
of caspase-1 activation. Cryopyrin/NALP3 is necessary 
to induce IL-1β and IL-18 secretion, but is dispensable 
for interferon α (IFNα), TNFα, or IL-6 production. This 
sensing ability of cryopyrin/NALP3 that distinguishes 
dsRNA from ssRNA may have an important role in 
discriminating viral RNA from endogenous host RNA 
to avoid harmful activation of the inflammasome (27).
 On the other hand, another report shows that 
cryopyrin/NALP3 activates caspase-1 in response to 
specific factors that induce an intracellular K+ efflux 
(15) (Figure 3). When macrophages are infected by 
Gram-positive bacteria such as Staphylococcus aureus 
and Listeria monocytogenes, ATP stimulates the P2X7 
receptor, which opens a channel for cytosolic K+ 
efflux. This decrease in cytosolic K+ level is a signal 
for formation of the inflammasome, and it triggers the 
caspase-1-dependent cleavage and secretion of IL-1β 
(28,29). In this pathway, TLR signaling still seems to 
be required for the expression of proteins other than 
cryopyrin/NALP3, including proIL-1β. In addition to 
these components, live bacteria may be necessary to 
trigger this pathway, since heat-killed L. monocytogens 
decreases the IL-1β induction (15).

Cryopyrin/NALP3 inflammasome

In the case of viral infection, viral DNA, single stranded 
RNA (ssRNA), and double stranded RNA (dsRNA) 
are produced during viral replication. After viruses are 
endocytosed into mammalian cells, DNA, ssRNA, and 
dsRNA are detected by TLRs in the endosomes, and 
the TLRs then activate NF-κB and mitogen-activated 
protein kinase (MAPK) pathways, which lead to IL-6 
and TNFα secretion (22). IL-1β and IL-18 are not 
secreted via TLRs, but via the cryopyrin/NALP3-
dependent pathway. Cryopyrin/NALP3 is a product 
of the cold-induced autoinflammatory syndrome 1 
(CIAS1) gene and a member of the NLR family. It has 
some functional structures, such as CARD domains 
and carboxyl-terminal LRRs, that detect specific 
pathogens by the presence of monosodium urate (MSU), 
calcium pyrophosphate dehydrate crystals (CPPD), or 
PAMPs, including bacterial RNA and synthetic anti-
viral purine analogs (14,23,25,26). Cryopyrin/NALP3 
forms an inflammasome with ASC and caspase-1, but 
its specificity for sensing pathogens was unclear until 
recently.
 It was recently reported that the ligand-recognition 
function of cryopyrin/NALP3 is highly specific for 
dsRNA (27) (Figure 3). When macrophages are infected 

Figure 3. Cryopyrin/NALP3 inflammasome. Cryopyrin/NALP3, ASC, and procaspase-1 form the inflammasome in response to K+ efflux and 
viral dsRNA produced during viral replication, to activate caspase-1, leading to cytokine secretion.
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IPAF inflammasome

Intracellular Gram-negative bacteria Salmonella 
typhimurium translocate effector virulence proteins, 
including flagellin, to the cytosol of the host cell 
(Figure 4). Extracellular flagellin is sensed by TLR5, 
and stimulated TLR5 induces the activation of NF-
κB and MAPK, leading to the secretion of IL-6 and 
a chemokine, monocyte chemoattractant protein-1 
(MCP-1) (30). TLR5 also mediates the transcription and 
translocation of proIL-1β. However, the intracellular 
mechanism by which flagellin activates caspase-1 to 
lead to IL-1β secretion has remained poorly defined. 
Although the cytosolic invasion mechanism of 
the S. typhimurium flagellin is still unclear, it was 
recently shown that flagellin protein is essential for 
both caspase-1 activation and IL-1β secretion in S. 
typhimurium-infected macrophages. Macrophages in 
which S. typhimurium replicate, respond to the bacteria 
via IPAF, a NOD-LRR protein that was first identified 
as a human CED4/Apaf-1 family member (31,32). As 
IPAF-deficient macrophages cannot activate caspase-1 
or secrete IL-1β, IPAF seems to be indispensable for 

the caspase-1 activation and IL-1β processing (13,33). 
Unlike cryopyrin/NALP3, ASC modulates but is not 
essential for the IPAF-dependent caspase-1 activation, 
since ASC-deficient cells show only a partial defect 
in their response to cytoplasmic flagellin (34). IPAF 
contains a CARD domain, and it may interact with 
the CARD of caspase-1 or ASC. Whether flagellin 
activates host cytosolic IPAF directly remains to be 
determined. This signaling pathway is independent 
of TLR5, given that extracellular flagellin stimulates 
neither caspase-1 nor IL-1β activation in macrophages. 
Moreover, the lack of caspase-1 activation in stimulated 
IPAF-deficient macrophages is not due to a decreased 
expression level of procaspase-1 (34,35). In addition, 
S. typhimurium induces apoptosis in cells via IPAF 
and caspase-1 activation (13,36). IPAF is necessary 
to control the caspase-1 activation in response to 
S. typhimurium infection, but it is dispensable for 
responses to heat-killed S. typhimurium, F. tularensis, 
LPS, and ATP (35). Thus, the function of IPAF in the 
innate immune response might be more restricted than 
those of cryopyrin/NALP3.

17

Figure 4. IPAF inflammasome. IPAF and procaspase-1 form an inflammasome without ASC in response to flagellin, a virulence protein produced 
by certain bacteria such as Salmonella typhimurium.
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Caspase-1 mediates the SREBP pathway

There are many microorganisms and bacteria that 
produce pore-forming toxins to invade target cells. The 
infected cells respond to the toxin in various ways, such 
as by undergoing apoptosis or necrosis or by surviving, 
depending on the toxin, the target cells, and the size 
of the pores (37,38). These cellular mechanisms are 
still unclear, but one survival mechanism of such 
infected cells was recently reported (39). One of the 
pore-forming toxins, aerolysin, which is secreted by 
Aeromonas hydrophila, binds to glycosylphosphatid
ylinositol (GPI)-anchored proteins at the surface of 
target cells. Aerolysin then exposes its hydrophobic 
domain to the cell membrane like a circular ring. These 
pores are not permeable for proteins but for ions, and 
lead to K+ efflux (40). Some unique cellular reactions 
to A. hydrophila infection are reported, such as the 
release of calcium from the endoplasmic reticulum 
(ER), vacuolation of the ER, and the production of 
proinflammatory molecules including TNFα, IL-
1β, IL-6, and prostaglandin E2 (41,42). Among these 
various responses, the K+ efflux acts to trigger the 
assembly of the inflammasome to activate caspase-1. 

Activated caspase-1 stimulates the sterol regulatory 
element binding protein (SREBP) pathway in addition 
to IL-1β, -18, and -33 secretion (39) (Figure 5).
 SREBPs promote l ipid metabol ism,  which 
functions predominantly in cholesterol and fatty acid 
biosynthesis. Although SREBPs initially reside in the 
ER, their activation requires proteolitic cleavage in 
the Golgi, which means that SREBPs require transport 
from the ER to the Golgi (43), and cleaved SREBPs 
translocate to the nucleus to activate genes involved in 
lipid metabolism. SREBPs are regulated principally by 
cellular cholesterol levels, but they are also activated 
by phagocytosis, the depletion of ER Ca2+ stores, or 
the exposure of cells to hypotonic media (44,45). In 
the case of A. hydrophila infection, K+ efflux-induced 
caspase-1 activation is required for the transportation 
and activation of SREBPs, and this signaling is 
independent of Ca2+ entry (39). Furthermore, this 
ionic perturbation is sensed not only by the cryopyrin/
NALP3, but also by the IPAF inflammasome. Whether 
IPAF and cryopyrin/NALP3 sense the toxin-induced 
K+ decrease directly via their LRR domains is not yet 
known. The caspase-1-dependent SREBP activation 
pathway promotes cell survival in response to pore 

18

Figure 5. Host response to pore-forming toxins. Pore-forming toxin binds to glycosylphosphatidylinositol (GPI)-anchored protein and produces 
a pore in the host membrane. Both cryopyrin/NALP3 and the IPAF inflammasome recognize K+ efflux through the pore and activate caspase-1, 
which induces cytokine secretion and lipid synthesis via the sterol regulatory element binding protein (SREBP) pathway.
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formation, perhaps by facilitating membrane repair 
(39). On the other hand, caspase-2 is reported to 
be a transcriptional target of SREBPs and has been 
suggested to participate in lipid homeostasis under both 
physiological and pathogenic conditions (46).

Inflammasomes in nonprofessional immune cells

Inflammasomes are present even in the keratinocytes 
of human skin. Inflammasome proteins including 
NALP1, cryopyrin/NALP3, and IPAF are constitutively 
expressed in human skin. Likewise, although proIL-1α, 
-1β, and -18 exist constitutively, their secretion from 
keratinocytes is not detected under normal conditions. 
However,  UVB irradiat ion induces caspase-1 
activation and the secretion of IL-1β in human primary 
keratinocytes (47). The UVB-irradiated skin of 
caspase-1 knockout mice shows a defect in neutrophil 
infiltration, indicating that caspase-1 is indispensable 
for UVB-induced skin inflammation. Caspase-1 
activation is also important in the response of human 
skin to irradiation, and similar to the case of pathogen 
infection, caspase-1 is activated by an intracellular 
response to UVB irradiation. An inflammasome 
containing cryopyrin/NALP3, ASC, and caspase-1 
is necessary, but IPAF is dispensable for the IL-1β 
secretion by irradiated human keratinocytes. Since the 

binding of caspase-1 to ASC is detected only outside 
the cells, the activation of caspase-1 and the secretion 
may be coupled, or the secretion may occur just 
after activation (Figure 6). In Chinese hamster ovary 
(CHO) or HeLa cells, pore-forming toxin induced K+ 
efflux triggers assembly of the inflammasome without 
requiring an increase in Ca2+, and LPS stimulated 
macrophages require both Ca2+ increase and K+ 
efflux (39,48). On the other hand, the triggering of 
inflammasome activation in irradiated keratinocytes 
is dependent only on the increase in cytoplasmic Ca2+ 
through its release from intracellular stores (49).
 In addition, the estrogen-responsive B box protein 
(EBBP/TRIM16) pathway is reported to be involved 
in the IL-1β secretion in keratinocytes. Under UV 
irradiated condition, endogenous EBBP colocalizes with 
IL-1β at the cell membrane in the perinuclear region of 
keratinocytes and macrophages. EBBP does not interact 
with ASC but binds to procaspase-1, NALP1, and 
proIL-1β via its ret finger protein (RFP) domain. The 
coexpression of EBBP with proIL-1β, procaspase-1, 
and NALP1 enhances the IL-1β secretion (50), although 
the detailed mechanisms and functions of EBBP are 
still unknown. These findings together support the idea 
that the caspase-1 dependent inflammasome exists even 
in nonprofessional immune cells.

19

Figure 6. Inflammatory response in keratinocytes. The cryopyrin/NALP3-dependent inflammasome activates caspase-1 to induce cytokine 
secretion in response to Ca2+ efflux from the endoplasmic reticulum (ER), which is caused by UV irradiation.
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Endogenous danger signals

Caspases are essential not only in the immune reaction 
to PAMPs, the invaders, but also, recent findings 
indicate that caspases mediate a greater range of 
immune responses, including those to endogenous 
danger signals. For example, in a course frequently 
leading to death, sepsis occurs after infection or injury 
and leads to the organs becoming dysfunctional. 
Caspases are thought to be involved in the mechanisms 
causing this disease, since apoptotic lymphocytes 
accumulate at the organs during sepsis, and the organ 
damage is reduced by blocking apoptosis with caspase 
inhibitors (51-53). Caspase-1 knockout mice are 
resistant and show less apoptosis in the splenocyte 
and macrophages during septic shock induced by 
bacteria than wild-type mice, although IL-1β knockout 
or double-knockout mice of IL-1β and IL-18 are not 
protected (54). On the other hand, high mobility group 
box 1 (HMGB1) is known to accumulate and mediate 
organ damage in sepsis (55,56). HMGB1 release occurs 
by the exposure of macrophages to necrotic cell debris, 
or to both apoptotic T cells and apoptotic macrophages. 
Although apoptotic cells have the ability to release 
HMGB1 from macrophages, and the inhibition of 
HMGB1 reduces sepsis, the inhibition of HMGB1 
showed no significant decrease in the development of 
sepsis-induced apoptosis. These results indicate that 
at least part of the HMGB1 function is downstream of 
caspases (57).
 In the case of gout and pseudogout, which are 
common joint diseases, aberrant activation of the 
cryopyrin/NALP3 inflammasome induces IL-1β 
constitutively. The known symptom of gout is the 
deposition of MSU or CPPD crystals at the joints and 
periarticular tissues (58). These unique pathogenic 
agents, MSU and CPPD, activate caspase-1 to secrete 
IL-1β in an ASC- and cryopyrin/NALP3-dependent 
manner. This notion is supported by the observation 
that caspase-1- or ASC-deficient mice show reduced 
neutrophile influx when MSU or CPPD is injected (14). 
Moreover, macrophages from Muckle-Wells syndrome 
patients spontaneously secrete active IL-1β in a 
caspase-1-dependent manner, even without stimulation 
(59). Because many of these patients have a mutation 
in the cryopyrin/NALP3 gene, Muckle-Wells syndrome 
is thought to be caused by the increased processing 
and secretion of IL-1β via caspase-1 and the mutated 
cryopyrin/NALP3 (60). Therefore, caspases also play 
important roles in the reaction to various endogenous 
danger signals.

