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The new millennium is characterized by high-tech gadgets such as Facebook, 
iPad, TV games, but also as an era of genomic medicine. However, residents in our 
global village are still harried by different incurable and new diseases that threaten 
human life. Are there any solutions? One way to circumvent the problem is to 
return to Mother Nature since it is still a main source of drug leads. According to a 
recent comprehensive review, from around the 1940s to 2010, a total of 175 small 
compounds with antitumor activity were approved by FDA and similar organi-
zations. Among them, 74.8 % were other than synthetic compounds and 48.6 %  
were natural products and their derivatives [2]. However, good reference books 
in this field are scarce. Therefore, the book ‘Health Cornucopia: The Emerging 
Medicinal Properties of Natural Compounds’ arrives at the most opportune 
moment.

This repertoire of promising medicinal components encompasses a variety of 
molecules ranging from large proteins to small compounds. Molecules on this list 
appear sequentially as lectins, ribonucleases, ribosome inactivating proteins, pro-
tease inhibitors, and a vast diversity of small compounds (such as triterpenoids). 
In order to enlighten readers on the medicinal efficacies of the components at the 
cellular and molecular levels, the chapters in each part of this book not only place 
a focus on the stirring history of discovery of the components, but also present 
a detailed description of the molecular mechanisms and clinical research stud-
ies wherever possible. Examples include MAP30, BBIC, acetaldehyde, rapamy-
cin, and others. The book also contains information on some new hot research 
areas which are related but not limited to cancer research, such as the strategy of 
exploiting autophagy for neurodegenerative diseases, the crosstalk between apop-
tosis and autophagy, and the prolongation of life span by employing natural com-
pounds. Moreover, the book does not restrict the origin of natural compounds to 
plants, but extends it to bacteria, fungi, and animals. For instance, there are chap-
ters on animal lectins, lectins of marine organisms, and plant lectins, which render 
the library of drug candidates more vivid.

Ethnomedicine is emerging as a new trend globally. Though a dominant con-
tribution to human health in the old times, it was displaced by modern medicine 
and has faded away for many years. However, it is now enjoying a revival as many 
diseases can be alleviated by ‘complementary medicine’. Traditional Chinese 
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medicine (TCM), which constitutes an important part of ethnomedicine, has been 
credited with some efficacy during its long history of practice. Eminent examples 
comprise arsenic trioxide (a therapy for human acute promyelocytic leukaemia), 
artemisinin from Artemisia annua (exhibiting anti-malaria activity), bitter melon 
(Momordica charantia), and Cordyceps sinensis which manifests many exploita-
ble pharmacological activities. Two chapters in this book are focused on the recent 
progress of research on medicinal compounds in the bitter melon. There is also 
a chapter on high-throughput screening for discovery of TCM-based drugs which 
may provide a guideline for future drug evaluation. The research accomplishments 
alluded to in these chapters as well as elsewhere furnish a scientific basis for the 
application of TCM and other ethnomedicine.

The editors of this book are Prof. T. B. Ng who is a professor at the Chinese 
University of Hong Kong and Dr. Evandro Fei Fang who is a brilliant young sci-
entist in the field. I am confident that this book will provide comprehensive and 
useful information to researchers in the fields of cancer research, pharmacognosy, 
drug discovery, preventive medicine, plant nutrition, and others. For undergradu-
ate and graduate students with a curiosity about natural products with medicinal 
activity, I recommend you this book as a valuable guide to the fascinating, rapidly 
evolving, and rewarding scientific genre.

Joseph J. Y. Sung MD, Ph.D.
Mok Hing Yiu Professor of Medicine 

President and Vice Chancellor
The Chinese University of Hong Kong 

Shatin, Hong Kong
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The most important human heritage is the knowledge of nature, allowing us to 
survive in a hostile environment. The use of plants is probably the most impor-
tant of this heritage. The knowledge of plants that serve us as food, fuel, shelter, 
medicines, dyes, fibers, etc., is the basis of our life! At present we use some 30 
species for our staple food, about 100 for their fruits and also about 100 as veg-
etables. It is estimated that some 30,000–70,000 species are used for medicinal 
purposes [1], of which at present some 100 are used for the production of pure 
compounds used in western medicine. Much of the latter group originate from 
the Mediterranean/Middle East area and were already described in old Egyptian, 
Persian, Greek, Roman, and Arab manuscripts. In the nineteenth and twentieth 
centuries these medicines were further developed leading to the use of pure com-
pounds and later even to derivatives or synthetic analogues with improved pharma-
cological properties.

Despite the high score of active compounds from studies of a limited num-
ber of medicinal plants, so far most medicinal plants have hardly been studied 
in-depth for potential novel medicines. This untapped reservoir of traditional 
knowledge is a very promising resource for drug development and our major 
challenge is to develop efficient ways to tap this human heritage for the benefit of 
humanity.

The statistics on the novel drugs developed in the past three decades show 
clearly the importance of nature as a source for drug development, almost half of 
all novel small-molecule drugs are natural products or natural products derived 
compounds [2].

In the last three decades drug development has followed two major strategies. 
One is rational drug design and is based on the knowledge of targets. This means 
receptors or enzymes involved in diseases. In this approach, computational meth-
ods were developed to design medicines based on the knowledge of stereochemis-
try of targets. The limitation of this approach is that no novel modes of action are 
found, only when novel targets are discovered novel drugs can be developed. The 
other approach is high throughput screening (HTS), in which large numbers of 
compounds are measured in fast micro/nano scale bioassays, allowing thousands 
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of compounds to be tested per day. Again this approach is based on the knowledge 
of targets, and thus has the same limitation of the other approach, one may find 
novel active structures, but still for the same target.

Both approaches are based on the “single target-single compound” paradigm. 
However, drug development is stalling using these approaches, only novel tar-
gets may lead to novel first-in-class medicines. Moreover, except for infectious 
and parasitic diseases, where an exogenous organism has to be eliminated, most 
diseases are multifactorial and concern endogenous processes, e.g., cancer and 
chronic inflammatory diseases. Chances that a single target drug will cure such 
diseases are small. The success in treating HIV-infected patients is due to the use 
of multidrug treatments. But if developing a single molecule drug is difficult, two- 
or even multi-component medicines are exponentially more difficult. At least it 
seems time for a paradigm shift to develop the next generation of medicines.

Such a paradigm shift should go away from the known targets, and instead 
focus on observing diseases in a systemic way to be able to see multiple responses 
to medicines, including synergy between compounds. Such a different approach 
is in a focus on detailed systemic studies of the various traditional medicines 
discovered by our ancestors. Many of the presently known targets have their ori-
gin in medicinal plants (e.g., opium, belladonna, cannabis, tobacco, curare, and 
strychnine), so traditional medicines may be the way to novel targets. Moreover, 
traditional medicines may affect several targets at the same time, e.g., synergy. 
For example, the pharmacological effects of opium and cannabis cannot only 
be explained by the single major known active compound, morphine, and THC, 
respectively. Consequently, novel ways to study traditional medicines may be a 
gateway to both target and to lead compound discovery, including multidrug treat-
ments based on synergy.

The stalling of drug discovery efforts of the big pharmaceutical companies and 
the changing global economic reality are in my view important factors to achieve 
such a paradigm shift in drug development [3, 4]. By assuming that traditional 
medicines must have some sort of activity and approaching this by a holistic sys-
temic approach instead of the current reductionist approach, at least one may 
build up the evidence that the traditional treatments are beneficial, and ultimately 
result in novel first-in-class medicines, including multidrug treatments active 
on several targets. This means applying all the present day possibilities of the 
“omics” in studying the effects of traditional medicines in in vivo systems to find 
correlations between compounds in the traditional medicines and the effect on the 
in vivo system or whole organism, including clinical trials [5–7]. Recently the 
standards needed for such studies have been addressed in a series of papers [8].

In a systems biology approach, any type of molecule or combinations of mol-
ecules may turn out to be correlated to activity. So far natural products lead find-
ing has mostly been focused on small molecules, but also macromolecules such 
as oligo- and polysaccharides, peptides, glycosylated peptides, or lipopolysaccha-
rides, should not be overlooked. For example, the plant defense responses against 
pests and diseases are induced by elicitors made out of such molecules, besides 
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small molecules like jasmonate, salicylate, and ethylene [9]. Here one may see a 
clear parallel with human responses in which lipopolysaccharides, prostaglandins 
(close chemical analogues of jasmonate), and salicylate play a role.

The story of salicylic acid from willow bark nicely illustrates how a major drug 
has its roots in a prodrug from a plant, a drug that would never have been found in the  
present day reductionist approach of drug development, also because it acts on 
many different targets with a mild activity. How many more jewels are hidden in the  
heritage of our ancestors? The present book, edited by Dr. Evandro Fang and Prof. 
T. B. Ng, shows in a series of excellent contributions by well-known experts the 
potential of natural products, confirming that nature is a major resource for drug devel-
opment. Besides the “classical” screening methods of the past three decades, novel 
systemic observation-based approaches, i.e., systems biology, will play an important 
role in the future drug development. Moreover, with the improved chemistry able to 
deal with complex structures also macromolecules will receive more interest.

Many of our future new drugs will come from nature, it is up to us to improve 
the tools to more rapidly identify the active molecules in complex extracts and 
understand their mode of action.

Rob Verpoorte
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Can common people enjoy a healthy life in this world which is permeated with 
unhealthy food? Can patients afflicted with Parkinson’s disease, diabetes, and 
cancer be given a better and less stressful quality of life? The chapters of this book 
support an affirmative answer: natural products should be promoted among the top 
tips in addition to a beneficial diet accompanied by ample physical exercise. The 
past few decades have witnessed a phenomenal growth in the interest, knowledge, 
and application of herbal/specialty diet supplements and alternative medicine. The 
various health benefits of natural components have been corroborated by modern 
science as evidenced by the voluminous research publications and a long list of 
drugs with anticancer and other health benefits approved by the US FDA and simi-
lar agencies. It is high time to gather together reviews of selected promising bioac-
tive natural compounds.

This book is divided into eight parts, each with a different emphasis. Part I 
describes medicinal lectins of mammalian, marine, and plant origins. Professor 
Nathan Sharon, one of the pioneers on lectin research, passed away in 2011, and 
Prof. Jeremiah Silbert at Harvard University has kindly written a biography in 
memory of the renowned lectinologist. Some precious materials translated from 
Prof. Sharon’s memoirs written by himself will not only unveil his early days on 
lectin research but also inspire young scientists. Additionally, we are honored 
to include two chapters on the history and characteristics of mammalian lectins 
from Prof. Hans-Joachim Gabius’s book ‘The Sugar Code: Fundamentals of 
Glycosciences’. Furthermore, the chapter on marine lectins written by Prof. Koji 
Muramoto and colleagues expands the scope of bioactive lectins to the ocean. A 
collection of promising lectins from plants is also included.

Part II contains two chapters which focus on the biochemical characteristics 
and antitumor activity of plant nucleases and the bovine seminal ribonuclease. 
They are contributed by Dr. Tomas Podzimek, and Prof. Delia Picone and 
coworkers, respectively. Part III concentrates on the antitumor and anti-viral 
activities of ribosome inactivating proteins (RIPs). As the first reporter of the anti-
HIV and antitumor protein MAP30 from bitter melon (Momordica charantia), 
Prof. Sylvia Lee-Huang has written a chapter providing readers a complete story 
of this multifunctional protein. Additionally in Part III, the chapters by Prof. Jose 
M. Ferreras, Prof. Maria S. Fabbrini, and their colleagues, succinctly review the 
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work on other promising RIPs. Part IV is dedicated to protease inhibitors. Prof. 
Ann Kennedy shares her expert opinion on the health benefits of the Bowman-
Birk inhibitor concentrate and its commercial production. Prof. Krzysztof Rolka 
and his colleagues give a comprehensive account of the classification, biochemi-
cal characterization, and medicinal applications of plant serine protease inhibitors. 
Furthermore, as described by Prof. Kenei Furukawa and coworkers, synthetic ser-
ine protease inhibitors also exhibit promising clinical applications. Some of the 
other medicinal protease inhibitors are covered in other chapters of Part IV.

Small compounds are in the limelight in Part V which contains the largest 
number of chapters. Autophagy is at the forefront of our knowledge. The chapter 
by Prof. David Rubinsztein unveils the potential treatment of neurodegenerative 
diseases by employing different autophagy-inducing compounds. Among them, 
rapamycin (the mTOR inhibitor) has received growing attention due to its promis-
ing clinical applications, and in the next chapter please enjoy a rapamycin pan-
orama by Dr. Morten Scheibye-Knudsen. Prof. Betty Schwartz and colleagues 
provide an interesting story about the medicinal applications of mushroom poly-
saccharides. Furthermore, the antitumor activity of essential oil constituents is 
underlined by Prof. Daniel Bezerra and coworkers. We thank Prof. Victor Preedy 
at King’s College London and his colleagues Dr. Roshanna Rajendram and Prof. 
Rajkumar Rajendram for their highly informative chapter on acetaldehyde to alert 
the general public to the potential adverse effects of this aldehyde.

In view of the fact that most of the above-mentioned chapters are focused on 
single compounds, with our long-term collaborators, we tried to focus on multi-
farious medicinal components in one target in Part VI and give a bird’s-eye view 
of a mushroom, a fruit, an insect, and other drug candidates. For instance, there 
is a spectacular array of medicinal compounds in both Cordyceps sinensis and 
bitter melon, and the diverse medicinal activities have been enumerated in their 
respective chapters. To highlight the importance of the latter, Ms. Michelle Sanzi 
Kermes, a famed Baltimore artist, was invited to depict the bitter melon in her cre-
ative and impressive drawing which is located ahead of the Table of Contents.

Ethnomedicine often travelled from reality to mythology in the ancient days. 
With the long history of its practice and the accumulation of experimental results 
from laboratories from all over the world, some aspects of ethnomedicine have been 
corroborated and a scientific basis for ethnomedicine has emerged. In this book, 
traditional Chinese medicine (TCM) is used as a window to facilitate understand-
ing of the modernization of ethnomedicine. Prof. Rudolf Bauer and other GP-TCM 
board members share with us their experience in the function of ‘Good Practice in 
Traditional Chinese Medicine (GP-TCM) Research in the Post-genomic Era’ asso-
ciated with clinical applications in the European Union. In addition, the chapter on 
high-throughput screening of TCM by Prof. Y. H. Wong and his colleagues offers 
fresh perspectives on ways to elevate the efficiency of drug screening from different 
TCM materials. In Part VIII which constitutes the finale, some remaining questions 
are raised and the future perspectives of natural compounds are highlighted.

In addition to our wholehearted gratitude to the contributors of the various 
chapters, we are especially indebted to Prof. Joseph Sung, Vice-chancellor of 
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The Chinese University of Hong Kong, and Prof. Rob Verpoorte, Editor-in-Chief 
of the Journal of Ethnopharmacology, for kindly sparing time out of their hectic 
schedules to write the forewords. We acknowledge with many thanks the gener-
ous assistance of the following individuals, who helped us to edit the chapters, and 
provided inspiring discussions: Vilhelm A. Bohr, Heiko Jahn, Season Jing Fang, 
Leslie Ferrarelli, Peter Sykora, Clara Bah, Martin Jensen, Chuan-hao Li, Chris 
Z. Y. Zhang, Kent Horvath, Jennifer Illuzzi, and Rachel Abbotts. Finally, we are 
much obliged to Melania Ruiz, senior publishing editor of Springer Publishing, 
for inviting us to be the editors of this meaningful treatise which, as everybody 
involved in the various aspects of its production sincerely hopes, will serve its pur-
pose as a useful reference to current and future researchers.

30 October 2012 Evandro Fei Fang
Tzi Bun Ng
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and Magdalena Wysocka

13 Anti-Tumor Effect of Synthetic Serine Protease Inhibitor. . . . . . . . .  205
Kenei Furukawa, Tadashi Uwagawa and Katsuhiko Yanaga

14 A Landscape of the Health Benefits of Different Natural  
Protease Inhibitors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  213
Ho Him Leung, Evandro Fei Fang and Tzi Bun Ng

Part V  Plethora of Health Benefits from Small Molecules:  
From Bench-Top to Clinical Settings

15 Autophagy Upregulation as a Therapeutic Strategy  
for Neurodegenerative Diseases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  227
Mariana Pavel and David C. Rubinsztein

16 Rapamycin: Current and Future Uses . . . . . . . . . . . . . . . . . . . . . . . . .  239
Morten Scheibye-Knudsen

17 Eating, Drinking, Smoking and Cancer Prevention:  
A Focus on Acetaldehyde . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  249
Roshanna Rajendram, Rajkumar Rajendram and Victor R. Preedy

http://dx.doi.org/10.1007/978-94-007-6214-5_8
http://dx.doi.org/10.1007/978-94-007-6214-5_8
http://dx.doi.org/10.1007/978-94-007-6214-5_9
http://dx.doi.org/10.1007/978-94-007-6214-5_9
http://dx.doi.org/10.1007/978-94-007-6214-5_10
http://dx.doi.org/10.1007/978-94-007-6214-5_10
http://dx.doi.org/10.1007/978-94-007-6214-5_11
http://dx.doi.org/10.1007/978-94-007-6214-5_12
http://dx.doi.org/10.1007/978-94-007-6214-5_13
http://dx.doi.org/10.1007/978-94-007-6214-5_14
http://dx.doi.org/10.1007/978-94-007-6214-5_14
http://dx.doi.org/10.1007/978-94-007-6214-5_15
http://dx.doi.org/10.1007/978-94-007-6214-5_15
http://dx.doi.org/10.1007/978-94-007-6214-5_16
http://dx.doi.org/10.1007/978-94-007-6214-5_17
http://dx.doi.org/10.1007/978-94-007-6214-5_17


Contents xvii

18 The Use of Edible Mushroom Water Soluble Polysaccharides  
in the Treatment and Prevention of Chronic Diseases:  
A Mechanistic Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  263
Betty Schwartz, Yitzhak Hadar and Daniel Sliva

19 Essential Oil Constituents: Biodiversity and Their Applicability  
for Cancer Therapy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  285
Daniel P. Bezerra, Emmanoel V. Costa and Paulo Cesar L. Nogueira