Invertebrate immune system

To date, Drosophila melanogaster has contributed to 
the study of numerous apoptotic and non-apoptotic 
functions of caspases. Is the immune system in 

invertebrates completely different from that in 
mammals? To overcome PAMPs, flies have several 
immune mechanisms such as the humoral immune 
response, melanization, and the cellular immune 
response. Among these, the most well-characterized 
is probably the humoral immune response, which is 
composed of two major pathways, immune deficiency 
(IMD) and Toll. These pathways independently 
regulate distinct classes of NF-κB proteins. The IMD 
pathway is activated by Gram-negative bacteria and 
induces Relish activation. The Toll pathway is triggered 
by fungi or Gram-positive bacteria and leads to Dorsal 
and Dif activation (61). Genetic screening experiments 
designed to dissect the IMD pathway identified 
dredd, a Drosophila ortholog of caspase-8. A loss-
of-function mutant of dredd is viable and fertile, but 
highly susceptible to Gram-negative bacteria, and it is 
defective in the production of antibacterial peptides, 
such as diptericin and attacin. In addition, dredd 
has been shown physically interact with the NF-κB 
homolog, Relish, in Drosophila mbn-2 (hemocyte-like) 
cells. Dredd mutant flies fail to process Relish, which 
contains Rel-homology domains at the N-terminus and 
lκB-like domains at the C-terminus. These observations 
suggest that dredd is involved in NF-κB activation 
(3,62).
 Another report indicates that eiger, the only fly 
homolog of TNF (63,64), is involved in the fly's 
immune machinery. Microarray analysis showed that 
eiger is up-regulated after LPS exposure to mbn-2 cells 
(65). Eiger acts to protect the cells against extracellular 
pathogens independently from Toll and IMD signals. 
Eiger mutant flies show decreased phagocytosis, which 
functions to exclude pathogens, indicating that eiger 
has a role in limiting the growth of pathogens via 
phagocytosis. These mutants are also unable to suppress 
pathogens that have phagocyte-defeating activity (67). 
However, induced eiger can be harmful for flies if there 
is no proper target for it (66,67). Mammals as well as 
flies die as a result of too much TNF secretion (68). 
Thus, the immune responses of the fly have similarities 
to those of mammals in terms of cytokine secretion 
mechanisms and autoinflammatory diseases.
 In the nematode C. elegans, caspase is involved 
in the immune responses, and the ced-3 mutant is 
sensitive to some pathogens, including S. typhimurium 
infection (69). Drosophila has just one NOD-like 
protein, dark/dapaf-1/HAC-1 ,  which forms the 
apoptosome. In addition to the domains required to 
trigger caspase activation, dark also contains a WD40 
region, which may be functionally equivalent to the 
LRR that recognizes some pathogens or danger signals 
because cytochrome c released from mitochondria can 
be considered as an intracellular alert signal in stressed 
cells. Therefore, we expect dark to sense dangers and 
trigger caspase activation in response to stresses even in 
Drosophila, perhaps by forming an inflammasome-like 
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complex. 
 Although each organism seems to have diverse 
machinery for  e l ic i t ing s t ress  responses ,  the 
major mediators might be represented by caspase. 
Inflammatory caspases function to get rid of exogenous 
and endogenous dangers, and apoptotic caspases 
function to remove the organism's own cells that are 
dangerous. Since these systems for eliminating harmful 
cells are indispensable for all species to develop 
normally and survive in this stressful world, the 
substantial roles of caspase in stress responses, not only 
in the apoptosome but also in the inflammasome, may 
have been conserved evolutionally in both vertebrates 
and invertebrates.
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ABSTRACT: Oseltamivir, an antiviral drug used for 
the treatment of influenza, contains the L-glutamic 
acid motif in its chemical structure. We focused 
on this structural characteristic of oseltamivir and 
examined the pharmacologic effects of the drug on 
the nervous system in invertebrate and vertebrate 
animal models. Injection of oseltamivir or L-glutamic 
acid into silkworm (Bombyx mori) larvae induced 
muscle relaxation. Oseltamivir and L-glutamic acid 
inhibited kainate-induced rapid muscle contraction, 
but neither drug affected insect cytokine paralytic 
peptide-induced slow muscle contraction. In 
the mammalian system, mice (Mus musculus) 
treated intracerebrally with oseltamivir developed 
convulsive seizures. Hydrolyzed oseltamivir, the 
active form containing a carboxylic acid, evoked 
epileptiform firing of hippocampal neurons in rat 
(Rattus norvegicus) organotypic hippocampal slice 
cultures. These results are the first to demonstrate 
that oseltamivir exerts pharmacologic effects on the 
nervous system in insects and mammals.

Keywords: Oseltamivir, Nervous system, L-Glutamic 
acid, Kainite, Pharmacologic effect

1. Introduction

Influenza is a highly transmissible viral disease. 
The recent emergence of fatal influenza virus types, 
especially H5N1-type, has raised concerns over a future 
global influenza pandemic (1). Oseltamivir phosphate 
(Tamiflu®; Figure 1, 1) is the most widely used 
therapeutic agent for influenza (2). Oseltamivir exerts 
its activity through potent inhibition of neuraminidase 

localized on the surface of the influenza virus by 
mimicking the transition state of sialic acid hydrolysis 
(3-5). Because this process is essential for influenza 
transmission (6-8) oseltamivir is considered consistently 
effective against new types of influenza. To protect 
human beings from a future pandemic, the development 
of a novel synthetic route for 1 that enables efficient 
mass production has been studied intensively (9-15). 
Other than rare cases of asthma provocation in patients 
with hepatic dysfunction (16), oseltamivir is considered 
to be a safe drug without severe side effects (17,18). 
Recently in Japan, however, where 80% of the world 
supply of oseltamivir is consumed, it was reported that 
oseltamivir might cause abnormal behavior (such as 
hallucinations and impulsive behavior) in children under 
the age of 20. Comprehensive statistical investigations 
are now underway to clarify the relationship between 
the abnormal behavior and oseltamivir administration 
(19). To date, molecular-level or cellular-level 
studies that have addressed the pharmacologic effects 
of oseltamivir on the nervous system are limited. 
Izumi recently reported the pharmacologic effects of 
oseltamivir using juvenile rats and hippocampal slices 
of rats (20). In this paper, we describe the L-glutamic 
acid-like activities of oseltamivir in the nervous system 
of three animals (silkworms, mice, and rats).

2. Materials and Methods

2.1. Chemical synthesis of Tamiflu®

Tamiflu® (Figure 1, 1), Ro64-0802 (Figure 1, 2), and 
its enantiomer (Figure 1, 4) were synthesized by the 
previously reported method (15). For details, see 
Supplementary data.

2.2. Silkworm larvae muscle contraction assay

Silkworm eggs (Bombyx mori, Hu•Yo × Tukuba•
Ne) were purchased from Ehime Sanshu (Ehime, 
Japan). Silkworm larvae were reared on an artificial 
diet (Silkmate 2S, Nihon Nosan, Kanagawa, Japan) 
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at 27°C. The measurement of muscle contraction 
activity using silkworms was described previously 
(21). Briefly, the heads of 5th instar silkworm larvae 
(3-4 g) were cut off and the peritrophic membranes 
removed. Each specimen was tied and attached to a 
transducer to measure isotonic contraction with a load 
of 27 g. Test samples were dissolved or suspended in 
phosphate-buffered saline, and injected into the body 
fluid of a specimen with a 1-mL syringe attached 
to a 27-gauge needle (Terumo, Tokyo, Japan). The 
intensity of the muscle contraction was expressed as 
the contraction value, calculated by measuring the 
maximum length of each specimen before (x cm) and 
after (y cm) the injection using the formula (x-y)/x. 
The muscle contraction stimulant kainate monohydrate 
was purchased from Wako (Osaka, Japan), and insect 
cytokine paralytic peptide (2.5 kDa) was synthesized 
using the solid-phase Fmock method (22). To test the 
effects of the inhibitors, 50 μL each of two samples 
(inhibitor and stimulant) were successively injected 
with an interval of 5 to 10 sec.

2.3. Injection into cerebral ventricles of mice

ICR mice (female, 6-week-old) were anesthetized with 
300 μL of 1/10 diluted Nembutal (i.p.), and scalps 
were dissected to expose the cranial bones. After 3 
to 5 h, 20 μL of the indicated samples were injected 
intracerebrally. Behaviors of mice were observed for at 
least 30 min after injection.

2.4. Whole-cell patch-clamp recordings from rat 
hippocampal slices

Organotypic cultures of hippocampal slices: Postnatal 
day 7 Sprague Dawley rats (SLC, Shizuoka, Japan) 
were deeply anesthetized by hypothermia, and their 
brains were aseptically removed (23), according to 
National Institutes of Health guidelines for laboratory 
animal care and safety. The posterior part of the brain 
was cut into 300-μm-thick transverse slices using a 
DTK-1500 vibratome (Dosaka, Japan) in aerated, ice-
cold Gey's balanced salt solution supplemented with 
25 mM glucose. The entorhino-hippocampi were 

dissected out under stereomicroscopic control and 
cultured using membrane interface techniques (24,25). 
Briefly, slices were placed on sterile 30-mm diameter 
membranes (Millicell-CM; Millipore, Bedford, MA, 
USA) and transferred into six-well tissue culture trays. 
Cultures were fed with 1 mL of 50% minimal essential 
medium (Invitrogen, Gaithersburg, MD, USA), 25% 
horse serum (Cell Culture Lab, Cleveland, OH, USA), 
and 25% Hank's Balanced Salt Solution and were 
maintained in a humidified incubator at 37°C in 5% 
CO2. The medium was changed every 3.5 days.

Electrophysiologic recordings: Slices were placed 
in a recording chamber, perfused with artificial 
cerebrospinal fluid consisting of: 127 mM NaCl, 26 
mM NaHCO3, 1.6 mM KCl, 1.24 mM KH2PO4, 1.3 
mM MgSO4, 2.4 mM CaCl2, and 10 mM glucose, 
bubbled with 95% O2 and 5% CO2 or Neurobasal (Gibco 
BRL, Gaithersberg, MD) at a rate of 2 to 3 mL/min. 
Whole-cell patch-clamp recordings were performed 
with glass pipettes (6-8 MΩ) filled with intracellular 
solution containing 120 mM K-gluconate, 20 mM KCl, 
10 HEPES, 0.1 mM CaCl2, 4 mM Mg-ATP, and 0.2 
mM EGTA (pH 7.4, 280-300 mOsm). Recordings were 
performed with Axopatch 200B amplifiers (Molecular 
Devices, Union City, CA, USA). CA1 pyramidal cells 
were identified using an Olympus BX50WI microscope 
(Tokyo, Japan) and a 40Å~ objective under phase 
contrast control with a Cascade cooled CCD camera 
(Roper Scientific, Tucson, AZ, USA). Pipette seal 
resistances were typically >1 GΩ, and pipette capacitive 
transients were minimized prior to breakthrough. 
Postsynaptic currents were studied in voltage-clamp 
mode at -30 mV holding potential. Signals were low-
pass filtered at 1 kHz, digitized at 10 kHz, and analyzed 
with pCLAMP 8.0 software (Molecular Devices). 
Drugs were applied locally via a puffer pipette placed 
near (20~50 μm) the patched neuron (50-70 hPa).

3. Results and Discussion

Oseltamivir (1) is a prodrug, and its biologically 
active form is the corresponding carboxylic acid 
2  (Ro64-0802), which is produced through the 
hydrolysis of 1 by plasma and liver esterase (26,27). 
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Figure 1. Structural analogy between oseltamivir and L-glutamic acid.



www.ddtjournal.com

Drug Discov Ther 2008; 2(1):24-34. 26

Figure 2. Convulsion induced by intracerebral injection of L-glutamic acid (L-Glu), oseltamivir (capsule), or synthetic oseltamivir in mice. 
Synthetic oseltamivir was administered at a dose of 0.2 mg (n = 5) and 2.0 mg (n = 6). Oseltamivir (capsule) was administered at a dose of 0.1 to 
1.5 mg (n = 6), 2.0 mg (n = 8), and 0 mg (n = 7). Seven mice were injected with 0.3 mg L-glutamic acid.

oseltamivir (Supplementary data). These results support 
our hypothesis that oseltamivir has a specific effect, 
similar to L-glutamic acid, on the nervous system.

Next we investigated the pharmacologic effect 
of oseltamivir on the mammalian central nervous 
system. Injection of 0.3 mg L-glutamic acid into the 
lateral ventricle of mice (Mus musculus) induced acute 
epileptiform convulsions, which lasted from several 
to 30 min (Figure 2). Intracerebral injection of more 
than 0.5 mg of oseltamivir caused intense convulsions, 
similar to those induced by L-glutamic acid (Figure 
2). Phosphate-buffered saline, the solvent for both 
drugs, did not induce seizures in mice (Figure 2). Thus, 
oseltamivir acts as a convulsant agent in the central 
nervous system. We also performed whole-cell patch-
clamp recordings from CA1 pyramidal cells in rat 
(Rattus norvegicus) cultured organotypic hippocampal 
slices to evaluate the electrophysiologic responses to 
the active form 2 (Figure 3). Results varied from neuron 
to neuron, and three types of responses were observed; 
i) generation of burst-like action potentials (n = 6), ii) 
subthreshold depolarization of membrane potentials 
(n = 4), and iii) no electrical response (n = 3), whereas 
L-glutamic acid (1 mM) induced burst-like action 
potentials in all neurons tested. The heterogeneous 
reactions induced by 2 are likely due to the diversity 
of neurons in the various parts of neural microcircuits. 
In tissue section cultures, the observed reactions could 
be induced not only by application of the drug to a 
single cell, but also by the complex activity of a large 
number of surrounding cells. Recently, the importance 
of experimental systems reflecting complex effects 

The identification of an L-glutamic acid motif in 
the chemical structure of 2 (Figure 1) led us to 
hypothesize that oseltamivir has L-glutamic acid-
like biologic activity. L-Glutamic acid is a major 
excitatory neurotransmitter in the vertebrate nervous 
system. Agonists of glutamic acid receptors induce 
hallucinative behaviors (28) and epileptic seizures 
(29,30) in experimental animals.

To examine our hypothesis experimentally, we 
first examined the pharmacologic effect of oseltamivir 
in an invertebrate model. Some of the authors of the 
present study previously proposed that silkworms 
(Bombyx mori) could serve as a useful invertebrate 
model for drug screening and evaluation, as the effects 
and pharmacologic kinetics in silkworms are generally 
comparable to those in mammalian models (31-34). In 
our previous work, we reported the biologic activity 
of L-glutamic acid in silkworms; kainate, a putative 
neurotransmitter receptor agonist in silkworm, induces 
muscle contraction in silkworm larvae, which is 
inhibited by L-glutamic acid, and L-glutamic acid itself 
causes muscle relaxation (21). Oseltamivir (2.5 mg) 
injected into the body fluid of silkworm larvae induces 
paralysis accompanied by muscle relaxation. This 
response resembles the effect of L-glutamic acid (ED50 = 
15 μg). In addition, prior injection of 5 mg oseltamivir 
into silkworm larvae significantly inhibits kainate (2 
μg)-induced muscle contraction (Supplementary data). 
On the other hand, another muscle contraction pathway 
independent of nervous system excitation (thus, not 
affected by L-glutamic acid), i.e., the insect cytokine 
paralytic peptide pathway (35) is not affected by 
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in cell clusters for examination of the pharmacologic 
effects and toxicity of neuroactive substances has been 
emphasized (36). To identify the cells and receptors 
that interact with oseltamivir, studies using large-
scale systems linked with the whole neuron networks 
are necessary. Importantly, the enantiomer of 2 (for 
the synthetic route, see Supplementary data) (1 mM) 
did not affect membrane potentials of hippocampal 
neurons (n = 5). This finding clearly indicated that the 
electrophysiologic effects of oseltamivir on neurons 
were stereospecific, and thus induced by specific 
interactions with biologic molecules.

The results of the above three types of experiments 
all demonstrated that oseltamivir induces specific 
responses in the nervous system identical to those 
induced by L-glutamic acid. Mammalian glutamate 
receptors are highly expressed in cortical and 
hippocampal neurons, and are classified into three 
subtypes; N-methyl-D-aspartate (NMDA) receptors, 
α-amino-3-hydroxy-5-methyl-isoxazole-4-propionic 
acid (AMPA)/kainate receptors, and metabotropic 
receptors. Agonists of these receptors excite neurons and 
induce seizures in mammals (37). Based on the results 
described here, oseltamivir may act on these receptors, 
thereby causing membrane depolarization in excitatory 
neurons and systemic seizures. In conclusion, these 
findings are the first to demonstrate that oseltamivir 
exerts L-glutamic acid-like effects in experimental 
systems reflecting higher biologic activities, i.e., muscle 
contraction assay in silkworm larvae, seizure assay 
in mice, and electrophysiologic ex vivo membrane 
potential recordings. The C1 carboxylate, C4 acetamide, 
C5 amino moieties, and the position of the double 
bond of oseltamivir are important for the interaction 
between oseltamivir and viral neuraminidase (3). 
Modifying other parts of the molecule might eliminate 

the L-glutamic acid-like effects of oseltamivir without 
inducing a loss of its affinity to neuraminidase. Detailed 
studies toward mechanistic elucidation of oseltamivir's 
pharmacologic effects on the nervous system (especially, 
glutamate receptor subtype selectivity) and its chemical 
structure modification are ongoing in our group.
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Supplementary Data

Synthesis of Tamiflu®

Overall Scheme

Tamiflu® (1), Ro64-0802 (2), and its enantiomer 4 were 
synthesized by the previously reported method (1).

(1S*,2R*,3S*)-3-Hydroxy-cyclohex-4-ene-1,2-
dicarbonyl diazide (S-1):

Fumaryl chloride (37.7 g, 247 
mmol) was added slowly to a stirred 
solution of 1-(trimethylsilyloxy)-
1,3-butadiene (40 g, 281 mmol) 
i n  T H F  ( 1 , 2 4 0  m L )  a t  r o o m 
temperature, and the mixture was 
stirred for 2 h. TMSN3 (68.7 mL, 

519 mmol) and DMAP (3 g, 24.7 mmol) were carefully 
added at room temperature, and the mixture was stirred 
for 2 h. After cooling to 4°C, 1 N HCl aq. (25.0 mL, 
25.0 mmol) was carefully added, and the mixture 
was stirred at the same temperature for 10 min. The 

organic layer was separated and the aqueous layer was 
extracted twice with AcOEt (1,500 mL). The combined 
organic layers were washed with saturated NaHCO3 
solution (500 mL) and brine (500 mL), dried over 
Na2SO4, and concentrated to give crude S-1, which was 
purified by silica gel column chromatography (neutral 
SiO2 1,000 g, hexane /AcOEt = 4/1 to 2/1) to give S-1 
(36.0 g, 152.4 mmol; 62% yield) as a colorless oil. 1H 
NMR (CDCl3, 500 MHz) δ  6.92-5.86 (m, 2H), 4.48 (m, 
1H), 2.96 (ddd, J = 5.3, 11.6, 12.0 Hz, 1H), 2.87 (dd, 
J = 4.0, 12.0 Hz, 1H), 2.49 (ddd, J = 5.2, 5.3, 17.7 Hz, 
1H), 2.10-2.03 (m, 1H); 13C NMR (CDCl3, 125 MHz) 
δ 181.9, 179.3, 128.7, 127.0, 63.8, 49.6, 37.9, 28.7; IR 
(neat, cm-1) 3412, 2260, 2146, 1710; FAB-HRMS Calcd 
for C8H9N6O3 [M+H]+: 237.0731, Found: 237.0726.

(2-Oxo-2,3,3aβ,4α,5,7aβ-hexahydro-benzoxazol-4-
yl)-carbamic acid tert-butyl ester (S-2):

The solution of S-1 (36.0 g, 152.4 
mmol) in distilled t-BuOH (305 mL) 
was stirred at refluxing temperature 
for 15 h. Removal of the solvent 
under reduced pressure gave crude 

Scheme 1. Overall synthetic scheme.
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S-2 (38.8 g, 152.4 mmol) as a white solid, which was 
used for the next reaction without further purification. 
1H NMR (CD3OD, 500 MHz) δ 6.10 (m, 1H), 5.88-5.86 
(m, 1H), 5.04-5.03 (m, 1H), 3.77-3.73 (m, 1H), 
3.55-3.50 (m, 1H), 2.37 (ddd, J = 5.2, 5.5, 17.2 Hz, 
1H), 2.01-1.96 (m, 1H), 1.44 (s, 9H); 13C NMR (CD3OD, 
125 MHz) δ 161.4, 158.1, 132.7, 123.7, 80.5, 75.3, 
56.4, 51.0, 29.8, 28.7; IR (KBr, cm-1) 3370, 3243, 1747, 
1683; ESI-MS m/z 277 [M + Na]+; FAB-HRMS Calcd 
for C12H19N2O4 [M+H]+: 255.1339, Found: 255.1332.

(1S*,5S*,6R*)-(6-Amino-5-hydroxy-cyclohex-3-
enyl)-carbamic acid tert-butyl ester (S-3):

LiOH•H2O (32 g, 763 mmol) was 
added to a stirred solution of S-2 
(38.8 g, 152.4 mmol) in MeOH/H2O 
(1/1, 1,530 mL) at room temperature, 
and the mixture was stirred at 65°C 

for 16 h. After evaporation of MeOH, CHCl3/MeOH = 
9/1 solution (500 mL) and brine (300 mL) were added. 
The aqueous layer was extracted with CHCl3/MeOH = 
9/1 solution (1,500 mL). The combined organic layers 
were dried over Na2SO4, and concentrated to give 
crude S-3 (31.2 g, 136.7 mmol) as a pale brown solid, 
which was used for the next reaction without further 
purification. 1H NMR (CD3OD, 500 MHz) δ 5.77 (m, 
2H), 4.11 (m, 1H), 3.66 (m, 1H), 2.61 (dd, J = 11.0, 
11.0, 1H), 2.62-2.40 (m, 1H), 1.97-1.90 (m, 1H), 1.45 
(s, 9H); 13C NMR (CD3OD, 125 MHz) δ 158.6, 129.6, 
129.0, 80.1, 67.8, 67.8, 56.0, 33.7, 28.8; IR (KBr, cm-1) 
3301, 1675; ESI-MS m/z 229 [M + H]+; FAB-HRMS 
Calcd for C11H21N2O3 [M+H]+: 229.1547, Found: 
2291550.

(1S*,5S*,6R*)-(6-Acetylamino-5-hydroxy-cyclohex-
3-enyl)-carbamic acid tert-butyl ester (S-4):

Et3N (37.9 mL, 273.4 mmol) and 
Ac2O (12.9 mL, 136.7 mmol) were 
slowly added to a stirred solution 
of S-3 (31.2 g, 136.7 mmol) in THF 
(1,370 mL) at 4°C. The mixture was 

stirred at the same temperature for 15 min. The reaction 
was diluted with AcOEt (300 mL) and quenched with 
saturated NH4Cl solution (150 mL). The organic layer 
was separated, and the aqueous layer was extracted with 
AcOEt (1,200 mL). The combined organic layers were 
washed with brine (300 mL), dried over Na2SO4, and 
concentrated to give crude S-4 (37.0 g, 136.7 mmol) 
as a pale brown solid, which was used for the next 
reaction without further purification. 1H NMR (CDCl3, 
500 MHz) δ 6.89 (d, J = 8.3 Hz, 1H), 5.81-5.74 (m, 
2H), 5.14 (d, J = 8.6 Hz, 1H), 4.08 (m, 1H), 4.08-3.90 
(m, 2H), 2.48 (ddd, J = 4.7, 4.7, 17.7 Hz, 1H), 2.02-1.96 
(m, 4H), 1.36 (s, 9H); 13C NMR (CDCl3, 125 MHz) δ 
171.2, 156.8, 129.1, 127.4, 79.5, 66.6, 54.1, 46.2, 33.0, 

28.3, 23.1; IR (KBr, cm-1) 3364, 3290, 1686, 1663; 
ESI-MS m/z 293 [M + Na]+; FAB-HRMS Calcd for 
C13H23N2O4 [M+H]+: 271.1652, Found: 271.1657.

(1S*,6R*)-6-Acetylamino-5-oxo-cyclohex-3-enyl)-
carbamic acid tert-butyl ester (S-5):

Dimethylsulfoxide (117 mL, 1640 
mmol)  was added to a s t i rred 
solution of S-4  (37.0 g, 136.7 
mmol) in AcOEt (1,370 mL) at 
room temperature. The reaction 
temperature was raised to refluxing 

temperature, and isobutyric anhydride (64 mL, 386.0 
mmol) was added. The mixture was stirred at the same 
temperature for 25 h. The reaction was quenched with 
saturated NaHCO3 solution (150 mL), the organic layer 
was separated, and the aqueous layer was extracted with 
AcOEt (1,000 mL). The combined organic layers were 
washed with brine (300 mL), dried over Na2SO4, and 
concentrated to give crude S-5, which was purified by 
recrystallization from hexane/2-propanol to afford S-5 
(17.0 g, 63.2 mmol). The filtrate was evaporated and 
purified by silica gel column chromatography (neutral 
SiO2 450 g, hexane/AcOEt = 1/4 to AcOEt) to afford 
S-5 (5.39 g, 20.1 mmol) as a white crystal. Both were 
combined and used for the next reaction (22.4 g, 83.3 
mmol; 55% yield for 4 steps). 1H NMR (CDCl3, 500 
MHz) δ 6.96-6.93 (m, 1H), 6.37 (d, J = 6.6 Hz, 1H), 6.11 
(dd, J = 2.9, 9.9 Hz, 1H), 5.70 (d, J = 7.6 Hz, 1H), 4.58 
(dd, J = 6.6, 13.0 Hz, 1H), 3.94-3.86 (m, 1H), 2.92 (ddd, 
J = 5.5, 5.5, 18.9 Hz, 1H), 2.45-2.39 (m, 1H), 2.06 (s, 
3H), 1.39 (s, 9H); 13C NMR (CDCl3, 125 MHz) δ 194.8, 
172.3, 155,8, 148.6, 128.5, 79.7, 59.7, 53.5, 34.1, 28.3, 
23.1; IR (KBr, cm-1) 3329, 3283, 1689, 1664, 1626; 
ESI-MS m/z 291 [M + Na]+; FAB-HRMS Calcd for 
C13H21N2O4 [M+H]+: 269.1496, Found: 269.1493.

(1S*,6R*)-6-Acetylamino-3-cyano-5-oxo-cyclohex-3-
enyl)-carbamic acid tert-butyl ester (S-6):

THF solution of S-5 (0.17 M, 2.21 
mL, 0.37 mmol), THF solution 
of 1,5-cyclooctadiene (0.40 M, 
0 . 4 8 9  m L ,  0 . 1 9  m m o l ) ,  a n d 

distilled TMSCN (150 μL, 1.12 mmol) were added to 
a THF (1.98 mL) solution of Ni(cod)2 (51.3 mg, 0.19 
mmol) in a flame-dried flask at room temperature 
with stirring. The mixture was stirred at 65°C for 1 h. 
After the starting material was consumed, the mixture 
was filtered through a celite pad, and the filtrate was 
evaporated. The residue was dissolved in THF (3.73 
mL), and cooled to 4°C. N-bromosuccinimide (69.7 
mg, 0.39 mmol) was added to this solution, and the 
mixture was stirred at the same temperature for 1 h. The 
reaction temperature was raised to room temperature, 
and Et3N (103 μL, 0.74 mmol) was added. The reaction 
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temperature was raised to refluxing temperature and 
stirred for 12 h. After cooling to room temperature, the 
mixture was diluted with AcOEt (5 mL), and quenched 
with 5% NaH2PO4 aqueous solution (2 mL). The 
organic layer was separated, and aqueous layer was 
extracted with AcOEt (15 mL). The combined organic 
layers were dried over Na2SO4 and concentrated to give 
crude S-6, which was passed through a silica gel (neutral 
SiO2 5 g, hexane/AcOEt = 1/1 to 1/2 to 1/6) to afford 
semi-purified S-6 (73 mg). It was used for the next 
reaction without further purification.

(1S*,5R*,6R*)-(6-Acetylamino-3-cyano-5-hydroxy-
cyclohex-3-enyl)-carbamic acid tert-butyl ester (S-7):

LiAl(Ot-Bu)3H (1.0 M in THF, 448 
μL, 0.45 mmol) was added to a 
stirred solution of semi-purified S-6 
(66 mg) in THF (1.12 mL) at 4°C. 

The mixture was stirred at the same temperature for 45 
min. The reaction was quenched with saturated NH4Cl 
solution (1 mL), the organic layer was separated, and 
the aqueous layer was extracted with AcOEt (10 mL). 
The combined organic layers were washed with brine 
(5 mL), dried over Na2SO4, and concentrated to give 
crude S-7, which was purified by silica gel column 
chromatography (neutral SiO2 3 g, AcOEt/MeOH = 
100/1 to 50/1) to afford S-7 (48 mg, 0.16 mmol; 44% 
yield for 3 steps) as a white solid. 1H NMR (CDCl3) δ 
7.12 (d, J = 5.2 Hz, 1H), 6.49 (s, 1H), 5.01 (d, J = 2.3 
Hz, 1H), 4.82 (d, J = 8.0 Hz, 1H), 4.28-4.21 (m, 1H), 
3.92-3.81 (m, 1H), 3.78-3.70 (m, 1H), 2.63 (dd, J = 
16.9, 5.0 Hz, 1H), 2.32-2.22 (m, 1H), 2.00 (s, 3H), 1.44 
(s, 9H); 13C NMR (CDCl3) δ  173.6, 157.3, 145.3, 117.2, 
109.8, 81.3, 73.1, 59.5, 47.3, 32.7, 28.2, 23.0; IR (KBr, 
cm-1) 3322, 2979, 2225, 1683, 1625, 1571; ESI-MS: m/
z 318 [M+Na]+; FAB-HRMS: m/z calcd for C14H22N3O4 
[M+H]+: 296.1605, Found: 296.1602.

( 1 R * , 2 S * , 6 S * ) - ( 7 - A c e t y l - 4 - c y a n o - 7 - a z a -
bicyclo[4.1.0]hept-4-en-2-yl)-carbamic acid tert-
butyl ester (S-8):

Diethyl azodicarboxylate (40% 
in toluene, 0.72 mL, 1.58 mmol) 
w a s  a d d e d  t o  a  s o l u t i o n  o f 
triphenylphosphine (414 mg, 1.58 

mmol) in THF (7.9 mL) at -20°C. Then S-7 (234 mg, 
0.79 mmol) in THF (2.5 mL) was added dropwise 
to the reaction mixture over 15 min at the same 
temperature. After stirring for 1 h, the reaction mixture 
was concentrated in vacuo. The residue was purified 
by flash column chromatography twice (first [removal 
of triphenylphosphine oxide]; hexane/AcOEt = 1/4 to 
AcOEt, and then AcOEt/MeOH = 20/1, second [removal 
of the residue derived from DEAD]; Et2O/hexane = 3/1 
to 5/1) to afford S-8 (144 mg, 0.521 mmol; 66% yield) 

as an amorphous substance. 1H NMR (CDCl3) δ 6.88 
(dd, J = 3.5, 3.7 Hz, 1H), 4.54 (brs, 2H), 3.12-3.04 (m, 
2H), 2.53 (brd, J = 17.0 Hz, 1H), 2.35 (brd, J = 17.0, 
1H), 2.13 (s, 3H), 1.43 (s, 9H); 13C NMR (CDCl3) δ 
180.8, 154.8, 140.0, 118.1, 112.3, 80.5, 41.3, 40.5, 
31.4, 30.0, 28.3, 23.1; IR (neat, cm-1) 3322, 2978, 2218, 
1703, 1525; ESI-MS: m/z 300 [M+Na]+; FAB-HRMS: 
m/z calcd for C14H20N3O3 [M+H]+: 278.1499, Found: 
278.1500.

(1S,5R,6R)-[6-Acetylamino-3-cyano-5-(1-ethyl-
propoxy)-cyclohex-3-enyl]-carbamic acid tert-butyl 
ester (S-9):

BF3•OEt2 (1 M in 3-pentanol, 
0.65 mL, 0.645 mmol) was added 
dropwise over 15 min to a slurry of 
S-8 (119.3 mg, 0.430 mmol) and 
activated molecular sieves 5A (430 
mg) in 3-pentanol (4.3 mL) at -20°C. 