Part VI  Medicinal Compounds from the Garden: A Bird’s Eye View  
of One Mushroom, One Fruit, One Insect, and Others

20 Recent Research on Pharmacological Activities of the Medicinal  
Fungus Cordyceps sinensis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  303
Tzi Bun Ng, Jack Ho Wong and Evandro Fei Fang

21 The Bitter Fruit with Sweet Health Benefits: A Comprehensive  
Synopsis of Recent Research Progress on Medicinal Properties  
of Momordica charantia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  315
Evandro Fei Fang and Tzi Bun Ng

22 Bioactive Constituents of the Silk Worm  
Bombyx mori . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  335
Lixin Xia, Tzi Bun Ng, Evandro Fei Fang and Jack Ho Wong

23 Proteins with Anticancer and Antimicrobial Activities from  
Mammals, Submammalian Vertebrates and Invertebrates . . . . . . . .  345
Tzi Bun Ng, Evandro Fei Fang and Jack Ho Wong

24 Defense Proteins with Antiproliferative and Antimicrobial  
Activities from Fungi and Bacteria. . . . . . . . . . . . . . . . . . . . . . . . . . . .  359
Jack Ho Wong, Tzi Bun Ng, Evandro Fei Fang and He-Xiang Wang

Part VII  Modernizing Investigations of Traditional Chinese Medicine  
at the Molecular Level

25 The Role of the GP-TCM Research Association to Modernization  
and Globalization of Traditional Chinese Medicine . . . . . . . . . . . . . .  377
Rudolf Bauer, De-An Guo, Peter Hylands, Tai-Ping Fan  

and Qihe Xu

26 High-Throughput Screening in Traditional Chinese  
Medicine-Based Drug Discovery. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  387
Catherine C. K. Wong and Yung Hou Wong

http://dx.doi.org/10.1007/978-94-007-6214-5_18
http://dx.doi.org/10.1007/978-94-007-6214-5_18
http://dx.doi.org/10.1007/978-94-007-6214-5_18
http://dx.doi.org/10.1007/978-94-007-6214-5_19
http://dx.doi.org/10.1007/978-94-007-6214-5_19
http://dx.doi.org/10.1007/978-94-007-6214-5_20
http://dx.doi.org/10.1007/978-94-007-6214-5_20
http://dx.doi.org/10.1007/978-94-007-6214-5_21
http://dx.doi.org/10.1007/978-94-007-6214-5_21
http://dx.doi.org/10.1007/978-94-007-6214-5_21
http://dx.doi.org/10.1007/978-94-007-6214-5_22
http://dx.doi.org/10.1007/978-94-007-6214-5_22
http://dx.doi.org/10.1007/978-94-007-6214-5_23
http://dx.doi.org/10.1007/978-94-007-6214-5_23
http://dx.doi.org/10.1007/978-94-007-6214-5_24
http://dx.doi.org/10.1007/978-94-007-6214-5_24
http://dx.doi.org/10.1007/978-94-007-6214-5_25
http://dx.doi.org/10.1007/978-94-007-6214-5_25
http://dx.doi.org/10.1007/978-94-007-6214-5_26
http://dx.doi.org/10.1007/978-94-007-6214-5_26


Contentsxviii

Part VIII Questions and Future Perspectives

27 Achievements, Questions Arising and Future Outlook on the Path  
to Discover New Medicinal Compounds . . . . . . . . . . . . . . . . . . . . . . .  407
Evandro Fei Fang and Tzi Bun Ng

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 419

http://dx.doi.org/10.1007/978-94-007-6214-5_27
http://dx.doi.org/10.1007/978-94-007-6214-5_27


xix

Dr. Evandro Fei Fang received his Ph.D. degree from The Chinese University 
of Hong Kong and currently works with Prof. Vilhelm A. Bohr on DNA repair 
and genome instability in human aging diseases. His research encompasses: (a) 
bioassay-guided isolation of antitumor constituents from medicinal plants and 
the molecular mechanisms involving apoptosis and autophagy pathways, (b) the 
functions of mitochondria and mitophagy in sustaining human health and the 
molecular basis of their defects in the etiology of aging diseases. He has published 
over 30 papers in international journals and 9 book chapters, and serves on the 
Editorial Board of Medicinal and Aromatic Plants. He was a finalist in the Young 
Investigator Award 2011 conducted by the Hong Kong Institute of Science.

Tzi Bun Ng is Chair Professor of Biochemistry at the Faculty of Medicine, The 
Chinese University of Hong Kong, HKSAR. After completing his B.Sc. studies at 
The University of Hong Kong, he obtained his Ph.D. degree from the Memorial 
University of Newfoundland in Canada. He pursued his postdoctoral training 
at University of California, San Francisco, USA, and sabbatical research at the 
Imperial College London, UK. His major research interests are the health-benefits 
of proteins and peptides including polysaccharopeptides, lectins, antimicrobial pep-
tides, enzymes and protease inhibitors. In the past 30 years, his team made many 
contributions to the field of bioactive components, represented in more than 550 
papers in international peer-reviewed journals, over 60 invited book chapters, 2 
edited books, and numerous other media. He currently sits on the Editorial Board 
of 9 international journals and contributes actively in many scientific fields.

Biosketch



Part I
Lectins: From Biological Recognition 

 Molecules to Variable Medicinal  
Applications



3

Jeremiah Silbert

1.1  Introduction

1.1.1  Comments by Jeremiah Silbert

I met Nathan Sharon in 1962 when he was on sabbatical for a year in the labo-
ratory of Roger Jeanloz at the Massachusetts General Hospital in Boston. I was 
a post-doctoral research and clinical fellow in the Arthritis Unit in a laboratory 
next to the laboratory where Nathan worked. My work concerned the biosynthesis 
of heparin and chondroitin sulfate and had many overlaps with some of his inter-
ests in glycoproteins. We became close friends, and he invited me to spend time 
in his laboratory at the Weizmann Institute in Rehovoth, Israel. Three years later I 
took advantage of his invitation and went to Israel with my family for six months 
(1965–1966) to collaborate with him on the synthesis of an interesting sugar 
nucleotide. Subsequently my wife and I visited Israel multiple times for research 
meetings and travel, often staying at the Weizmann or at Nathan’s home for part 
of the time. He and his wife had even more occasions to be in the USA for sab-
baticals and other research-related reasons. They often stayed at our home during 
these visits.

In 2009, we were in Israel for two weeks and stayed with the Sharons for our 
last three days. He was his usual extraordinarily active, happy and apparently 
healthy self. A few days after we left, he had a devastating heart attack and was 
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hospitalized for several months. He then returned home, compromised phys-
ically, but still as intellectually active as always. The last thing he wrote was a 
detailed Memoir (in Hebrew) covering his personal and scientific history, taken 
from detailed notes he wrote throughout his life. He planned to write an English  
version, but upon the completion of the Memoir, his condition deteriorated. He 
was hospitalized again for a few months where this grand scientist, and just as 
grand human being, died.

Several years ago my wife and I attended a scientific symposium held at the 
Weizmann Institute in honor of Nathan’s 80th birthday. A former student, now a 
professor at the Weizmann, introduced Nathan as Mr. Google because he seemed 
to know everything not only about science, but also just about everything else. 
Nathan met and collaborated with numerous scientists from all over the world; 
many of these became his friends. His Memoirs describe his research, listings of 
special lectures and courses, and many collaborations and/or sabbaticals in the 
USA (Boston, NIH, Berkeley, Santa Barbara with Lipmann, Robbins, Isselbacher, 
Jeanloz, Glick and Koshland), Britain (Phillips, Neuberger), France (Montreuil, 
Monsigny), Germany (Schauer), and Japan (Osawa). He was invited to visit, 
lecture, and spend time in many countries and territories including Belgium, 
Norway, Soviet Union, Switzerland, Mexico, Colombia, Venezuela, India, Japan, 
and Taiwan. In addition to science and personal subjects, his Memoirs provide a 
veritable travelogue of all the places he visited.

Together with another colleague of Nathan, Mary Catherine (Susy) Glick, 
I arranged with Nathan’s family to have his Memoirs translated into English. I 
selected the sections on lectins from these Memoirs, edited them, and organized 
them for publication with the assistance of Susy Glick, Harry Schachter, and my 
physician wife, Cynthia.

1.1.2  Personal History, Taken From the Sharon Memoirs

Nathan Sharon was born in 1925 as Nathan Shtrikman in Brest Litovsk, Poland 
(now part of Belarus) a town of 30,000, about half of whom were Jews. He came 
with his parents and younger brother to Israel in 1934, leaving behind relatives 
who were all killed by the Germans early in World War II along with almost all 
the Jews in the city. In 1934 there were approximately 250,000 thousand Jews and 
about 500,000 Arabs in Israel (Palestine). He lived and went to school in Tel Aviv, 
entering high school (gymnasium) on September 1, 1939 the first day of World 
War II. In 1943, after graduating from high school, he joined the Palmach, which 
consisted at that time of about 700 members who were the secret military arm 
of the Jewish population. After 2 years in the Palmach, Sharon entered studies 
in chemistry at Hebrew University in Jerusalem, the only university in the land. 
While still at University, he rejoined the Palmach reserves. Shortly afterwards he 
joined a Palmach underground research unit involved in developing weapons in 
anticipation of action for independence.
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On November 29, 1947 the United Nations voted to partition Palestine into sep-
arate Jewish and Arab nations. Organized Arab attacks on Jews followed immedi-
ately, initiating the Jewish War of Independence. Several weeks later, University 
studies were suspended and Sharon was called to service in the Palmach as part 
of a special chemistry unit for making ammunition, explosives, etc. He remained 
a Palmach officer of the Israeli army until the war ended in 1949. In the midst of 
all this he married Rachel after a long courtship and began a marriage that lasted 
until his death more than 60 years later. In 1951 Nathan changed his name from 
Shtrikman to Sharon.