After stirring for 1 h, water (10 mL) was added at -20°C. 
The aqueous layer was extracted with AcOEt (15 mL) 
twice. The combined organic layers were washed with 
brine (15 mL), dried over Na2SO4, and concentrated 
to give crude S-9, which was purified by flash column 
chromatography (hexane /AcOEt = 2/1 to 3/2 to 1/1) to 
afford S-9 (88.1 mg, 0.241 mmol; 56% yield) as a white 
solid. Enantiomers were separated by chiral HPLC 
[Daicel Chiralpak AD-H, 2-propanol/hexane 1/20, flow 
0.7 mL/min, detection at 220 nm; tR 13.6 min (ent-S-9, 
[α]27

D +84.2 (c 0.180, CHCl3)) and 19.4 min (S-9, [α]27
D 

-109.3 (c 0.140, CHCl3))]. 
1H NMR (CDCl3) δ 6.47 (s, 

1H), 5.66 (brd, J = 8.6 Hz, 1H), 5.12, (brd, J = 8.6 Hz, 
1H), 4.09-4.01 (m, 1H), 3.95-3.90 (m, 1H), 3.87-3.78 
(m, 1H), 3.29 (quintet, J = 5.8 Hz, 1H), 2.60 (dd, J = 
5.5, 18.1 Hz, 1H), 2.37-2.29 (m, 1H), 1.97 (s, 3H), 1.47 
(quintet, J = 7.5 Hz, 4H), 1.40 (s, 9H), 0.87 (t, J = 7.5 
Hz, 3H), 0.86 (t, J = 7.5 Hz, 3H); 13C NMR (CDCl3) δ 
170.9, 156.1, 143.7, 117.5, 111.6, 82.6, 80.0, 75.0, 53.6, 
48.3, 32.6, 28.3, 26.0, 25.6, 23.2, 9.4, 9.1; IR (KBr, 
cm-1): 3335, 3287, 2968, 2220, 1686, 1654, 1541; ESI-
MS: m/z 388 [M+Na]+; FAB-HRMS: m/z calcd for 
C19H32N3O4 [M+H]+: 366.2393, Found: 366.2401.

Ethyl (3R ,4R ,5S)-4-Acetamide-5-amino-3-(1-
ethylpropoxy)cyclohexene-1-carboxylate phosphate 
(1) (Tamiflu®):

The solution of S-9 (29.8 mg, 0.082 
mmol) in 4.2 M HCl/EtOH (3.3 mL) 
was stirred at room temperature for 
24 h. After cooling to 4°C, water (3.3 
mL) was added to decompose the 

imino ester, and the mixture was stirred for 7 h. After 
addition of CH2Cl2 (6.6 mL), the mixture was stirred for 
a couple of minutes and the CH2Cl2 layer was removed. 
The aqueous layer was basified by 2 M NaOH aqueous 
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solution to pH = 10, extracted with CH2Cl2, washed 
with brine, dried over Na2SO4, and concentrated to give 
the free base S-10 (16.9 mg, 0.054 mmol; 66% yield). 
The free base (S-10, 74.6 mg, 0.239 mmol) in EtOH 
(1.44 mL) was slowly added to a solution of H3PO4 
(85%, 33.1 mg, 0.287 mmol) in EtOH (2.41 mL) at 
60°C. Crystallization commenced after a few minutes, 
and the suspension was cooled to 0°C. The crystal 
was collected and washed with acetone twice to afford 
Tamiflu® (1) (68.6 mg, 0.167 mmol; 70% yield) as a 
colorless crystal. 1H NMR (D2O) δ 6.91 (s, 1H), 4.39 
(brd, J = 7.4 Hz, 1H), 4.34-4.26 (m, 2H), 4.11 (dd, J = 
8.9, 11.6 Hz, 1H), 3.69-3.56 (m, 2H), 3.02 (dd, J = 5.1, 
17.2 Hz, 1H), 2.62-2.53 (m, 1H), 2.14 (s, 3H), 1.64-1.46 
(m, 4H), 1.35 (t, J = 7.2 Hz, 3H), 0.94 (t, J = 7.3 Hz, 
3H), 0.90 (t, J = 7.3 Hz, 3H); 13C NMR (D2O)  δ 178.1, 
170.3, 140.7, 130.5, 87.2, 77.9, 65.3, 55.5, 52.0, 31.0, 
28.3, 27.9, 25.2, 16.1, 11.4, 11.3; 31P NMR (D2O) δ 2.85; 
IR (KBr, cm-1): 3195, 1718, 1661, 1551, 1246, 1127, 
513; mp: 184-186°C; ESI-MS: m/z 313 [M-H3PO4+H]+; 
FAB-HRMS: m/z calcd for C16H29N2O4 [M-H3PO4+H]+: 
313.2127. Found: 313.2124. [α]22

D -30.5 (c 0.480, H2O).
 This analytical data completely matched with the 
reported one (2).

(3R,4R,5S)-4-Acetylamino-5-amino-3-(1-ethyl-
propoxy)-cyclohex-1-enecarboxylic acid (2) 
(Ro64-0802):

Aqueous KOH (1M; 0.320 mL, 
0.320 mmol) was added to a THF 
(1.60 mL) solution of free-base S-10 
(50.0 mg, 0.160 mmol) at room 
temperature. The resulting solution 
was stirred at the same temperature 

for 1 h. The reaction mixture was acidified to pH = 4 
with Amberlyst 15-DRY®, and filtered. The filtrate was 
evaporated, to afford the crude 2, which was purified 
by reverse-phase PTLC (H2O/CH3CN = 20/1) to afford 
2 (5.8 mg, 0.0204 mmol; 13% yield). 1H NMR (D2O) 
δ 6.46 (m, 1H), 4.24-4.22 (m, 1H), 3.97 (dd, J = 11.5, 
9.2 Hz, 1 H), 3.51-3.41 (m, 2H), 2.83 (dd, J = 17.2, 5.2 
Hz, 1H), 2.44-2.38 (m, 1H), 2.05 (s, 3H), 1.57-1.40 
(m, 4H), 0.86 (t, J = 7.5 Hz, 3 H), 0.82 (t, J = 7.5 Hz, 
3H). 13C NMR (D2O) δ 175.0, 174.7, 133.9, 133.1, 
84.8, 76.5, 54.1, 50.3, 30.7, 26.1, 25.8, 23.0, 9.20, 9.11. 
IR (KBr, cm-1): 3434, 1656, 1560; ESI-MS: m/z 307 
[M+Na]+.

This analytical data completely matched with the 
reported one (3).

The enantiomer 4 [(3S,4S,5R)-4-Acetylamino-5-
amino-3-(1-ethyl-propoxy)-cyclohex -1-enecarboxylic 
acid] was synthesized in the same way as 2.

Paralytic effect of oseltamivir on silkworm larvae

The paralysis and muscle relaxation of 5th instar 

silkworm larvae induced immediately after injection 
of 0.9% NaCl or 2.5 mg oseltamivir (Tamiflu®, Chugai 
Pharmaceutical Co. Ltd., Tokyo, Japan) are shown.

Inhibitory effect of oseltamivir on kainate-induced 
muscle contraction of silkworm larval specimen

Vehicle (50 μL, 0.9% NaCl) or oseltamivir (50 μL, 100 
mg/mL capsule) was injected into a silkworm larval 
muscle specimen, and successively, 50 μL of kainate (40 
μg/mL) or paralytic peptide (4 μg/mL) was injected. 
Contraction values were calculated as described above. 
Values represent the mean ± S.D., n = 3.
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ABSTRACT: Graft-vs-host disease (GVHD) is a 
devastating disorder that determines the prognosis 
of patients who receive a bone marrow transplant. 
GVHD is caused by donor cells responding to host 
disparate MHC alleles. In this report, we demonstrate 
that ER-38925, a newly discovered retinoid agonist 
with selectivity to retinoic acid receptor subtype α 
(RAR-α), is a potent immunosuppressive agent in 
mouse models of human GVHD. In a mouse model of 
lethal acute GVHD (aGVHD), ER-38925 prolonged 
the lifespan of the recipient mice in a dose-dependent 
manner. Its effect at 1 mg/kg was almost comparable 
to that of cyclosporin A at 30 mg/kg. ER-38925 
profoundly prevented the development of anti-
allogeneic cytotoxic T lymphocyte (CTL) response in 
the mouse model of aGVHD at 0.1 and 0.3 mg/kg. It 
strongly inhibited in vitro proliferation of alloantigen-
stimulated donor T lymphocytes, and RAR-α seemed 
to play an exclusive role in this effect since inhibition 
by all-trans retinoic acid, which can activate all 
subtypes of RAR, was completely reversed by an 
RAR-α selective antagonist. Moreover, it significantly 
inhibited the elevation of serum IL-12 and IFN-γ and 
LPS-induced serum TNF-α elevation, all of which are 
known to be crucial disease-exacerbating factors in 
this model and human GVHD, in the mouse model of 
aGVHD. These results suggest that ER-38925 prevents 
the development of aGVHD through substantial 
inhibition of anti-allogeneic responses of donor T 
lymphocytes. In addition, in vivo administration of 
ER-38925 also blocked serum anti-DNA autoantibody 
production in a mouse model of human chronic 
GVHD. This is the first report to clearly show the 

remarkable immunosuppressive effects of an RAR-α 
selective agonist in mouse models of human GVHD. 
These findings may allow an RAR-α selective agonist 
like ER-38925 to serve as a novel therapy to prevent 
both acute and chronic types of human GVHD.  

Keywords: Graft-vs-host disease, Bone marrow 
transplantation, Retinoid, Therapy

Introduction

Graft-vs-host disease (GVHD) occurs after bone 
marrow transplantation (BMT) and can be found in 
acute and chronic forms. In patients who received 
BMT, acute GVHD (aGVHD) takes place within about 
60 days post-transplantation and results in damage to 
the skin, liver, and gut due to the action of cytotoxic 
lymphocytes. Chronic GVHD (cGVHD) occurs later 
and is a systemic autoimmune disease that primarily 
affects the skin, resulting in the polyclonal activation 
of B cells and hyperproduction of immunoglobulin (Ig) 
and various kinds of autoantibodies, including anti-
DNA autoantibody. The current method of preventing 
GVHD is to irradiate donor bone marrow cells or 
deplete mature T lymphocytes before transferring them 
to the host. BMT patients are systemically treated with 
various kinds of immunosuppressive drugs, including 
glucocorticoid, cyclosporin A, and cyclophosphamide. 
Despite their undesirable and severe toxicity, none of 
those therapies completely blocks GVHD development, 
and more effective and safer remedies are desired for 
this disease.

GVHD is  s tudied in experimental  systems 
by transferring T lymphocytes into allogeneic or 
semiallogeneic immunoincompetent recipients. In both 
types of GVHD model, donor T lymphocytes recognize 
and respond to the host disparate MHC antigens and 
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initiate immunological disorders. In the mouse aGVHD 
model, animals die within 1-3 weeks after suffering 
from severe wasting, diarrhea, and skin lesions. In 
those mice, serum interferon-γ, IL-12 and TNF-α are 
significantly elevated, as also reported in human GVHD 
patients. On the other hand, in mouse cGVHD models, 
host B cells are polyclonally activated and produce 
excess amount of Ig and autoantibodies through 
cognate interaction between allospecific donor helper T 
cells (Th) and host B cells (1,2). Pathological features 
of those mouse models of GVHD closely resemble 
the pathological changes in human patients with either 
acute or chronic GVHD. This enables the use of those 
animals as models of human GVHD.

Retinoids are vitamin A derivatives used for the 
treatment of vitamin A deficiency and dermatological 
disorders as well as for chemoprevention and therapy 
for certain cancers (3). Retinoids regulate gene 
expression through the action of retinoic acid receptors 
(RARs) and retinoid-X receptors (RXRs), both of which 
belong to the family of nuclear hormone receptors (4). 
Both RARs and RXRs consist of 3 subtypes, i.e. α, β, 
γ. Those subtypes are expressed in various organs in 
a specially and/or temporally regulated manner and 
mediate pleiotropic effects of retinoids, including either 
beneficial or adverse effects. Many RAR and RXR pan- 
or subtype specific-modulators have been developed as 
drugs, mainly targeting cancer and metabolic diseases 
(5).

In addition, retinoids, like 4-hydroxyretinamide, 
all-trans, and 13-cis retinoic acid were reported to be 
effective in some immunological disease models like 
rat adjuvant arthritis (6) and experimental allergic 
encephalomyelitis (7), both of which are believed to 
be caused by cell-mediated immunity. Am80, a ligand 
with an affinity selective for RARα, was reported to 
inhibit rat collagen-induced arthritis with a prominent 
reduction of anti-collagen IgG titers (8) and also inhibit 
experimental allergic encephalomyelitis in rats (9). In 
light of these findings, retinoids, and especially RARα-
selective ones, are expected to be a new remedy for 
intractable human immunological diseases.

ER-38925 is  an  RAR-α  se lec t ive  re t inoid 
synthesized in the authors’ laboratory (10). It has 
profound immunosuppressive activities in various kinds 
of models, like mouse cardiac allograft transplantation 
(11), and mouse lupus nephritis in female (NZB/
NZW)F1 mice (12). These findings prompted an 
investigation of whether ER-38925 would inhibit 
various kinds of immunological disorders in mouse 
models of human GVHD.

Materials and Methods

Mice

C57BL/6 (B6; H-2b), DBA/2 (D2; H-2d) and B6D2F1 

(BDF1; H-2b/d) were purchased from Charles River 
Japan (Kanagawa, Japan) and maintained in a specific 
pathogen-free environment in the animal facility at 
Eisai Tsukuba Research Labs. All mice used in this 
study were female and 7 to 12 weeks old. All animal 
experiments were approved by the Animal Care and 
Use Committee of Eisai.

Drugs

ER-38925 (4-{5-[4,7-dimethyl-benzo[b]furan-2-yl]-
1H-2-pyrrolyl}benzoic acid) was synthesized at Eisai 
Tsukuba Laboratories with a structure as shown in 
Figure 1. ER-50891 was also synthesized at Eisai and 
is an RAR-α selective antagonist as reported previously 
(13). Am80, a well-known RAR-α selective agonist, 
was purchased from WAKO Pure Chemical (Osaka, 
Japan). ER-38925 and Am80 were suspended in 0.5% 
methyl cellulose solution for in vivo administration. 
Ciclosporin A (CyA, Sandimmun® concentrate 
for infusion, lot.4197, Novartis, Switzerland) was 
diluted with physiological saline to the appropriate 
concentration. Recipient mice were administrated 
appropriate doses of ER-38925 and Am80 orally or 
CyA subcutaneously at a volume of 10 mL of drug 
solution per kg of body weight.

Induction of aGVHD

Acute GVHD was induced according to the methods 
previously reported (1). To induce lethal GVHD, 
BDF1 recipients were lethally irradiated (10 Gy) and 
intravenously injected with 2 × 107 bone marrow cells 
and 5 × 107 spleen cells obtained from B6 donors. 
Parental B6 mice were anesthetized and killed by 
cervical dislocation prior to removal of the spleen and 
femur. Dissociated bone marrow and spleen cells were 
washed and resuspended in D-PBS for intravenous 
injection into the BDF1 hybrid. After bone marrow 
transplantation (BMT), recipients were given sterile 
chow and water, and the survival of each mouse was 
monitored daily. In other experiments, 5 × 107 B6 
spleen cells were intravenously infused into non-
irradiated BDF1 mice as a means of examining the 
induction of cytotoxic T lymphocyte (CTL) against a 
disparate MHC allele (H-2d).