In 1950 Nathan began his work for a PhD in Chemistry at the Weizmann 
Institute with Aharon Katzir. (In May 1972, Katzir was killed by terrorists in 
Ben Gurion airport along with 15 or so Christians who had come to visit the 
Holy Land.) After receiving his PhD in 1954, Sharon joined the Department of 
Biophysics where Ephraim (Katchalski) Katzir, the brother of Aharon Katzir, was 
Chairman. Sharon stayed in this department at the Weizmann for the rest of his 
career. In 1973 Ephraim Katzir was named President of Israel, and Sharon took his 
place as Chairman of Biophysics, a position he held until 1985.

Nathan and Rachel have two daughters who live in Israel. The older daughter, 
Esti, retired after a career in the Ministry of Finance, and the younger daughter, 
Osnat, is a research and clinical physician specializing in Hematology. She and her 
husband Daniel Bairey have three sons and a granddaughter. Esti and Osnat spent 
time at schools in the USA while Sharon was on sabbaticals.

1.1.3  Lectins, Verbatim as Translated From the Sharon 
Memoirs

During 1959, Aaron Altschul, an expert on plant proteins, arrived on a visit from the 
United States. He was a great believer in the use of soy beans to feed humanity, and 
came by invitation of the Ministry of Commerce and Industry to teach Israelis how, 
after extracting the oil, to use remains of soy for baking bread and feeding cows and 
fowl. With his help, we made a plan based on the expertise of Ephraim Katzir, to 
combine his ideas about soy proteins with ours. We submitted this research plan to 
the American Agricultural Office and in 1960 received a grant of 30,000 dollar per 
year, for five years, and later for another five years.

At that time I was joined by Dr. Halina Lis, a Holocaust survivor who arrived 
at the Weizmann Institute with a PhD from the laboratory of Arne Tiselius (Nobel 
Laureate) from Uppsala University, Sweden. Halina and I continued to collabo-
rate scientifically until 2005, when she retired from the Institute. During that time 
together, we published about one hundred scientific papers and two books about 
lectins.

At the beginning of our collaboration, we focused on the soy flour protein that 
causes agglutination of red blood cells and other cells by reacting with cell sur-
face sugars. This is the soy agglutinin that later was shown to be in the family of 
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lectins. We found that this protein had some interesting qualities. For example, it 
was a glycoprotein, containing sugar as part of the molecule. This was the first dis-
covery that there were glycoproteins in plants. We also found that we could use the 
soy lectin to identify what sugars were on the membranes of cells and detect some 
changes that occurred there during the growth and division of the cells. Together 
with Ben-Ami Sela and Leo Sacks of the Weizmann Institute, we discovered that 
this protein sometimes could differentiate between normal and cancerous cells. 
Several years later Dr. Rivka Golan, of the faculty of agriculture at the Hebrew 
University spent a sabbatical in my laboratory. That year she discovered that the 
soy lectin attached to fungi mildew in a way that was different from other lectins 
and inhibited fungi growth. Continuing my research on cell membranes, I tried 
to learn how cells recognized each other and in what way they attached. I asked 
why they sometime digressed from their position—a behavior that was typical of 
cancerous growth, thus showing that sugars had an important role in these basic 
processes. The truth is that many scientists at that time thought I was wasting my 
time.

By 1971 it was becoming apparent that lectins were of interest. At the annual 
meeting of the Federation of American Societies for Experimental Biology, one 
of the main lecturers was Professor Leo Sacks of the Weizmann Institute, whose 
lecture concerned the function of saccharides on cells in the process of cancerous 
transformation. He reported about the use of lectins in investigating this phenom-
enon, based on experiments conducted by Halina and me.

That same year I went to London to work with Albert Neuberger. My plan 
for work in his laboratory was to prepare saccharides from cell walls and test the 
effect of lysozyme on them. This work digressed from my original lectin project 
and involved the study of another protein that was also known to be attached to 
saccharides and was therefore categorized as a type of lectin. This protein was 
extracted from wheat germ and caused drying up of various body cells. On my 
arrival at Neuberger’s laboratory, there was great interest in this lectin because 
other studies showed that it killed cancerous body cells, yet did not interfere with 
normal cells. These studies showed for the first time that saccharides on cell sur-
faces might be involved in the cancerous process. Therefore, toward the end of the 
sixties, many scientists began to use this lectin in basic cancer research.

I decided to investigate the extent of the attachments of various cell wall sac-
charides to the wheat germ lectin and together with Tony Allen, another scientist 
in Neuberger’s laboratory, we found that this lectin reacted with cell wall saccha-
rides in a way similar to the way that lysozyme reacted. We also found that there 
were other similarities between the two proteins, but that unlike lysozyme, the 
wheat germ lectin was not able to dissociate those saccharides. Our findings about 
this lectin became the basis for the expansion of its use in cancer research and also 
for further studies on cell surfaces.

In 1973 I was invited to deliver the opening address at the Second Symposium 
on Glycoconjugates, and chose to lecture on general ideas concerning lectins. The 
structures of only three of them were described by that time, and each had a dif-
ferent and unique three-dimensional structure. I predicted that all the lectins that 
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would be discovered in the future would have unique three-dimensional structures, 
although they would share the biological trait of an ability to attach to saccharides. 
This prediction was fully confirmed in subsequent years.

A great part of our further studies on lectins in the eighties began following 
a letter I received from Jose Iglesias, a young student at the School of Medicine 
in Montevideo, Uruguay. In his letter, Jose said that he had read the articles by 
Halina and me with much interest and decided to try to isolate the lectin from the 
seeds of the Erythrina Crista-galli trees that were abundant in Uruguay. This tree 
is of the legume family and bears fiery red flowers in the beginning of the winter 
and is used widely as a decorative tree. Moreover, the flower is the national flower 
of Uruguay. Jose wrote that he believed that the seeds of the Erythrina Crista-galli 
tree contained a lectin, since the essence extracted from the seeds caused aggluti-
nation of human red blood cells. He also found that one could prevent such agglu-
tination by the presence of galactose. However, he was not successful in purifying 
the lectin from the essence of the seeds, because he was unable to obtain the 
needed equipment and chemicals. He ended his letter with the hope that one day 
he would be able to come to my laboratory, even for a short time to realize his 
dream.

Fortunately, the friends of the Weizmann Institute in Uruguay, headed by  
Dr. Nelson Philosophe, managed to raise the sum needed for Jose to visit Israel and 
work with me at the Weizmann for several months. He arrived in my laboratory in 
the middle of 1981. The importation of seeds into Israel was strictly forbidden in 
order to prevent transmitting agricultural diseases. For this reason Jose brought six 
kilograms of flour from the Erythrina Crista-galli seeds, and in a short time of hard 
work at the Institute he succeeded in producing a considerable amount of pure lectin 
from this flour and also defined some of its traits.

After Jose left, I began to collect seeds of other types of Erythrina (there are 
about a hundred and ten such sub-species) in order to compare them to the traits 
of the Erythrina Crista-galli. Fortunately, I met François Jubert at an international 
carbohydrate conference in Pretoria in South Africa and learned about his inter-
est in proteins from various types of Erythrina. He sent me some of these types. 
At about the same time, during a visit to Tucson, Arizona, with my friend John 
Rapley, I learned about another type of Erythrina that grew there, and collected 
its seeds. We finally had seeds of seven types of Erythrina from which Halina and 
I extracted the lectins. Comparison of the traits of these proteins demonstrated 
great similarities, but also some fine but very important differences. We noticed 
that in Israel most of the Erythrina trees were of the Erythrina Conalrodendrum 
type that adorn many private and public gardens. Four of those trees were planted 
by my wife, Rachel, next to our house, and their fiery red blossoms adorn our 
house during the winter. It was easy to collect the small red seeds and extract pure 
lectin from them.

I devoted about two dozen years of research to the lectin of the Erythrina 
Crista-galli, particularly in collaboration with Halina, but also with other scien-
tists from Belgium, Sweden, Germany, Canada, France, England, the United 
States, Japan and India. Together with Raphael Arrengo, a student from Medellin, 
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Colombia, and Boaz Shaanan, who was working at that time in the Weizmann 
Institute, we utilized X-ray crystallography to successfully decipher how the lectin 
attached to certain saccharides and not to others. This work directed us to methods 
of genetic engineering in bacteria.

In the beginning of the fifties it was already known that saccharides had cru-
cial importance in the determination of different blood types, e.g., the difference 
between type A and B red blood cells is dependent on the particular saccharide on 
the cell surface. Later it was found that saccharides play a major role in the trans-
port of white blood cells and lymphocytes throughout the body. It was shown that 
the human body had lymphocytes of different types—those that produced immune 
materials like antibodies, those that attacked foreign bodies, and those that helped 
other lymphocytes or interfered with their functioning. There was a need to find a 
way to separate the white cells into their different groups. This would provide a 
way to understand how these cells protected the body from various illnesses and 
why they were not acting normally in blood illnesses such as leukemia. Along 
with many other investigators, I raised the idea that the white cells belonged to 
different groups because their cell surfaces were covered by different saccharides. 
I hypothesized that it should be possible to distinguish between different white 
cells using lectins and that it may be possible to use lectins to isolate different 
types of white cells.

This objective was achieved in the seventies when Yair Reisner came to my lab-
oratory as a student. We used soy lectin and peanut lectin that were extracted at a 
high level of purity in my laboratory by Reuven Lotan, another research student. 
Together with Yair we found that with the help of these lectins it was possible to 
separate easily and efficiently various types of white cells from both mice and 
humans. These methods of separation are now used in immunology laboratories 
throughout the world. Later we made a discovery that was highly important. In 
cooperation with Professor Asher Meshorer, the head of the Department of Animal 
Experimentation at the Weizmann Institute, we found that it was possible to use 
lectins to obtain mouse bone marrow stem cells, the source of all blood cells. We 
could then use these cells to save mice whose bone marrow had been destroyed by 
radiation. In a scientific article that we published in 1974, we wrote that the suc-
cess in mice implied hope that it would be possible to use lectins in the future to 
obtain bone marrow cells for transplantation into humans. We postulated that the 
soy lectin and similar proteins could be used to cleanse bone marrow for trans-
plantation into humans, thus helping to prevent the rejection that occurred when 
the bone marrow of a contributor was not identical to that of the receiver. We tried 
to write a patent on this but failed.

In 1978, Yair Reisner was invited to the Sloan Kettering Cancer Center in New 
York to work together with the famous immunology expert, Dr. Robert A. Good, 
and the bone-marrow transplant specialist, Dr. Richard O’Reily, in order to test 
our method of separation of stem cells in patients who needed such transplants. 
After three years of arduous research in New York, the researchers proved that 
the soy lectin was indeed efficient in removing mature cells from stem cells in 
the bone marrow and thereby reducing the risk to patients receiving bone marrow 



91 Lectins: Personal Comments of Nathan Sharon Taken from his Memoirs

transplants. By use of cells that were separated by the soy lectin, it was possible 
to transplant this bone marrow to patients who needed it. First they showed that 
such treatment was efficient in transplanting bone marrow in monkeys that were 
treated by radiation and then they showed that this method was also suitable for 
transplants in humans.

In April 1986, after the accident at the nuclear reactor in Chernobyl in the 
Soviet Union, Yair Reisner and bone marrow transplant experts from the United 
States were invited to come to Hospital No. 6 in Moscow where employees of that 
reactor were being treated for radiation injuries. According to the little that was 
known at that time in this field, it was obvious that only bone marrow transplants 
could save the lives of these people. Although there was no diplomatic connec-
tion between Israel and Russia, the Russians, through negotiations with the Jewish 
American millionaire, Armand Hammer, who was in friendly contact with them, 
agreed to give Yair a visa to visit their country. This permitted him to work in 
Moscow together with other transplant experts to perform transplants for the reac-
tor employees with radiation injuries, using the method developed by him in coop-
eration with me at the Weizmann Institute. The other transplanters used methods 
that they had developed. Two of the four patients treated by Yair survived.

Starting in 1980, hospitals that had “bubble babies” (severe combined immune 
deficiency, SCID) used soy lectin developed by us in order to purify bone marrow 
for transplantation. Until the beginning of the twenty-first century there had been 
about 200 such cases. These were children that had to be kept in a sterile plastic 
tent because they were born with a defective immune system and could not other-
wise be protected from infection. They could be kept alive for a while but eventu-
ally died because of accidental bacterial contamination, usually as young children. 
Transplantation with bone marrow treated with soy lectin was performed in vari-
ous hospitals in the United States, England, Germany, and Japan. Seventy-five per-
cent of these babies were successfully treated and went on to lead normal lives. I 
was particularly excited about this in the beginning of the nineties when I visited 
the Children’s Hospital in Los Angeles. I met the head of the unit for transplants 
in children, and he told me 50 “bubble children” had been transplanted by the soy 
lectin method, most of them successfully. He also showed me a container that he 
took from the freezer that contained commercial soy lectin for these transplants. 
In recent years, newer and more efficient methods were developed, and the soy 
lectin method is no longer used. During the nineties, the Sloan Kettering Cancer 
Center in New York examined the possibility of using the soy lectin method for 
transplanting bone marrow in leukemia patients and patients with other difficult 
blood illnesses.

Together with Yitzhak Ofek of the Department of Human Microbiology in Tel 
Aviv University and David Mirleman of my department in the Weizmann Institute, 
we showed in 1975 that bacteria attached themselves to membranes and cells of 
animals. We discovered that it was possible to neutralize this attachment if we 
incubated these bacteria in suitable solutions of saccharides. From this we con-
cluded that there were cell surface proteins that bonded with saccharides on the 
surface of the bacteria, namely lectins, so that the bacteria could bind to those 
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cells. On the basis of these findings, in 1979 we conducted the first experiment 
of its kind with Escherichia coli, the bacteria that commonly cause infection in 
the urinary tract in human beings and animals. We found that these bacteria attach 
themselves only to a mannose saccharide and to no other chemically similar 
saccharides. When we injected E. coli bacteria that had mannose added to their 
surface into the bladder of mice, no infection developed in their urinary tract. 
In contrast, incubation of the E. coli in glucose solution did not reduce the rate 
of infection in mice. This experiment laid the basis for a new and revolutionary 
method of preventing illness caused by bacteria.

Following our research, many laboratories in various parts of the world have 
conducted experiments with other bacteria, various saccharides, and various ani-
mals such as rats, rabbits and monkeys. The results have suggested the possibility 
of infectious illness prevention by use of suitable saccharides. Some experiments 
were also carried out with humans, but not with much success. At present the 
effort continues at universities and various high-tech companies.

We wanted to register a patent on the idea of prevention of infectious illness 
by use of saccharides, but we were told that this had already been mentioned in 
the professional literature. About twelve years later, a company in Philadelphia 
tried to develop a method using saccharides for treating stomach ulcers caused 
by bacterial infection. In light of this, an Israeli investment company contacted 
me because the company in Philadelphia wanted to raise funds, and the com-
pany in Tel Aviv wanted to hear my opinion about them. When the founder of the 
Philadelphia company heard that the advisor was me, he said: “He invented it!”

There is no doubt that expansion of knowledge about lectins and saccharides 
has caused better understanding of their function in nature, in illness, and in 
normal situations. This has led to development of new ways of illness preven-
tion and healing.
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A salient precondition for progress and uncomplicated communication in research 
is the general agreement on definitions and terms. As the headline attests, the term 
‘lectin’ is commonly accepted. This chapter will explain how this term is rooted 
in the experimental work of the field’s pioneers. The impressive demonstration 
of capacity of agglutinins for selecting distinct blood-group epitopes like an anti-
body was a cornerstone for lectins to broadly enter laboratories as tools. Further 
discoveries, e.g. lectin-dependent cell stimulation, paved the way to realizing the 
enormous scope of lectin-carbohydrate interactions documented in this book. Our 
historical survey, summarized in Table 2.1, focuses on early developments up to 
coining the term. Selected more recent advances, which spurred the publication 
rate as a measure of the field’s momentum, are also included in Table 2.1. It pre-
sents a graphic overview on the chronology how lectinology developed.

2.1  How Lectinology Started

A seminal report of lasting impact was published in 1860. Therein, the physician 
S. W. Mitchell gave a detailed account on what happened when performing the 
following experiment: “One drop of venom was put on a slide and a drop of blood 
from a pigeon’s wounded wing allowed to fall upon it. They were instantly mixed. 
Within 3 mins the mass had coagulated firmly, and within ten it was of arterial red-
ness” [1]. In the catalogue of his works printed in 1894 he described the situation 
encountered during the preparation of the cited treatise as follows: “this quarto with its 
many drawings was the result of 4 years of such small leisure as I could spare amidst 
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Table 2.1  Brief historical account of lectinology

1860 Observation of blood “coagulation” by rattlesnake (Crotalus durissus) venom 
(S. W. Mitchell)

1888 Detection of erythrocyte agglutination by a toxic protein fraction from castor 
beans (termed ricin) and seeds of related plants (H. Stillmark)

1890 Detection of a toxic lectin in the bark of black locust (Robinia pseudoacacia, 
O. Power, O. Cambier)

1891 Toxic plant agglutinins applied as model antigens (P. Ehrlich)
1898 Introduction of the term “haemagglutinin” or “phytohaemagglutinin” for plant 

proteins that agglutinate red blood cells (M. Elfstrand)
1902 Detection of bacterial agglutinins (R. Kraus, S. Ludwig) and demonstration that 

blood “coagulation” by snake venom (seven to nine decades later shown 
to depend on presence of a C-type lectin) observed in 1860 was due to cell 
agglutination but not to blood clotting (S. Flexner, H. Noguchi)