Figure 1. Chemical structure of ER-38925.
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plates were incubated at 37°C for 2 h. After washing, 
biotinylated goat anti-mouse IgG (Amersham) 
diluted with ELISA buffer (10% normal rabbit serum, 
0.05% Tween 20-PBS (-)) at 1:1000 was added and 
plates were incubated further (37°C, 2 h). Anti-
DNA IgG was detected with horseradish peroxidase-
labeled streptavidin (Amersham, Buckinghamshire, 
England) and developed with o-phenylenediamine 
dihydrochloride. About 30 min later, the reaction 
was stopped by adding 50 μL of sulphuric acid, and 
plates were read at an OD of 490 nm with a Micro 
Plate Reader. The amount of anti-ssDNA activity in 
each sample was expressed as units/mL in reference 
to standard serum obtained from an old female (NZB/
NZW)F1 mouse, which was defined as having 1,000 
U/mL of activity.

Serum cytokines

For the detection of serum cytokines, B6 spleen cells 
were transferred to BDF1 mice, which were treated 
with the drugs from the day of disease induction. Two 
weeks later, half of these mice were bled from the retro-
orbital vein under diethyl ether anesthesia, and their 
sera were obtained for the detection of IL-12 and IFN-γ. 
The other half were intravenously injected with 30 μg 
of lipopolysaccharide (LPS) and sera were obtained 3 h 
later for the detection of TNF-α. ELISA kits for mouse 
IL-12(p40), IFN-γ, and TNF-α were all purchased 
from BioSource International (Camarillo, CA), and 
assays were carried out according to the manufacturer’s 
instructions.

aGVHD-type mixed lymphocyte reaction

Single cell suspensions of B6 and BDF1 spleen were 
prepared as described above. BDF1 spleen cells were 
growth-arrested by treating with mitomycin C (Sigma) 
prior to incubation. Suspended in 180 μL of complete 
RPMI-1640 medium were 2 × 105 of B6 and 1 × 105 of 
mitomycin C-treated BDF1 spleen cells, which were 
then incubated at 37°C, 5% CO2 for 5 days. Drugs were 
dissolved and diluted at appropriate concentrations 
in complete RPMI-1640 containing 0.1% DMSO 
and added to the culture in a volume of 20 μL at the 
beginning of the culture. After incubation, each well 
was pulsed with 0.5 μCi of 3H-thymidine and further 
incubated for 16 h. Radioactivity incorporated in 
each well was determined with a beta-plate counter 
(Pharmacia, Uppsala, Sweden). Results are expressed 
as the mean cpm for triplicate cultures.

Statistics

In a lethal aGVHD model, the difference between the 
control and drug-treatment group in days of survival 
was analyzed with a Log-rank test. In cytokine 

Induction of cGVHD

To induce cGVHD, BDF1 recipients were intravenously 
injected with 5 × 107 DBA/2 spleen cells. Preparation 
and transfer of the spleen cells were carried out as 
described in the previous (aGVHD) section. Two weeks 
after the transfer, mice were bled and their sera were 
collected for the determination of anti-single stranded 
DNA (ssDNA) autoantibody titers.

Assessment of CTL activity

Ten to twelve days after the injection of B6 spleen cells, 
recipients were anesthetized and killed by cervical 
dislocation prior to removal of the spleen. After 
dissociation, spleen cells were washed and resuspended 
in RPMI-1640 at various cell densities. Suspended in 
200 μL of complete RPMI-1640 (supplemented with 
10% FCS (lot S07300, Sanko Junyaku, Tokyo, Japan) 
and 50 μM 2-mercaptoethanol, 5,000 U/mL penicillin 
and 5,000 U/mL streptomycin) were 1 × 107 target 
tumor cells, P-815 (H-2d, mouse mastocytoma), and 
EL-4 (H-2b, mouse T-lymphoma), which were then 
labeled with 0.1 mCi of 51Cr (Cat. No. NEZ-030(S), 
DuPont NEN, Boston, MA) for 1 h at 37ºC, 5% CO2. 
Cells were then washed thoroughly and resuspended 
at 1 × 105 cells/mL in complete RPMI-1640. Labeled 
target cells were plated at 1 × 104 per well on a 96-well 
round bottom plate with effector cells at an effecter/
target (E/T) ratio of 80:1, 40:1, 20:1, 10:1, 5:1, and 
2.5:1. The plates were incubated at 37ºC, 5% CO2 for 
4 h. After incubation, these plates were centrifuged 
at 1,500 rpm for 5 min, and an aliquot of cell-free 
supernatant was collected from each well and transfered 
onto LumaPlates™ (Packard) to determine radioactivity 
with a TopCount™ Microplate Scintillation Counter 
(Packard). Percent-specific lysis is defined as (a-b)/
(c-b), where a equals cpm released by target cells 
incubated with effector cells, b equals cpm released by 
target cells incubated with medium only (spontaneous 
release), and c equals cpm released by target cells 
incubated with 1% of Triton X-100 (100% release). No 
nonspecific cytotoxicity was observed after effecter 
cells were incubated with MHC-matched target cells 
(EL-4).

Anti-ssDNA IgG

For anti-ssDNA, ELISA plates (Costar, Cambridge, 
MA, Cat #3590) were first coated at room temperature 
with 10 mg/mL poly-L-lysine (Sigma, St. Louis, MO) 
for 0.5 h and then incubated overnight at 4°C with 
ssDNA preparation (heat-inactivated calf thymus DNA) 
at 5 μg/mL. After wells were washed with washing 
buffer (0.05% Tween 20-0.1 M phosphate buffer (pH 
7.4)) and blocked with 50% FCS-PBS (37°C, 2 h), 50 
μL of serially diluted serum sample were added and 
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production assays, the difference between vehicle- and 
drug-treated groups was analyzed with a Mann-Whitney 
test. In cGVHD, the difference between dosage groups 
in serum anti-ssDNA titer was analyzed with one-
way ANOVA followed by a Dunnett-type multiple 
comparison. A probability value of 5% (two-sided) 
was considered statistically significant. All statistical 
analyses were conducted using the SAS6.12 software 
package (SAS Institute Japan, Tokyo, Japan).

Results

Effect of ER-38925 on survival in the aGVHD model 

Vehicle-treated BDF1 mice that were lethally irradiated 
and infused with bone marrow and spleen cells of B6 
mice developed lethal aGVHD and began to die as of 
12 days after the cell transfer. In this group, all mice 
were dead by day 22 after the cell transfer. Mice treated 
with ER-38925 at 1, 3, and 10 mg/kg had a significantly 
prolonged lifespan compared with the vehicle control 
(p < 0.05 by Log-rank test, Figure 2). During 4-week 
treatment, no mice in ER-38925 groups, except for one 
at 1 mg/kg, died from aGVHD. After the termination of 
the treatment, however, mice in those groups eventually 
died from aGVHD and no animal survived longer than 
70 days post-disease induction. Reproducibility of the 
improvement in this parameter as a result of ER-38925 
at 1 mg/kg was observed in an additional experiment 
(data not shown). In addition, ER-38925 at 0.3 mg/kg 
also significantly improved the survival of aGVHD 
mice in a separate experiment (p < 0.05 by Log-rank 
test, data not shown). ER-38925 at 1 mg/kg, p.o. again 
prolonged the survival of aGVHD mice almost as 
potently as CyA at 30 mg/kg, s.c., and both drugs had a 

statistically significant effect (p < 0.05 by Log-rank test, 
Figure 3).

Effect of ER-38925 on cytotoxic T lymphocyte (CTL) 
induction in aGVHD mice

aGVHD is associated with the marked induction of anti-
allogeneic donor CTL, and such CTLs are thought to 
play a crucial role in the induction of various disorders 
in aGVHD. The effect of ER-38925 on the lethality 
of aGVHD may result from the inhibition of CTL in 
this model. To assess this possibility, CTL activity was 
compared in control and drug-treated aGVHD mice. 
aGVHD was induced by injection of B6 spleen cells 
into non-irradiated BDF1 recipients. As shown in Figure 
4a, on 12 day following the transfer of donor cells, 
a vigorous anti-allogeneic (anti-H-2d) CTL response 
was detected. Treatment of mice with ER-38925 at 0.1 
and 0.3 mg/kg from the day of transfer prevented the 
induction of this CTL response. ER-38925 suppressed 
the response by about 50% and 80% at 0.1 and 0.3 mg/
kg, respectively. This inhibitory effect of ER-38925 at 
0.3 mg/kg was fully consistent with its improvement 
of the survival of aGVHD mice, as mentioned before. 
Administration of CyA also prevented CTL induction 
in aGVHD models, and the inhibition of CyA at 10 
mg/kg was almost comparable to that of 0.1 mg/kg of 
ER-38925 (Figure 4a, b). All-trans retinoic acid (ATRA) 
inhibited CTL response at 10 and 30 mg/kg (Figure 
4b). Moreover, oral administration of another RAR-α 
selective retinoid, Am80, at 1 mg/kg also prevented 
CTL generation (Figure 4c). Hence, the inhibition of 
anti-allogeneic CTL induction in the aGVHD model 
seems to be a common feature for various types of 
retinoids.

Figure 2. Effect of ER-38925 on the survival of aGVHD mice. Lethal 
aGVHD was developed in lethally irradiated female BDF1 mice by 
transferring bone marrow and spleen cells of B6 mice. Mice were 
administered either vehicle (0.5% MC) or ER-38925 (1, 3 or 10 
mg/kg) for 4 weeks from the day of disease induction. Each group 
consisted of 6 animals at the beginning of the study. Respective lines 
indicate survival for each treatment group. ER-38925 prolonged the 
lifespan of aGVHD mice starting at 1 mg/kg. A statistically significant 
difference was found between the control and each ER-38925 
treatment group. * p < 0.05 by Log-rank test.

Figure 3. Effect of ER-38925 and CyA on the survival of aGVHD 
mice. aGVHD were induced in female BDF1 mice as described in 
Figure 2, and those mice were divided into 3 groups and administered 
vehicle (0.5% MC), ER-38925 (1mg/kg, p.o.), or CyA (30 mg/kg, 
s.c.) respectively, for 20 days from the day of disease induction. Each 
group consisted of 5 animals at the beginning of the study. Respective 
lines indicate survival for each treatment group. Both ER-28925 and 
CyA significantly improved survival at the dose tested. * p < 0.05 by 
Log-rank test.
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Effect of ER-38925 on alloantigen-induced proliferation 
of donor spleen cells

In aGVHD, parental T lymphocytes recognize and 
respond to disparate MHC alleles resulting in a massive 
proliferative response and cytokine secretion. To 
ascertain the mechanisms by which retinoids inhibit 
CTL induction in the aGVHD model, the effect of 
compounds on the anti-allogeneic proliferation of donor 

spleen cells was studied. As shown in Figure 5, B6 
donor spleen cells profoundly proliferated in vitro in 
the presence of host (BDF1) spleen cells (open circles 
in Figure 5a, b). ATRA and ER-38925 inhibited this 
response in a concentration-dependent manner, and 
their IC50 values in this assay were 0.62 and 1.64 nM, 
respectively (Figure 5a). The next assay investigated 
whether inhibition of these retinoids is mediated via 
RAR-α or not. ER-50891 is a retinoid synthesized in 
this laboratory and is defined as an RAR-α specific 

Figure 4. Effect of ER-38925, ATRA and CyA on the CTL induction in aGVHD mice. Anti-alloantigen (H-2d) specific CTL was induced in 
female BDF1 mice by transferring spleen cells of B6 mice. Mice were divided into groups consisting of 5 animals and administered with drugs 
at various doses from the day of cell transfer, as indicated in Figure 4a, 4b, and 4c. Control mice received the vehicle only (0.5% MC). Twelve 
days after the cell transfer, anti-allogeneic CTL activity was determined by measuring the cytotoxicity against P815 target cells (H-2d). Each 
point represents the mean CTL activity of 5 animals. a. ER-38925 inhibited the response starting at 0.1 mg/kg. b. CyA and ATRA inhibited the 
response at 10 mg/kg and 10 mg/kg, respectively. c. Am80 inhibited the response at 1 mg/kg.

Figure 5. In vitro effect of retinoids on alloantigen induced proliferation of donor spleen cells. Anti-alloantigenic (anti-H-2d ) proliferation of 
donor spleen cells was induced by coculturing B6 spleen cells (2 × 105) and mitomycin C-treated BDF1 spleen cells (1 × 105). Each compound 
was added at the beginning of the culture. Five days later, each culture was pulsed with 0.5 mCi of 3H-thymidine for the final 16 h. Each point 
represents the mean of radioactivity incorporated into triplicate cultures. a. ATRA and ER-38925 inhibited the response in a concentration-
dependent manner, while ER-50891, an RAR-α selective antagonist, did not, up to the highest concentration tested. b. ATRA inhibited the 
response almost completely starting at 10 nM. Inhibition of the response by ATRA at 10 and 100 nM was completely reversed by ER-50891 at 
10,000 nM.
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antagonist, as reported previously (13). This compound 
did not alter the response up to 10,000 nM (Figure 5a). 
The inhibition of ATRA at either 10 or 100 nM was 
reversed by ER-50891 in a concentration-dependent 
manner and completely recovered in the presence 
of 10,000 nM of ER-50891 (Figure 5b). Hence, the 
RAR-α receptor seems to play a crucial role in the 
suppression of alloantigen-induced proliferation of 
donor lymphocytes by retinoids in the aGVHD model.

Effect of ER-38925 on cytokine production in aGVHD 
hosts

A well-known fact is that various kinds of cytokines 
are produced in aGVHD hosts and work as disease-
exacerbating factors in both human GVHD patients 

and murine GVHD models. In particular, cytokines 
produced by type 1 T-helper cells (Th1), i.e. IL-12, 
IFN-γ, and TNF-α are known to play a crucial role 
in the development of aGVHD and are regarded as 
promising targets for disease intervention (14-17). As 
shown in Figure 6, as of 14 days after disease induction 
BDF1 mice with aGVHD had elevated serum IL-12 
(p40) and IFN-γ when compared with intact controls 
that received spleen cells from a syngeneic strain 
(BDF1). The elevation of IL-12 in aGVHD mice was 
statistically significant. aGVHD control mice had much 
higher serum IFN-γ than intact controls, although this 
difference was not statistically significant due to a large 
data variation among the control animals. Compared 
to the aGVHD control, ER-38925 decreased serum 
IL-12 by about 30%, and the decrease was statistically 

Figure 7. Effect of retinoids on TNF-α production in aGVHD mice. BDF1 mice with aGVHD were intravenously challenged with LPS (30 
μg/mouse) at day 14 post-disease induction. Three hours later, serum was collected from each mouse, and its TNF-α content was determined by 
ELISA. The number of mice alive at 24 h post-LPS injection is indicated on the right of each column. Mice were treated with drugs or the vehicle 
in the same manner as described in Figure 6. Each column represents the mean ± S.E.M. of 5 animals. A significant difference from the aGVHD 
control as indicated by a Mann-Whitney test is shown in the figure, * p < 0.05. ER-38925 significantly inhibited LPS-induced serum TNF-α 
elevation and improved the survival after LPS challenge in the aGVHD model. These effects were more significant than those of CyA at 10 mg/
kg.