1906 Detection of an agglutinin in bovine serum (later characterized as the C-type 
lectin conglutinin) by use of activated complement-coated erythrocytes 
(J. Bordet, F. P. Gay); detection of a haemagglutinin in mushrooms (Amanita 
sp., W. W. Ford)

1907/1909 Detection of non-toxic agglutinins in plants, of their nature as proteins and of 
“deagglutination” of erythrocytes by hog gastric mucin (K. Landsteiner, 
H. Raubitschek)

1913 Use of intact cells for the purification of the agglutinin ricin (R. Kobert)
1919 Crystallization of a globulin from jack bean, concanavalin A, which was later defined 

as lectin and used in pioneering studies (please see below) (J. B. Sumner)
1935/1936 Concanavalin A identified as jack bean haemagglutinin; precipitation of starch, 

glycogen and mucins by concanavalin A defines carbohydrate as ligand and 
points to “a carbohydrate group in a protein” as binding partner on erythro-
cytes (J. B. Sumner, S. F. Howell)

1941 Detection of viral agglutinins (G. K. Hirst; L. McClelland, R. Hare)
1944 Description of anti-0(H) haemagglutinating activity in serum of Anguilla 

anguilla (B. Jonsson), following earlier work on a similar activity in 
Anguilla japonica (S. Sugishita; 1935)

1947/1948 Detection of plant agglutinins specific for the human histo-blood group A (W. C. 
Boyd; K. O. Renkonen), “good keeping qualities” and low “cost of producing 
them” are emphasized as advantageous properties

1952 Carbohydrate nature of histo-blood group H(0) determinant proven by eel-
serum-mediated agglutination of respective erythrocytes and its α-l-fucose-
dependent inhibition (W. M. Watkins, W. T. J. Morgan)

1954 Introduction of the term “lectin” for plant (antibody-like) agglutinins, primarily 
for those which are specific for a distinct histo-blood group (W. C. Boyd)

1956 Detection of an agglutinin specific for the human blood group B in the seeds of 
the African shrub Griffonia (Bandeiraea) simplicifolia (O. and P. Mäkelä)

1960 Detection of the mitogenic potency of lectins toward lymphocytes (P. C. Nowell)
1963 Introduction of affinity chromatography for the isolation of lectins, published in 

1965 (I. J. Goldstein, B. B. L. Agrawal)
1968–1974 Detection of rapid serum clearance of asialoceruloplasmin in rabbits and isolation 

of a Gal/GalNAc-specific lectin (asialoglycoprotein receptor) from liver, the 
first mammalian lectin (G. Ashwell, A. G. Morell and colleagues)

1972 Determination of the amino acid sequence and the three-dimensional structure of a 
lectin, concanavalin A (G. M. Edelman, K. O. Hardman, C. F. Ainsworth et al.)

(continued)
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the cares of constantly increasing practice. The story of the perils and anxieties of this 
research, embarrassed by want of help and by its great cost, is untold in its pages.”

His later experiments using washed erythrocytes and then studies by  
S. Flexner and H. Noguchi, which S. W. Mitchell himself inspired, revealed 
that the noted ‘coagulation’ did not result from procoagulants (clotting factors) 
in blood. As stated by these authors, “the value of the use of washed corpuscles 
comes especially from the fact that the suspension of lytic phenomena is elimi-
nated. Agglutination, therefore, may be studied purely” [2]. The “venom-aggluti-
nation” was especially strong with rabbit erythrocytes—swine and ox cells being 
less susceptible—and akin to the reaction with “intermediary bodies” (today 
known as immunoglobulins) [2]. Its biochemical nature was defined in 1984 by 
purifying the agglutinin of Crotalus durissus venom, a C-type lectin [3]. This feat 

1972–1977 Detection of impaired synthesis of a marker for glycoprotein (lysosomal 
enzymes) routing as cause for a human disease (mucolipidosis II) and 
its identification as Man-6-phosphate, the ligand for P-type lectins 
(E. F. Neufeld and colleagues; W. S. Sly and colleagues)

1978 First conference focusing on lectins and glycoconjugates, termed Interlec (T. C. 
Bøg-Hansen)

1979 Detection of endogenous ligands for plant lectins (H. Rüdiger)
1981–1988 Further refinements of the definition of the term “lectin” as carbohydrate-binding 

protein, separated from antibodies and carbohydrate-processing enzymes/
sensor or transport proteins for free sugars (S. H. Barondes, I. J. Goldstein, 
J. Kocourek et al.)

1982 Introduction of serial lectin affinity chromatography as analytical tool for struc-
tural analysis of glycans from glycoproteins (R. D. Cummings, S. Kornfeld)

1983 Detection of the insecticidal action of a plant lectin (L. L. Murdock)
1984 Isolation of lectins from tumors (H.-J. Gabius; R. Lotan, A. Raz)
1985 Immobilized glycoproteins as pan-affinity adsorbents for lectins (H. Rüdiger)
1989 Detection of the fungicidal action of a plant lectin (W. J. Peumans)
1992/1993 Detection of impaired synthesis of lectin (selectin) ligands by defective fucosyla-

tion as cause for leukocyte adhesion deficiency type II, a congenital disorder 
of glycosylation (CDG IIc) (A. Etzioni and colleagues)

1995 Structural analysis of a lectin-ligand complex in solution by NMR spectroscopy 
(J. Jiménez-Barbero and colleagues)

1996–2003 Detection of differential conformer selection by plant, bacterial and animal 
lectins (H.-J. Gabius and colleagues; L. Poppe and colleagues)

2001–2005 Development of glycan/lectin microarrays for specificity analysis of lectins/
structural analysis of glycans and glycoproteomics (various laboratories 
worldwide)

2001–2007 Advances in lectinology and glycosciences honored by devoting special issues in 
Advanced Drug Delivery Reviews, Biochimica et Biophysica Acta, Biochimie, 
Biological Chemistry, Cells Tissues Organs, Chemical Reviews, Current 
Opinion in Structural Biology, Glycoconjugate Journal, Journal of Agri-
cultural and Food Chemistry (“Liener symposium”), Nature and Science to 
these topics

From [11], extended, updated and modified

Table 2.1  (contniued)
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underscored the pioneering character of S. W. Mitchell’s research for lectinology. 
Groundbreaking as it was, the spirit and attitude, with which he carried out his 
work, as captured on p. 1 of his report [1], also continue to set commendable 
example: “for the researches which form the novel part of the following essay, 
I claim only exactness of detail and honesty of statement. Where the results have 
appeared to me inconclusive, and where further experimental questioning has 
not resolved the doubt, I have fairly confessed my inability to settle the matter. 
This course I have adhered to in every such instance, thinking it better to state 
the known uncertainty thus created than to run the risk of strewing my path with 
errors in the garb of seeming truths.” Its range was extended to plants as sources 
for agglutinins by a medical thesis in 1888 (Table 2.1).

Using the same technique of haemagglutination, extracts of plant seeds, ini-
tially of toxic castor beans (Ricinus communis), were also shown to be active. 
H. Stillmark described a toxin with agglutinating activity, termed ricin, in his MD 
thesis in 1888. It was prepared under the guidance of R. Kobert at the University 
of Dorpat (now Tartu) in Estonia, then belonging to the Russian empire [4]. He 
defined “ricin” as a protein (“Eiweisskörper, sog. Phytalbumose”), conglomerat-
ing (or agglutinating) the red blood corpuscles in defibrinated-serum-containing 
blood (“Zusammenballung der rothen Blutkörperchen”) [4]. Such an activity was 
also uncovered in Abrus precatorius seeds (‘abrin’), the respective protein frac-
tion produced and tested in R. Kobert’s pharmacological institute, and then prepa-
rations of ricin and abrin, made commercially available by the Merck Company 
in Darmstadt on Kobert’s initiative, found immediate usefulness beyond lecti-
nology. They substituted bacterial toxins in P. Ehrlich’s fundamental studies on 
the immune response [5]. Once that activity was measured and degree of purity 
increased, the need for a name became obvious.

2.2  Early Definitions

On the initiative of R. Kobert, who left Dorpat for Germany in January 1897 due 
to the russification of the Baltics that had been unleashed by an attempted assassi-
nation on czar Alexander III, this issue was addressed in 1898. M. Elfstrand intro-
duced the term “Haemagglutinin (Blutkörperchenagglutinin)” into the literature 
[6]. He also noted the “striking similarity” between agglutinating proteins from 
plants and from human/animal sera [6]. Indeed, exactly this period was character-
ized by an equally dynamic development in serology. It led to the recognition of 
the ABO blood group system based on detecting and monitoring isoagglutination 
(for historical reviews, please see [7, 8]). The discovery of the agglutination and 
lysis of erythrocytes by serum compounds is especially linked with three inves-
tigators, i.e. A. Creite (a medial student in Göttingen in 1869), L. Landois (direc-
tor of the physiological institute at the University of Greifswald in 1875) and K. 
Landsteiner, a Nobel Laureate in 1930, in 1900 working at the institute for path-
ological anatomy in Vienna [7, 8]. Their studies and the work on plant aggluti-
nins (K. Landsteiner referred to them as “Normalantikörper (normal antibodies)”) 
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revealed that the two protein classes also shared activity as precipitin, selectivity 
for erythrocytes from different species and inhibition of agglutination by haptens 
(the info box 2 in Chap. 1 tells the story how an agglutinin from eel serum was 
instrumental to define α-l-fucose as a structural determinant of the H epitope). On 
these grounds it becomes rather obvious to look at plant (and other) agglutinins as 
antibody-like proteins. That they are capable to select epitopes figures as central 
factor in coining a handy generic term.