Figure 6. Effect of retinoids on cytokine production in aGVHD mice. Sera were collected from BDF1 mice with aGVHD at day 14 post-disease 
induction. Serum IL-12 (p40) and IFN-γ content was determined by ELISA as described in the Methods section. Each mouse was administered 
either ER-38925, CyA, or the vehicle once daily from the day of cell transfer. The dose and route of administration for each drug are indicated in 
the figure. BDF1 mice transferred with spleen cells from the syngeneic strain served as an intact control (open column). Each column represents 
the mean ± S.E.M. of 5 animals. A significant difference from the aGVHD control as indicated by a Mann-Whitney test is shown in the figure, * p 
< 0.05. ER-38925 inhibited the elevation of serum IL-12 and IFN-γ in the aGVHD model while CyA did not.
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significant (p < 0.05 by Mann-Whitney test, Figure 6). 
It also reduced serum IFN-γ in aGVHD mice by about 
60%, but this effect was not statistically significant, 
again due to a large data variation among aGVHD 
controls. In contrast to ER-38925, CyA had no effect 
on serum IL-12 content, and it decreased serum IFN-γ 
only moderately, with no statistical significance 
to the decrease. In addition to the above Th1-type 
cytokines, aGVHD mice are known to produce TNF-α 
when challenged with microorganic components like 
lipopolysaccharide (LPS). This phenomenon may be 
mediated by activated monocytes or macrophages 
primed by IFN-γ  and represent the accelerated 
vulnerability to septic shock after systemic infection 
in GVHD patients (18). The current aGVHD mice 
also produced a large amount of TNF-α in sera after 
challenge with LPS, and 3 out of 5 animals died from 
septic shock within 24 h, although neither response 
was observed in intact controls used in the same assay 
(Figure 7). Mice treated with ER-38925 at 0.3 mg/
kg produced less TNF-α in sera, and this effect was 
statistically significant (p < 0.05 by Mann-Whitney test, 
Figure 7). Additionally, none of these mice died after 
the LPS challenge. The effect of ER-38925 on these 
parameters was more prominent than CyA at 10 mg/kg.

Effect of ER-38925 on cGVHD

cGVHD is characterized by a systemic autoimmune 
disease that primarily affects the skin and results in the 

polyclonal activation of B cells and hyperproduction of 
Ig, including IgE and anti-DNA autoantibodies (1,19). 
To investigate the effect of ER-38925 on cGVHD, 
parental DBA/2 spleen cells were transferred to BDF1 
hybrids.  In vehicle-treated cGVHD hosts, the serum 
anti-ssDNA autoantibody titer was substantially 
elevated. ER-38925 significantly inhibited the elevation 
of anti-ssDNA starting at a dose of 0.3 mg/kg (p < 
0.05 by One-way ANOVA, Figure 8). The effect 
of ER-38925 was much more marked than that of 
CyA since the latter did not significantly inhibit this 
parameter even at 10 mg/kg.

Discussion

The present study clearly shows that retinoids, and 
especially RAR-α selective retinoids, can inhibit 
mouse GVHD responses both in vitro and in vivo. 
ER-38925 significantly prolonged the lifespan of 
aGVHD hosts starting at 1 mg/kg (Figure 2), and this 
effect was almost comparable to 30 mg/kg of CyA 
(Figure 3). Moreover, it potently inhibited anti-ssDNA 
autoantibody production in the cGVHD model (Figure 
8). To the extent known, this report is the first to clearly 
indicate the remediating effect of a retinoid on various 
GVHD-related disorders.

The authors’ RAR-α selective retinoid effectively 
inhibited anti-allogeneic CTL induction in aGVHD 
hosts starting at 0.1 mg/kg (Figure 4). Since ATRA and 
Am80 also inhibited this response, this effect seems to 
be common among various types of retinoids. Retinoid-
induced inhibition of CTL induction in aGVHD hosts 
seems to be mediated, at least partly, through the 
massive inhibition of donor cell proliferation since 
ER-38925 and ATRA inhibited the alloantigen-induced 
in vitro proliferation of B6 donor spleen cells in a 
concentration-dependent manner (Figure 5a). Moreover, 
inhibition of this response by ATRA was totally 
reversed by an excessive amount of an RAR-α selective 
antagonist, ER-50891 (Figure 5b). Therefore, RAR-α 
seems to play a pivotal role in the anti-proliferative 
effect of retinoids on alloantigen-stimulated murine 
lymphocytes, and may also play a role in the inhibition 
of CTL induction by retinoids.

IFN-γ, a representative Th1 cytokine, is critical to 
promoting CTL induction in murine GVHD models 
(20). Hayes and his colleagues observed increased 
IFN-γ and decreased IL-4 and IL-5 secretion in vitamin 
A-deficient mice, and such an imbalance was reversed 
by the administration of retinoic acid (21-23). They also 
reported that retinoic acid inhibits IFN-γ production 
by a Th1 cell line via a CD28 co-stimulatory signal 
blockade (24). Retinoid-mediated suppression of human 
(25) and murine (26) IFN-γ production is exerted at 
the transcriptional level. Consistent with these reports, 
ER-38925 reduced the serum IFN-γ level that was 
upregulated in the aGVHD model (Figure 6).

Figure 8. Effect of ER-38925 and CyA on autoantibody induction 
in a cGVHD model. cGVHD was developed in female BDF1 mice 
by transferring spleen cells of DBA2. After the cell transfer, those 
mice were divided into groups each consisting of 5 animals and 
administered the vehicle (0.5% MC, p.o.), ER-38925 (0.3, 1 or 3 mg/
kg, p.o.) or CyA (1, 3 or 10 mg/kg, s.c.) from the day of cell transfer. 
Intact control mice were left untreated throughout the study period. 
Two weeks later, mice were bled and serum anti-ssDNA titer was 
determined by specific ELISA as described in the Methods section. A 
significant difference between the control and drug treatment group 
was noted in One-way ANOVA, * p < 0.05. ER-38925 inhibited the 
elevation of serum anti-ssDNA titer in a dose-dependent manner in 
the cGVHD model while CyA did not.
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In addition, retinoids have recently been reported 
to inhibit IL-12 production by activated macrophages 
through functional interactions between their receptors 
(RXR and RAR) and NF-κB, a crucial transcription 
factor for IL-12 gene expression (27). Fully consistent 
with this report, elevation of serum IL-12 was markedly 
suppressed in ER-38925-treated aGVHD mice (Figure 
6). The inhibitory effect of ER-38925 on serum IL-12 
and IFN-γ upregulation was observed at 0.3 mg/kg, the 
dose also effective in inhibiting CTL induction. Taken 
together, these findings indicate that the current retinoid 
must have inhibited Th1 differentiation in the aGVHD 
models and thereby reduced the secretion of Th1 
cytokines like IL-12 and IFN-γ. These effects must have 
contributed to its potent suppression of CTL induction 
(Figure 4) since both cytokines have been reported to 
be critical to allo-specific CTL induction (20,28,29).

TNF-α is the other disease-exacerbating factor of 
GVHD in humans and rodents (17,18), and its serum 
level is known to correlate well with the severity 
of human GVHD (30,31). LPS is a component of 
endogenous bowel flora and a potent inducer of pro-
inflammatory cytokine release from monocytes or 
macrophages. Translocation of LPS across damaged 
gut mucosa to systemic circulation is believed to 
take place during both experimental and clinical 
GVHD, and the serum level of LPS was elevated in 
BMT patients with GVHD (32). Once translocated 
into systemic circulation, LPS triggers monocytes or 
macrophages that have been primed by IFN-γ produced 
by activated T cells to produce a cytopathic amount 
of inflammatory cytokines like TNF-α or IL-1 (33). 
Together with activated T cells, those cytokines cause 
organ damage in GVHD hosts (34). This pathway must 
also be crucial in human GVHD, since the severity of 
GVHD is effectively reduced by germ-free conditions 
or antibiotic therapy in BMT recipients (35). In this 
study, ER-38925 reduced the production of TNF-α in 
LPS-injected aGVHD hosts and thereby improved their 
survival (Figure 7). This result suggests that ER-38925 
inhibited the production of IFN-γ by activated donor T 
cells and thereby prevented the activation of monocytes 
or macrophages in aGVHD hosts (see Figure 6). This 
effect, together with ER-38925’s potent inhibition of 
CTL activity, must largely contribute to its disease 
remediation in the aGVHD model.

In addition to aGVHD, ER-38925 intensely 
inhibited autoantibody production in cGVHD mice. Its 
effect excelled over that of CyA. The mechanism(s) 
by which ER-38925 suppress autoimmune disease in 
cGVHD remains to be elucidated. Nevertheless, anti-
DNA production is also reported to be abrogated in 
IFN-γR knock-out (NZB × NZW)F1 mice, which 
are known to be a model of human SLE (36). Hence, 
ER-38925 may inhibit anti-ssDNA production via 
massive inhibition of IFN-γ production in cGVHD. 
This possibility warrants future study.

While the immunosuppressive mechanism of 
RAR-α selective retinoids is not precisely understood 
at the cellular level, recent studies indicate that 
retinoids induce the CD4+CD25+ regulatory T cell 
(Treg) subset (37,38) in mice in an RAR-α-dependent 
manner (39,40). Research has also suggested that Treg 
plays an important role in determining the prognosis of 
patients who receive a haematopoietic cell transplant. 
Namely, Treg decreases the incidence and severity 
of mouse GVHD (41,42) and promotes donor bone 
marrow engraftment by protecting these cells from host 
rejection (43) in mouse models. These findings suggest 
that ER-38925 suppressed GVHDs by inducing Treg 
cells in the semiallogeneic GVHD models used in this 
study. This possibility remains to be elucidated in future 
studies.

The present results suggest that retinoids, and 
especially RAR-α selective retinoids including 
ER-38925, may serve as a new remedy for preventing 
and/or treating GVHD in human BMT patients.
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ABSTRACT: We investigated a new method of 
preparing peptide-loaded poly(dl-lactide-co-glycolide) 
microspheres with high encapsulation efficiency, 
low initial burst, and long-term sustained release by 
dissolving a peptide in a polymer by applying a solid 
solution system to the preparation of an oil phase. 
Solid solutions were prepared by dissolving a polymer 
(poly(dl-lactide-co-glycolide)) and a peptide (TRH 
derivative) in mixed solvents and then evaporating 
the solvents. Microspheres were prepared by an O/
W emulsion solvent evaporation method, using the 
solution of the solid solution in dichloromethane as an 
oil phase. The state of the peptide in the solid solution 
and in the microspheres was evaluated by X-ray 
diffraction analysis. Release of the peptide from the 
microspheres was evaluated by an in vitro drug release 
test. Observation of the oil phase, X-ray diffraction 
analysis, and DSC analysis revealed that the peptides 
were dispersed in a molecular state in the solid solution 
and in microspheres with peptide loading of up to 
15%. Encapsulation efficiency was over 90% for 
microspheres with peptide loading of up to 15%. The 
release of the peptide from the microspheres lasted 
over 21 days at least with the limited initial burst in 
vitro. High encapsulation efficiency, low initial burst, 
and long-term sustained release can be accomplished 
with microspheres prepared by a method based on a 
solid solution system.  

Keywords: Microspheres, Peptide, Poly(dl-lactide-co-
glycolide), Solid solution, Controlled release

Introduction

The technologies of long-term sustained release systems 
are useful in maximizing the efficacy of peptides, 

which have very short biological half-lives. Among 
the long-term sustained release systems, implantable 
microspheres made from biodegradable polymers such 
as polylactide and poly(lactide-co-glycolide) have been 
investigated by many researchers because of the ease 
of administration and their complete disappearance in 
the body. Although the polymers are insoluble in water, 
the polymers gradually degrade and erode in the body, 
releasing the microencapsulated drug.
 Common techniques of microencapsulation are a 
phase separation method (1,2), a solvent evaporation 
method (3,4), and a spray-drying method (5,6). For 
phase separation, a poor solvent for polymers is added 
into the polymeric solution containing drug particles 
(oil phase); consequently, microspheres are prepared by 
precipitating polymers around the drug particles. For 
solvent evaporation, a polymeric solution containing 
drug particles (oil phase) is emulsified into another 
liquid (e.g. water, oil); the microspheres are prepared 
by evaporating the solvent from the oil phase. For 
spray-drying, the polymeric solution containing drug 
particles (oil phase) is sprayed through a nozzle; the 
microspheres are prepared by drying the oil droplets in 
the air. Regardless of the technique chosen, preparation 
of the oil phase that serves as the polymeric solution 
containing the drug is crucial.
 The preparation of an oil phase is one of the most 
important processes in the microencapsulation process. 
The state of a drug in an oil phase influences its state 
in microspheres. If fine particles are dispersed well in 
an oil phase, microspheres with a uniformly dispersed 
drug can be obtained. If large particles or aggregates 
are dispersed in an oil phase, microspheres with an 
ununiformly distributed drug may be obtained. The 
distribution of a drug in microspheres is responsible for 
the property of those microspheres. Microspheres with 
large particles or aggregates of a drug often have low 
encapsulation efficiency and a high initial burst (7,8).
 For most peptide drugs, the preparation of an oil 
phase is complicated in terms of the insolubility in the 
solvents used for the oil phase. Two major methods 
were reported for the preparation of an oil phase 
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containing peptides; the peptide particles were dispersed 
in organic solvents (9,10) or a peptide aqueous solution 
was emulsified in organic solvents (11,12). Whichever 
method is chosen, the particles or droplets must be 
reduced in size in order to obtain microspheres with 
high encapsulation efficiency and a preferable release 
profile (13,14). There are, however, few methods 
of reducing the size of peptide particles, such as the 
crystallization method. Moreover, fine particles easily 
aggregate, which leads to an increase in apparent 
particle size. With a peptide aqueous solution, particle 
size can be reduced by higher-speed emulsification, 
but the resulting droplets readily join with one another, 
which leads to an increase in droplet size.
 In the field of the drug dissolution and absorption, 
an approach involving a solid dispersion system has 
been investigated for several decades in order to 
reduce drug particle size. Solid dispersion refers to the 
dispersion of one or more active ingredients in an inert 
carrier or matrix in a solid state (15). A solid dispersion 
system can suppress the growth of crystals to provide 
fine particles. Specifically, dispersing a drug in a 
molecular state in a matrix refers to a “solid solution” 
(15). In other words, a solid solution is the state in 
which a drug is dissolved in a matrix. If a solid solution 
system can be used to prepare an oil phase, then 
peptides should be dispersed as extremely fine particles 
(a molecular state) in an oil phase because the viscosity 
of the polymer hampers aggregation.
 This study sought to develop a new method of 
preparing peptide-loaded microspheres by focusing on 
the use of a solid solution system. This study sought 
to demonstrate that a method of preparation based on 
a solid solution system would be useful in preparing 
peptide-loaded microspheres with high encapsulation 
efficiency, low initial burst, and long-term sustained 
release of a drug. Taltirelin, a TRH derivative (Figure 
1), was chosen as a model peptide. Poly(dl-lactide-co-
glycolide) (PLGA) served as a biodegradable polymer.

Materials and Methods

Materials

Poly(dl-lactide-co-glycolide) (PLGA, MW20,000, 
lactide:glicolide = 1:1; Wako Pure Chemicals Industries 
Ltd., Japan) was used as a polymer. Poly(vinyl alcohol) 
(PVA, EG-40; Nihon Synthetic Chemical Industries 
Ltd., Japan) was used as an emulsifier. Taltirelin was 
synthesized at Tanabe Seiyaku Co. Ltd., Japan. All 
other materials or solvents were of reagent grade.

Selection of mixed solvents for preparation of solid 
solution

Taltirelin and polymer (total amount: 0.5 g or 1.0 g) 
were dissolved in 2-2.5 mL of the mixed solvents, 

which consisted of a good solvent for the polymer and a 
good solvent for Taltirelin. The obtained solutions were 
evaporated under a nitrogen stream at 40°C and dried 
completely under vacuum overnight.

Preparation of microspheres

The procedure for preparation of microspheres is shown 
in Figure 2. Microspheres were basically prepared by 
an O/W emulsion solvent evaporation method. Briefly, 
the solid solution (0.5-1 g) [prepared from a mixture 
of the solvents dichloromethane and ethanol (4/1)] 
was dissolved in dichloromethane (1-2 g) to obtain 
an oil phase. The oil phase was emulsified into the 
PVA solution (150 mL or 400 mL) by a homogenizer 
(Polytron®, Kinematica Ag Littau, Switzerland) for 
3 min at 8,000 rpm at 15°C. Then, the temperature 
was gradually increased to 30°C with stirring to 
remove dichloromethane. The hardened microspheres 
were washed with deionized water and collected by 
centrifugation. The obtained microspheres were re-
dispersed in deionized water and lyophilized.

X-ray diffraction analysis

The intensity of X-ray diffraction from the solid 
solution and the microspheres was measured as 
a function of diffraction angles by X-ray powder 
diffraction (MXP3VA, Mac Science Ltd.).

Measurement of glass transition (Tg) of microspheres

The Tg of microspheres was measured by Differential 
Scanning Calorimetry (DSC, Thermo Flex, Rigaku 
Corporation) with a temperature elevation rate of 10°C. 

Microscopic observation

The cross section of microspheres was prepared by 
slicing microspheres with razor-edge manually. The 
microspheres and the cross section of the microspheres 
were coated with gold-palladium by sputtering at 15 

Figure 1. Structure of Taltirelin.
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Although the recovery of Taltirelin remained almost 
100% during the release study, the release of Taltirelin 
in this study was calculated based on the difference 
between initial peptide content and residual peptide 
content.

Determination by the UV-HPLC method

Samples were analyzed with a 5C18 Nucleosil 
analytical column (4.6 × 150 mm, GL science). 
HPLC conditions for the determination of Taltirelin 
were as follows: flow rate, 1.0 mL/min; injection 
volume, 50 μL; detection wavelength, 210 nm; column 
temperature, 40°C; eluent, a mixture of acetonitril and 
50 mM phosphate buffer (pH 2.5) (5:40) containing 
0.13% sodium 1-octansulphonic acid.

Results

Preparation of solid solutions and oil phases 

Solid solutions were prepared from a mixture of 
solvent A (good solvent for the drug) and solvent 
B (good solvent for the polymer). Table 1 shows 
the solvents mixed to prepare samples and the state 
of the samples in dichloromethane (oil phase). At 
10% of Taltirelin loading, all samples, except for 
those prepared from ethyl acetate-ethanol (4:1) and 
dichloromethane alone, appeared transparent when 

mA for 3 min. The resulting samples were observed 
with a scanning electron microscope (S-2250N, Hitachi 
Ltd., Japan). 

Determination of microsphere size

The size of microspheres was determined using a 
laser diffraction particle size analyzer (SALD-1100, 
Shimadzu Co. Ltd., Japan).

Determination of peptide contents in microspheres

The microspheres containing Taltirelin (10 mg) were 
dissolved in dichloromethane (2 mL) and extracted 
with phosphate buffer (μ = 0.15, pH 7.4) (5 mL) for 30 
min. The aqueous layer was assayed for the Taltirelin 
concentration by the HPLC method described in 
“Determination of peptides by the UV-HPLC method.”

In vitro release study

Microspheres containing Taltirelin were weighed out 
in test tubes. The test tubes were filled with phosphate 
buffer (μ = 0.15, pH 7.4) (10 mL) and then stirred 
at 25 rpm in an air chamber kept at 37 ± 1°C. Each 
test tube was taken out at the predetermined interval. 
The buffer was removed and the residual Taltirelin in 
microspheres was determined by the method described 
in “Determination of peptide contents in microspheres.” 

Figure 2. Procedure of the preparation for microspheres based on solid solution system.
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dissolved in dichloromethane. The resultants prepared 
from dichloromethane and ethanol (4:1) provided a 
transparent oil phase at a Taltirelin loading of up to 
15%. The obtained sample prepared by dichloromethane 
and ethanol (4:1) at 10% of Taltirelin loading was 
analyzed by X-ray powder diffraction. No peaks of 
Taltirelin were detected for the solid solution although 
peaks of Taltirelin were detected for the physical 
mixture, as shown in Figure 3.

Characteristics of microspheres

The morphological features of microspheres prepared 
from the transparent oil phase, are shown in Figure 4. 

No drug particles were found on the surface and the 
inside of the microspheres. X-ray powder diffraction 
analysis showed no peak in Taltirelin, as shown in 
Figure 3.
 The Tg of the microspheres increased for Taltirelin 
loading of up to 15% (Figure 5). The microspheres have 
50% greater size of approximately 15 μm (Figure 6).

Encapsulation efficiency and in vitro release of 
Taltirelin

The efficiency of Taltirelin encapsulation in the 
microspheres prepared from the oil phase of the solid 
solutions was over 90% for Taltirelin loading of up to 
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Figure 3. X-ray diffraction spectra. (a) Taltirelin, (b) PLGA, (c) physical mixture (Taltirelin: PLGA5020 = 1:9), (d) solid solution (Taltirelin: 
PLGA = 1:9), (e) Taltirelin-loaded microspheres (Taltirelin: PLGA = 1:9).

Table 3. Effect of the composition of the mixed solvents on the state of oil phase

Composition of mixed solvebts

Ethanol/Dichloromethane (1/4)
Water/Acetonitrile (1/10)
Methanol/Acetonitrile (1/4)
Ethanol/Acetonitrile (1/4)
Ethanol/Ethyl acetate (1/4)
Dichloromethane*
Ethanol/Dichloromethane (1/4)
Ethanol/Dichloromethane (1/4)
Ethanol/Dichloromethane (1/4)
Ethanol/Dichloromethane (1/4)
Ethanol/Dichloromethane (1/4)

The mixed solvents (Taltirelin + PLGA)

 2.5 mL/0.5 g
 2.5 mL/0.5 g
 2.5 mL/0.5 g
 2.5 mL/0.5 g
 2.5 mL/0.5 g
 2.0 mL/1.0 g
 2.0 mL/1.0 g
 2.0 mL/1.0 g
 2.0 mL/1.0 g
 2.0 mL /1.0 g
 2.0 mL /1.0 g

Loading % of Taltirelin

10%
10%
10%
10%
10%
10%

     2.5%
15%
20%
30%
50%

State of oil phase

transparent
transparent
transparent
transparent
Suspension
Suspension
transparent
transparent
Suspension
Suspension
Suspension  

* not dissolve Taltirelin.
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15% (Table 2), while that in microspheres from the 
conventional oil phase (dispersing peptide in solid) was 
46.7% for 10% loading. The in vitro release of Taltirelin 
from microspheres is shown in Figure 7. The amount 
of Taltirelin released on day 1 was 7.7 ± 5.7% of 
microencapsulated Taltirelin (n = 3 batch). The release 
of Taltirelin from microspheres lasted over 21 days.
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Figure 7. Release profiles of Taltirelin from Taltirelin-loaded 
microspheres (Taltirelin: PLGA = 1:9). ●:batch1, ♦:batch2, ▲:batch3.

 Loading of Taltirelin (%)

                  2.5
                10
                15
                20
                30
                50

Encapsulation effi ciencies

                103.5
                  90.1
                101.7
                  62.9
                  43.0
                  18.3

Table 2. Effect of drug loading on encapsulation effi ciency

Figure 4. Scanning electron photomicrograph of Taltirelin-loaded microspheres; (a) cross section, (b) surface.

Figure 5. Effect of Taltirelin-loading on the Tg of Taltirelin-loaded 
microspheres.

Figure 6. Particle diameter of Taltirelin-loaded microspheres 
(Taltirelin: PLGA = 1:9).

(a)                                                                    (b)
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Discussion

Preparation of solid solutions and oil phases

In the field of microencapsulation, some problems 
still remain despite the amount of research conducted. 
One problem is low encapsulation efficiency. Another 
is ‘initial burst,’ which is the phenomenon whereby a 
large portion of the encapsulated drug is released in a 
short time just after administration. Low encapsulation 
efficiency leads to an increase in manufacturing costs 
and initial burst is suspected of leading to side effects. 
Dispersing fine particles in an oil phase without 
aggregation is believed to be an effective way of 
avoiding these problems (13,14). The current study 
investigated the used of a solid solution system in the 
preparation of microspheres. A solid solution system 
is a type of solid dispersion system. A solid dispersion 
system is thought to be able to provide reduced particle 
size for a drug in a polymer because it can suppress 
the growth of drug crystals because of the viscosity of 
the polymer. Among solid dispersion systems, a solid 
solution system is thought to result in a dispersed drug 
in a polymer in a molecular state. Solid dispersions 
/ solid solutions can be obtained by the following 
processes: melting drugs and excipients and then 
cooling and solidifying (melting method), or dissolving 
drugs and excipients in solvents and then evaporating 
the solvents (solvent method) (15). The melting method 
requires high temperatures. In contrast, the solvent 
method can provide solid dispersions/solid solutions 
even at low temperatures. Here, a solvent method was 
used to prepare solid solutions because this method is 
thought to be suitable for peptides in terms of avoiding 
their thermal decomposition.
 In this study, the resultants from the mixtures 
of dichloromethane or acetonitril (good solvent for 
polymer and poor solvent for Taltirelin) and water, 
methanol, or ethanol (good solvent for Taltirelin and 
poor solvent for polymer) appeared transparent when 
dissolved in dichloromethane, which is a poor solvent 
for Taltirelin. This is the most important finding of this 
study. Namely, the peptide was apparently dissolved 
in an oil phase, of which dichloromethane was a poor 
solvent for the peptide. This indicates that Taltirelin can 
be dispersed in a molecular state in PLGA by a solid 
solution system. This is confirmed by the fact that X-ray 
diffraction analysis did not detect Taltirelin particles in 
resultants.
 Production of the Taltirelin-PLGA solid solution 
was limited by the choice of the mixed solvents and the 
% of drug loading. A mixture of solvents using ethyl 
acetate did not provide resultants that appeared to be 
transparent when dissolved in dichloromethane.  With 
regard to drug loading, a preparation with Taltirelin 
loading of over 20% did not provide resultants 
that appeared to be transparent when dissolved in 

dichloromethane.

Characteristics of microspheres, encapsulation 
efficiency, and in vitro release of Taltirelin

In the microspheres prepared from the Taltirelin-
PLGA solid solution, microscopic observation and 
X-ray diffraction analysis revealed that Taltirelin was 
dispersed in a molecular state in the matrix of the 
microspheres. The state of Taltirelin in the solid solution 
reflected the state of the peptide in the microspheres.
 Drugs are often reported to precipitate during 
the evaporation process of microencapsulation, even 
if the drugs are dissolved in an oil phase (16). This 
phenomenon is due to the removal of the solvents 
that dissolve the drugs. In the case of the oil phase 
of the solid solution, the precipitation of Taltirelin 
did not occur as a result of the removal of solvent 
dichloromethane because it was unable to dissolve 
Taltirelin. Although Taltirelin apparently dissolved in 
the oil phase in this study, this is believed to be due 
to peptide-polymer interaction and not to dissolution 
of Taltirelin in dichloromethane.  Regarding peptide-
loaded microspheres, the following points have been 
noted: (a) the interaction between a peptide and a 
PLGA occurs through -NH2 and -COOH, and (b) the 
interaction between the peptide and polymer contributes 
to long-term sustained release (17). The finding that the 
Tg of microspheres increased for Taltirelin loading of 
up to 15% supports the interaction between Taltirelin 
and PLGA.
 Regarding the characterization of microspheres, the 
present study revealed that the obtained microspheres 
show high encapsulation efficiencies and long-
term sustained release without initial burst in vitro 
as a result of use of the solid solution system in the 
microencapsulation of Taltirelin. Efficient interaction 
is believed to have led to the high encapsulation 
efficiency, low initial burst, and long-term sustained 
release.

Advantages of the current method

In light of its use in the current study, there are several 
major advantages of a method based on a solid solution 
system. Peptides that can only be dissolved in water 
and water-miscible solvents (e.g. ethanol) can be 
microencapsuled in water-insoluble polymers such as 
polylactide and PLGA by an O/W emulsion solvent 
evaporation method. Another advantage is that an oil 
phase with a high viscosity can be obtained. An oil 
phase consisting of mixed solvents [a good solvent for 
the peptide (e.g. ethanol) and a good water-immiscible 
solvent for the polymer (e.g. dichloromethane)] can be 
used in an O/W emulsion solvent evaporation method 
for microencapsulation. However, the oil phase of 
the mixed solvent may have lower viscosity because 
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a larger amount of the mixed solvents is needed to 
dissolve both the peptide and polymer. An oil phase 
with a low viscosity tends to leak its drug during 
the manufacture of microspheres (18). Moreover, a 
large amount of solvents results in longer time for the 
emulsion to harden. Therefore, the oil phase of the 
mixed solvents may provide the microspheres with 
lower encapsulation efficiency. In contrast, the new 
method based on a solid solution system requires less 
solvent to prepare an oil phase to dissolve both the 
polymer and drug. This leads to higher encapsulation 
efficiency because an oil phase with higher viscosity 
can be obtained.
 The new method is useful because it takes advantage 
of the properties of peptides, namely (i) solubility 
in solvents that solve polymers and (ii) stability in 
solvents. This preliminary study confirmed that several 
peptides (e.g. LH-RH and calcitonin) can be used in 
microencapsulation via the new method.

Conclusion

Results indicated that a solid solution system 
substantially reduced the particle size of Taltirelin and 
resulted in its apparent dissolution in the oil phase. 
Using a Taltirelin-PLGA solid solution to prepare 
microspheres provided peptide-loaded microspheres 
with high encapsulation efficiency, low initial burst, 
and long-term sustained release. These findings suggest 
that a method of preparation based on a solid solution 
system should prove useful in the microencapsulation 
of peptides.
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ABSTRACT: 3D-QSAR models for a series of 
aminopeptidase N inhibitors were developed 
based on comparative molecular field analysis 
(CoMFA) and comparative molecular similarity 
analysis (CoMSIA). GALAHAD, a pharmacophore 
generation module involving a genetic algorithm, was 
used to generate the pharmacophore model of the 
series of inhibitors. Molecules both in the training 
set and test set were aligned to the pharmacophore 
model. Values for the CoMFA model were r2 = 0.992, 
q2 = 0.586, SEE = 0.111, and F (8, 10) = 191.263. 
Values for the CoMSIA model were r2 = 0.990, q2 
= 0.776, SEE = 0.123, and F (7, 11) = 156.68. This 
model can help not only in improving current 
understanding of enzyme-ligand interactions but 
also in predicting the activity of derivatives and 
designing new compounds with better potency.  