2.3  The Current Definition of the Term ‘Lectin’

The work on blood-group-specific proteins laid the foundation for the new defini-
tion (Table 2.1). It was given by W. C. Boyd in 1954 as follows: “it would appear 
to be a matter of semantics as to whether a substance not produced in response to 
an antigen should be called an antibody even though it is a protein and combines 
specifically with a certain antigen only. It might be better to have a different word 
for the substances and the present writer would like to propose the word lectin from 
Latin lectus, the past principle of legere meaning to pick, choose or select” [9]. 
The author thus intended—in his own words—“to call attention to their specificity 
without begging the question as to their nature” [10]. Specificity for lectins today 
means binding activity for sugars. Because not only lectins exhibit this property, 
they are at present strictly delimited from carbohydrate-specific immunoglobulins, 
enzymes using carbohydrates as substrates (glycosyltransferases, glycosidases and 
any enzymes introducing or removing substitutions such as sulfotransferases/sulfat
ases) and sensor/carrier proteins for free mono- or oligosaccharides [11].

Historically, selectivity of lectins for glycans was unambiguously delineated first 
in the case of concanavalin A by J. B. Sumner and S. F. Howell in 1936 (for the 
protocol how to prepare the crystalline lectin, please see info box in Chap. 17) [12]. 
These authors surmise that dissolving concanavalin A in solutions with sucrose 
may have masked this activity in any previous studies. Of note in this context, K. 
Landsteiner and H. Raubitschek had observed “deagglutination” of erythrocyte 
aggregates, formed by ricin, abrin or bean extracts, by hog gastric mucin in 1909 
[13]. This observation, viewed in retrospect, can now be interpreted as early evi-
dence for carbohydrate-binding activity of the tested lectins. In fact, mucins, actu-
ally the first protein types detected to be conjugates with sugars in 1865 (“… das 
Mucin einen gepaarten Stoff darstelle” (that mucin may represent a conjugated 
compound)) [14], are potent lectin binders exploitable in one-step purification of 
lectins (please see Chap. 19). Initially, affinity chromatography for lectins used 
cross-linked dextran (Sephadex®) as a matrix for the isolation of concanavalin A 
[15]. The enormous potential of this strategy had not immediately been realized. 
A reviewer judged the report after its initial submission to represent “a modest 
advance in an obscure area” [16]. In effect, this technical advance was instrumen-
tal to markedly increase the publication activity in this field, yielding a surge in 
the number of papers on new lectins and applications [17]. The weak reactivity 
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to cross-linked agarose of the Charcot-Leyden crystal protein is of interest in this 
respect, because it indicates reactivity for sugars of this protein, whose typical hex-
agonal bipyramidal crystals were first described in post-mortem spleen of a leuke-
mia patient in 1853 [18] and sputum of asthmatics in 1872 [19]. Auto-crystallization 
in situ of this protein constituting 7–10 % of a mature blood eosinophil in protein 
content (about 8.5 pg/cell) may thus be considered as physiologic purification 
step. The technical breakthrough of establishing affinity chromatography in lectin 
research also opened the door for the first experimental purification of a mammalian 
lectin (Table 2.1) [20]. How its presence and functional significance was traced is 
recounted in the next paragraph.

2.4  Recent Developments

The mentioned line of research was intended to elucidate the role of ceruloplasmin 
in maintaining the copper level and details on the metabolism of this transport pro-
tein for copper ions. As reagent to address these issues, a radioactive form of the 
glycoprotein was produced by tritiation. This reaction required desialylation of 
N-glycan chains (for structural details on these chains, please see Chap. 6) and oxi-
dation of galactose at its C6 atom catalyzed by galactose oxidase [21]. Amazingly, 
the performed engineering of the N-glycan chains, which unmasked galactose resi-
dues, was not without consequences. It dramatically altered ceruloplasmin’s serum 
clearance: “evidence is presented to show that, in contradistinction to homologous, 
native ceruloplamin, which survives for days in the plasma of rabbits, intrave-
nously injected asialoceruloplamin disappears from the circulation within minutes 
and accumulates simultaneously in the parenchymal cells of the liver. The rapid-
ity of this transfer of asialoceruloplamin from plasma to liver has been shown to 
be dependent upon the integrity of the exposed, terminal galactosyl residues.” [22]. 
Thus, desialylation turned N-glycans into ligands, and—luckily—the enzymatic oxi-
dation did not impair the bioactivity for the endocytic hepatic C-type lectin (for fur-
ther information on C-type lectins, please see Chaps. 17, 20, 21 and 28). It became 
a role model for targeted drug delivery by (neo)glycoproteins [23] (for further appli-
cation of neoglycoproteins and examples of sugars as pharmaceuticals, please see 
Chaps. 26 and 29).

What presently is covered by the umbrella term ‘lectin’ is outlined throughout 
this book. As exemplarily emphasized in Table 2.1, intriguing clinical correlations 
between status of glycosylation and functional implications via lectins have turned 
up (please see for example Chaps. 26 and 28). Moreover, the molecular details 
of glycan recognition are unravelled inspiring drug design and new technolo-
gies for measuring lectin specificity are developed (please see Chaps. 14 and 15). 
Combined, these examples for dynamic research lines in lectinology afford effi-
cient driving forces, to make sure that this field maintains its currently acquired 
prominent status, honored by a series of special feature issues (please see last lines 
of Table 2.1), and its momentum.
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2.5  Conclusions

Agglutinating cells is common to different types of proteins. Respective assays with 
erythrocytes led to an early convergence of work on antibodies and on proteins from 
diverse sources, which are not produced in response to an antigen. In particular, the 
crucial role of certain haemagglutinins from plants and eel serum in the process to 
delineate the biochemical basis of the ABO blood-group epitopes attests their selec-
tivity, rivaling that of antibodies. Close inspection of the literature teaches the lesson 
that this context entailed coining the term ‘lectin’. It embodies the aspect of molecu-
lar selectivity. At the same time, it separates the agglutinins terminologically from 
immunoglobulins. As a consequence of the haptenic inhibition of agglutination by 
sugars, ‘lectin’ is now the generic name for carbohydrate-specific proteins, different 
from antibodies, enzymes acting on the ligand and sugar transport/sensor proteins. 
The current wide scope of structural and functional studies including promising 
medical perspectives, described throughout this book, ensures lectinology to prop-
erly address the challenges of deciphering the sugar code.
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Abstract This chapter provides an overview on protein folds with lectin activity 
and next on lectin functions. Triggering such responses depends on the binding of 
distinct glycoconjugates, the bioactive lectin ligands, as will be exemplified. Not 
only their presence but also spatial parameters will be identified to be crucial for 
bioactivity. As a consequence, six levels, at which the affinity of a glycan for a lec-
tin can be adjusted, will be presented at the end of this chapter. This synopsis can 
serve as a guideline to interpret structural changes in glycosylation as regulatory 
events.

Previous (Chaps. 6–11) have illustrated the enormous structural diversity of 
glycans. An elaborate synthetic machinery including enzymes for introducing 
distinct substitutions and remodeling underlies the establishment of the excep-
tionally high coding capacity of glycans. The question immediately arises on 
how this information is turned into biological responses. An intermolecular con-
tact within the decoding process is especially favored at branch ends of mature 
chains. They are spatially readily accessible (for a primer on the interaction of 
glycans with proteins, please see Chap. 14). The limited flexibility around gly-
cosidic linkages in glycans accounts for the presentation of only few key-like 
conformers suited for contact to a lectin (for conformational aspects of gly-
cans, please see Chaps. 2 and 14; for definition of the term ‘lectin’, please see 
Chap. 16). Given all these favorable characteristics of glycans at branch ends to 
enable a role as biochemical signals (structural variability, spatial accessibility 
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and limited flexibility), then the level of diversity reached on the sugar side 
should be matched in numbers by lectins. What held true for bacteria and viruses 
(please see Chap. 18) and plants (please see Chap. 19) in which numerous lectins 
had been detected, was questioned for higher animals as late as 1973 [1] (1 year 
before the first mammalian lectin was isolated; please see Chap. 16 for details). 
The following decades witnessed a remarkable surge in our knowledge about 
lectins in higher animals, both in number of families and family members [2]. 
With lectins now finally being accepted as “a common cell component” [1], lec-
tin-carbohydrate interactions are expected to entail a wide range of functions, a 
key topic of this chapter. It first provides an overview on protein folds with lectin 
activity and next on lectin functions. Triggering such responses depends on the 
binding of distinct glycoconjugates, the bioactive lectin ligands, as will be exem-
plified. Not only their presence but also spatial parameters will be identified to be 
crucial for bioactivity. As a consequence, six levels, at which the affinity of a gly-
can for a lectin can be adjusted, will be presented at the end of this chapter. This 
synopsis can serve as a guideline to interpret structural changes in glycosylation 
as regulatory events.