Keywords: Aminopeptidase N, 3D-QSAR, CoMFA, 
CoMSIA

Introduction

Aminopeptidase N (APN)/CD13 (EC 3.4.11.2) is a 
transmembrane protease belonging to the M1 family of 
Zinc-dependent metalloexopeptidase (1,2). It is widely 
expressed on the surface of a variety of human tissues 
and cell types and especially on renal and intestinal 
brush border cells (1,3,4). It is also considered to be 
the receptor of TGEV and HEV229E and Bacillus 
thuringensis Cry1A toxin (5-7). Furthermore, many 
studies have indicated that APN is overexpressed on 
tumor cells and plays an essential role in extracellular 
matrix degradation and invasion of tumor cells (8,9). 

Therefore, APN inhibitors have been used to suppress 
tumor cell invasion (10). Bestatin, which is the sole 
APN inhibitor on the market to date, can treat leukemia 
with an inhibiting capacity in the micromole range 
(11,12). Thus, a number of laboratories are designing 
and synthesizing APN inhibitors with a new scaffold, 
expecting with greater APN inhibiting ability. A series 
of hydroxamic acid-related phosphinates compounds 
designed and synthesized by Marcin Drag and his co-
workers has shown good APN-inhibiting activity (13). 
Here, 3D-QSAR analysis with molecular alignment 
based on a pharmacophore model has been performed 
on this series of APN inhibitors, using comparative 
molecular field analysis (CoMFA) and comparative 
molecular similarity indices analysis (CoMSIA) with 
partial least-square fit to predict the steric, electrostatic, 
hydrophobic and H-bond molecular field interactions 
for this activity (14,15).

Materials and Methods

Computer modeling was conducted on a Dell Precision 
workstation. All calculations were done with the 
programs SYBYL7.0 (16) and SYBYL7.3 (17) with 
default values except those specially referred to. A set 
of 23 hydroxamic acid-related phosphinates derivatives 
(13) has been chosen for 3D-QSAR study. The affinity 
of compounds binding to APN was represented by the 
IC50 value (μM) in the literature (Table 1). Log (1/IC50) 
values (pIC50) were used to derive 3D-QSAR models 
(see Table 3).

Pharmacophoric conformation determination

Compounds described in the literature were racemic 
mixtures, with two chiral carbon atoms included 
in each. The pharmacophoric conformation of the 
compounds was first determined. Compound 16 was 
selected as the template molecule because it had the 
greatest activity. The four isomers of compound 16 
were built with a SYBYL/Sketch module and the 
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Powell method was used with a Tripos force field in 
the energy-minimization process; convergence criterion 
was 4.184 J/mol and a Gasteiger-Hückel charge was 
given. Then, the compounds were docked into the active 
site of E. coli APN (PDB Code: 2DQM) using the 
SYBYL/FlexX module. The docking result suggested 
both chiral carbon atoms had an S-configuration when 
the binding model was consistent with that described in 
literature (Figure 1). The other 22 molecules were built 
and minimized based on the template.

Pharmacophore-based molecular alignment

The series of compounds reported in the literature 
can be divided into three subtypes according to their 
scaffold, but alignment by traditional molecular 
alignment methods, such as fit atoms or match atoms, 
is difficult. Under such conditions, pharmacophore-
based molecular alignment is an ideal way to align 
molecules in different scaffolds. The SYBYL new 
pharmacophore alignment module GALAHAD (Genetic 
Algorithm with Linear Assignment for Hypermolecular 
Alignment of Datasets) (18) aligns a set of molecules 
that share a common mode of biological activity and 
develops corresponding pharmacophore models. Using 
a sophisticated genetic algorithm and a multi-objective 

scoring function, GALAHAD takes into account 
energetics, steric similarity, and pharmacophoric 
overlap, while accommodating conformational 
flexibility, ambiguous stereochemistry, alternative 
ring configurations, multiple partial match constraints, 
and alternative feature mappings among molecules. 
Here compounds 5, 6, 16, 17, and 21 were chosen as 
the data source to generate pharmacophore models 
with GALAHAD (Figures 2 and 3). Compounds 
both in the training set and test set were aligned to 
the pharmacophore model using the Align Molecules 
to Template Individually method. The alignment 
conformation of all molecules is shown in Figure 4.

3D-QSAR analysis

3D-QSAR analysis was performed on the aligned 
compounds using the CoMFA and CoMSIA methods. 
In the CoMFA model, a hybrid sp3 carbon atom with 
a positive charge was used as a probe to compute the 
CoMFA steric and electrostatic fields. The lattice size 
and probe step size were adjusted automatically. Default 
parameters were used for other values. Partial least 
squares (PLS) regression was separately performed on 
the compounds. The Leave-One-Out method, with 2.0 
kcal/mol as the column filtering value, was first used 

Compounds

       1
       2
       3
       4
       5
       6
       7
       8
       9
     10
     11

                 R1

–C6H5 (Phenylglycine)
–C6H5 (Phenylglycine)
–C6H5 (Phenylglycine)
–C6H5 (Phenylglycine)
–C6H5 (Phenylglycine)
–C6H5 (Phenylglycine)
–CH2CH2Phe (hPhe)
–CH2CH(CH3)2 (Leu)
–CH2CH(CH3)2 (Leu)
–CH2CH(CH3)2 (Leu)
–CH2CH(CH3)2 (Leu)

                    R2

–H (Gly)
–CH3 (Ala)
–CH2CH2CH3 (nor-Val)
–CH2CH(CH3)2 (Leu)
–C6H5 (Phenylglycine)
–CH2CH2Phe (hPhe)
–CH2CH2Phe (hPhe)
–H (Gly)
–CH3 (Ala)
–CH2CH2CH3 (nor-Val)
–CH2CH(CH3)2 (Leu)

IC50 (μM)

     42
     46
     17
       4
       0.6
       0.71
       0.83
     76
   155
     50
     50

Compounds

     12
     13
     14
     15
     16
     17
     18
     19

                 R1

–C6H5 (Phenylglycine)
–C6H5 (Phenylglycine)
–C6H5 (Phenylglycine)
–C6H5 (Phenylglycine)
–C6H5 (Phenylglycine)
–CH(CH3)2 (Val)
–CH2CH(CH3)2 (Leu)
–CH2CH(CH3)2 (Leu)

                    R2

–CH3 (Ala)
–(CH2)3CH3 (nor-Leu)
–CH2CH(CH3)2 (Leu)
–C6H5 (Phenylglycine)
–CH2CH2Phe (hPhe)
–CH2CH2Phe (hPhe)
–(CH2)3CH3 (nor-Leu)
–CH2CH2Phe (hPhe)

IC50 (μM)

     48
     28
     12
       0.55
       0.24
       0.5
       3
       1

Compounds

     20
     21
     22
     23

                 R1

–CH2CH(CH3)2 (Leu)
–CH2CH(CH3)2 (Leu)
–CH(CH3)2 (Val)
–CH(CH3)2 (Val)

                    R2

–C6H5 (Phenylglycine)
–CH2Phe (Phe)
–C6H5 (Phenylglycine)
–CH2Phe (Phe)

IC50 (μM)

     35
       0.53
   160
       0.93

R1 P

N H 2
O

OH

NH 2

R 2

R 1 P

NH 2
O

OH

OH

R2

R 1 P

NH 2
O

OH

O

N
H

R 2

Table 1. Structure of compounds used in this study and their bioactivity
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Figure  1 .  Compound  16 
docked into the activity site 
of E.coli APN with the two 
chiral carbon atoms in an 
S-confi guration.

Figure 2. Pharmacophore model generated by GALAHAD with 
compounds 5, 6, 16, 17 and 21.

Figure 3. The relative spatial locations of the 
pharmacophore elements. Pink for positive nitrogen, 
magenta for H-bond donor, green for H-bond 
acceptor. The yellow line represents the relative 
distance of each element, with length in angstroms.

Figure 4. Pharmacophore-based 
alignment of the training set and 
the test set.
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to obtain the optimum number of components (ONC), 
and then the CoMFA model was computed with non-
cross-validation PLS at the ONC. Computation of the 
CoMSIA model was similar to that for the CoMFA 
model, and apart from steric and electrostatic fields the 
CoMSIA model took into account  hydrophobic and 
H-bond fields.

Results and Discussion

Pharmacophore model 

Four elements were included in the pharmacophore 
model which generated from compounds 5, 6, 16, 17, 
21, including two H-bond acceptors (AA1, AA2), one 
H-bond donor (DA), and one positive nitrogen site (PN). 
Their relative locations and relative distance are shown 
in Figure 3.

CoMFA and CoMSIA models

PLS analysis was performed on CoMFA/CoMSIA 
field values and experimental bioactivity values 
(PIC50) of the training set. The CoMFA and CoMSIA 
statistical analysis is summarized in Table 2. Statistical 
data show an r2

cv of 0.586 for the CoMFA model and 
0.776 for the CoMSIA model, which indicates good 
internal predictive ability for both models. The models 
developed also displayed an r2

NCV of 0.992 and 0.990 for 
the CoMFA and CoMSIA models, respectively.

QSAR model verification

To test the predictive ability of the models, 19 molecules 
in a training set and a test set of 4 molecules excluded 
from the model derivation were used (Table 3). For the 
test set, a predictive correlation coefficient r2

pred of 0.772 
for the CoMFA model and 0.839 for the CoMSIA model 
indicates good external predictive ability for the models. 
Figure 5 shows the scatterplot of the actual pIC50 vs 
predicted pIC50.

Contour analysis

The contour maps of CoMFA (electrostatic and steric) 
and CoMSIA (electrostatic, steric, hydrophobic, donor, 
and acceptor) are shown in Figure 6.
 The steric contour maps of the CoMFA and CoMSIA 
models are shown in Figure 6a and 6c. The phenyl 
group on the R2 substitute site was located in the green 
region, which suggested that bulky group substitution 
would help to increase potency. For example, 
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Statistical parameters

r2 CV

ONC
r2

SEE
Fratio

Fraction of fi eld contributions 
    Steric
    Electrostatic
    Hydrophobic  
    Donor  
    Acceptor  

CoMFA

    0.586
    7
    0.992
    0.111
191.263

  59.4%
  40.6%
    -
    -
    -

 CoMSIA

     0.776
     6
     0.990
     0.123
 156.68

   13.9%
   39%
   30%
   11.8%
   15.3%

Table 2. Summary of PLS results

Table 3. Actual activity versus predicted activity and their residuals

Compounds

      1
      2
      3*
      4
      5
      6
      7
      8
      9
    10*
    11
    12
    13
    14
    15
    16*
    17
    18*
    19
    20
    21
    22
    23

Actual 
pIC50

4.38
4.34
4.77
5.40
6.22
6.15
6.08
4.12
3.81
4.30
4.30
4.32
4.55
4.92
6.26
6.62
6.30
5.52
6.00
4.46
6.28
3.80
6.03

      CoMFA
Predicted pIC50

        4.35
        4.42
        4.68
        5.18
        6.20
        6.12
        6.12
        4.11
        3.81
        4.98
        4.35
        4.34
        4.46
        5.11
        6.31
        5.95
        6.28
        5.71
        6.00
        4.32
        6.39
        3.93
        5.92

Residuals
(CoMFA)
   0.03
 -0.08
   0.09
   0.22
   0.02
   0.03
 -0.04
   0.01
   0
 -0.68
 -0.05
 -0.02
   0.09
 -0.19
 -0.05
   0.67
   0.02
 -0.19
   0
   0.14
 -0.11
 -0.13
   0.11

    CoMSIA
Predicted pIC50

        4.38
        4.34
        4.51
        5.21
        6.19
        6.13
        6.01
        4.13
        3.87
        4.75
        4.31
        4.36
        4.46
        5.05
        6.31
        6.11
        6.35
        4.98
        5.97
        4.19
        6.21
        4.09
        6.07

Residuals
(CoMSIA)
   0
   0
   0.26
   0.19
   0.03
   0.02
   0.07
 -0.01
 -0.06
 -0.45
 -0.01
 -0.04
   0.09
 -0.13
 -0.05
   0.51
 -0.05
   0.54
   0.03
   0.27
   0.07
 -0.29
 -0.04

* Molecules in test set.
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compounds 1 (pIC50 = 4.38), 2 (pIC50 = 4.34), 8 (pIC50 
= 4.12), and 9 (pIC50 = 3.81 M) exhibited low inhibitory 
activity due to the lack of a steric bulk substituent in the 
R2 position. While the compounds with pIC50 > 6, such 
as compounds 5 (pIC50 = 6.22), 6 (pIC50 = 6.15 ), 7 (pIC50 
= 6.08), 15 (pIC50 = 6.26), 16 (pIC50 = 6.62), 17 (pIC50 
= 6.3), and 21 (pIC50 = 6.28), have phenyl or phenethyl 
group substitution in the R2 position. The yellow 
contour maps existed near the R1 substitute site, which 
indicate that bulky group substitution at this position 
will lower potencies, such as compounds 10 (pIC50 = 
4.30) and 11 (pIC50 = 4.30) with a long and flexible 
isobutyl group in the R1 substitute.
 CoMFA and CoMSIA electrostatic contour maps 
are shown in Figure 6b and 6d. Both electron positive 
and electron negative substitution in the R2 position 
significantly affect inhibitory activity because most 
blue and red regions are located around the R2 position. 
CoMSIA H-bond donor/acceptor contour maps (Figure 
6e and 6f) indicate favoring of a H-bond acceptor rather 
than H-bond donor groups near the hydroxyl group of 
compound 15.
 CoMSIA hydrophobic contour maps are shown in 
Figure 6g. The yellow and white contour maps highlight 
areas where hydrophobic and hydrophilic properties are 
preferred. The presence of a large yellow contour map 
beside the R2 substituent suggests that its occupancy 
by hydrophobic groups would favor inhibitory activity. 
In the most active compounds R2 was a phenyl group 
(i.e., compounds 5 and 15) or a phenethyl group (i.e., 
compounds 6, 7, 16, and 17).

Conclusion

The present study examined a 3D-QSAR model of a set 
of APN inhibitors, and pharmacophore-based molecular 
alignment provided a QSAR model with a high level 
of predictability. To the extent known, this is the first 
time the GALAHAD module has been introduced in 
the process of generating CoMFA and CoMSIA models. 
The models derived in this study can help to elucidate 
the binding models of APN inhibitors and may lead to 
design of new acid-related phosphinates exhibiting a 
high level of APN inhibition.
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Figure 5. Scatterplot of actual pIC50 vs CoMFA (a) and CoMSIA (b) 
predicted pIC50. ■, Training set; ▲, Test set.

Figure 6. (a) CoMFA steric fields (color code: favored, green; 
disfavored, yellow); (b) CoMFA electrostatic fields (color code: 
increase in positive charge favored, blue; increase in negative charge 
favored, red); (c) CoMSIA steric fi elds (color code: favored, green; 
disfavored, yellow); (d) CoMSIA electrostatic fields (color code: 
increase in positive charge favored, blue; increase in negative charge 
favored, red); (e) CoMSIA acceptor fields (color code: favored, 
magenta; disfavored, red); (f) CoMSIA donor fields (color code: 
favored, cyan; disfavored, purple); (g) CoMSIA hydrophobic fields 
(color code: favored, yellow; disfavored, white). The reference 
molecule is 15.
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