3.1  Protein Folds with Lectin Activity

The concept for a complex network of productive protein-carbohydrate interac-
tions would be strongly supported, if several folding patterns were adapted to 
binding glycans. Then sugar-binding modules are clearly not a singular inven-
tion of restricted relevance. The sheer size of the compilation of proven cases, 
presented in Table 3.1, is compelling evidence for glycan binding to be a rather 
common aspect of protein evolution (a view on the secondary-structure pat-
terns of C- and P-type lectins, the antiparallel β-sandwich and β-barrel is given 
in the figure of Chap. 17). Starting from ancestral modules, gene duplications 
and sequence variations then spurred the process of intrafamily diversification. 
Already subtle sequence deviations in otherwise closely related C-type lectins 
(for example a Val/Ser substitution in dendritic and endothelial cell receptors) 
have a significant bearing on glycan specificity (for details, please see [3]). As 
recounted in Chap. 21, the C-type domain is present in widely divergent sub-
groups of respective lectins and has even developed into a module accommodat-
ing tyrosine sulfates in addition to carbohydrates as in P-selectin or peptides in 
natural killer (NK) cell receptors. Equally intriguing, dynamic binding-site evo-
lution holds true for other lectin families such as the galectins or siglecs, fulfill-
ing the structural prerequisite for non-redundant activity profiles [2–5]. And there 
are more, not yet structurally well-defined lectin sites, found in the αM-integrin 
(please see also Chap. 30), α/Θ-defensins (please see Chap. 27) or the sea urchin 
350 kDa sperm-binding protein and a nucleocytoplasmic GlcNAc-binding pro-
tein, the two latter proteins belonging either to the hsp (heat shock protein) 110 or 
hsp 70 groups, respectively.
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When looking at occurrence of folds in plant lectins (Chap. 19), several motifs 
are shared among plant and animal lectins such as the β-sandwich fold of leguminous 
agglutinins, the classical example being concanavalin A (for illustration, please see 
Chap. 17), the β-trefoil  fold (first detected in soybean trypsin inhibitor) in the lectin 
subunit of AB-toxins (ricin and others) and in amaranthin as well as the hevein-like 
domain in wheat germ agglutinin and also chitinases. Close inspection of positioning of 
the binding sites and/or the binding mode intimates a convergent rather than divergent 
course of evolution in the mentioned cases [6]. This aspect should be reckoned with in 
any future suggestions for a terminology system. With these multiple folds engaged in 
sugar recognition, the expectation is nourished for multiple functions.    

3.2  Functions of Animal and Human Lectins

In concert with the glycans of cellular glycoconjugates, lectins can turn their  
carbohydrate-binding activity into specific recognition already in the endoplasmic 
reticulum and then at the cell surface. As already noted in Chap. 6, the nascent and 
processed N-glycans, originating from the precursor common to all Asn-X-Ser/Thr-
defined acceptor sites, are signals for quality control by virtue of their ligand capac-
ity. The information at each stage of glycan processing is translated by lectins into 
efficient monitoring for correct folding of nascent glycoproteins and into ensu-
ing intracellular transport. This intracellular activity profile fills the first part of 
Table 3.2. Of note, the glycans added in a cotranslational manner may well guide 
folding pathways and later influence secretory efficiency and protein activity/stabil-
ity, these processes in principle also involving intramolecular protein-carbohydrate 
interactions or a switching-off of intermolecular interactions. When glycoproteins 
with mature glycans finally reach the cell surface, cell adhesion and diverse cellular 
responses can be attributed to cis/trans interactions (Table 3.2). Examples for lectin-
elicited intracellular signaling routes leading to responses such as growth control 
are further explained with illustrations in Chaps. 26 and 28.

Toward these ends, a factor different from domain folding comes into play. In 
addition to direct ligand binding by a lectin’s carbohydrate recognition domain 
(CRD) spatial aspects of CRD arrangement contribute markedly to in vivo lec-
tin functionality. They not only increase the affinity by multivalent interactions 
but also the selectivity for distinct types of ligand display, for example to distin-
guish self from non-self glycan signatures [3]. The ways Nature has compen-
sated for the weakness of a single protein-carbohydrate contact are illustrated 
in Fig. 3.1 (please see legend for further details). A firm grip on glycans will be 
facilitated by the suitably spaced CRDs. This topological arrangement is real-
ized and drawn for galectins, a serum collectin and two other depicted C-type 
lectins endowed with capacity for endocytic uptake (Fig. 3.1). The shown arrange-
ment, matched by branched glycans, readily explains the rapid removal of asialo-
glycoproteins with triantennary N-glycans from circulation by the hepatic lectin 
(please see Chap. 16). And Fig. 3.1 then shows a different and equally effective 
way to turn sugar binding into a host of cell actions, that is the modular arrangement 
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Table 3.2  Functions of animal and human lectins

Activity Example of lectin

Recognition of stem region of N-glycans,  
a signal for ubiquitin conjugation when 
accessible in incorrectly folded  
glycoproteins

F-box proteins Fbs1/2 (Fbx2/FBG1, 
Fbx6b/FBG2) as a ligand-specific part of 
SCF ubiquitin ligase complexes

Molecular chaperones with dual specificity 
for Glc1Man9GlcNAc2 and protein part 
of nascent glycoproteins in endoplasmic 
reticulum (ER)

Calnexin, calreticulin

Targeting of misfolded glycoproteins with 
Man8-5GlcNAc2 as carbohydrate ligand  
to ER-associated degradation (ERAD)

EDEM1,2/Mnl1 (Htm1) (lectins or glycosi-
dases?), Yos9 protein (MRH domain)

Intracellular routing of glycoproteins and  
vesicles and apical delivery

ERGIC-53 and VIP-36 (probably also ERGL and 
VIPL), P-type lectins, comitin, galectins-3 
and -4

Intracellular transport and extracellular  
assembly

Non-integrin 67 kDa elastin/laminin-binding 
protein

Enamel formation and biomineralization Amelogenin
Inducer of membrane superimposition and  

zippering (formation of Birbeck granules)
Langerin (CD207)

Cell type-specific endocytosis Hepatic and macrophage asialoglycoprotein 
receptors, dendritic cell and macrophage 
C-type lectins (mannose receptor family 
members (tandem-repeat type) and single 
CRD lectins such as trimeric langerin/CD207 
or tetrameric DC-SIGN/CD209), cysteine-
rich domain (β-trefoil) of the dimeric form of 
mannose receptor for GalNAc-4-SO4-bearing 
glycoprotein hormones in hepatic endothelial 
cells, P-type lectins

Recognition of foreign glycans  
(β1,3-glucans, LPS)

CR3 (CD11b/CD18, Mac-1 antigen), C-type 
lectins such as DC-SIGN and dectin-1, 
immulectins, intelectins, Limulus coagulation 
factors C and G, earthworm CCF, tachylec-
tins

Recognition of foreign or aberrant glycosig-
natures on cells (including endocytosis or 
initiation of opsonization or complement 
activation)

Collectins, ficolins, C-type macrophage and 
dendritic cell lectins, CR3 (CD11b/CD18, 
Mac-1 antigen), α/Θ-defensins, pentraxins 
(CRP, limulin), RegIIIγ (HIP/PAP), siglecs, 
tachylectins

Targeting of enzymatic activity in  
multimodular proteins

Acrosin, C-terminal β-sandwich lectin domain 
of mouse peptide-N-glycanase (PNGase), 
Limulus coagulation factor C, laforin, 
β-trefoil fold ((QxW)3 domain) of GalNAc-
Ts involved in mucin-type O-glycosylation 
(frequent in microbial glycosylhydrolases for 
plant cell wall polysaccharides)

Bridging of molecules Galectins, C-type lectins, cerebellar soluble 
lectin

(continued)
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connecting CRDs with other types of modules. This is encountered in various  
lectins. As seen for selectins and I-type lectins such as siglecs (Fig. 3.1), the 
presence of spacers ensures to separate the CRD from the cell surface, a pre-
requisite for accessibility in cell–cell interactions. In selectins, interdomain con-
tacts and the force-dependent equilibrium between closed-angle and extended  
positioning of the two distal types of module have a strong bearing on the kinetics of  
binding. The transition to the extended form at low force level prolongs the lifetime 
of selectin-ligand association. The counterintuitive effect that applied force stabilizes 
a cell–cell contact leads to regular rolling of leukocytes on a vascular surface (for 
further details on selectins, please see Chap. 28). The so-called catch bonds reduce 
koff-values, and a structural force-dependent change distant to the CRD, yielding a 
high-affinity state, underlies the unique and counterintuitive feature of selectins to 
support rolling and tethering against a hydrodynamic force [7, 8], In siglecs, ligand 
binding accounts for covalent alterations by a posttranslational modification far 
away, that is in the intracellular section of these lectins (please see below).

Modular design has a wide range of functional implications. It aids routing of 
collectin-opsonized particles, targeting of enzyme activities (for example in laforin, 
the product of the EMP2A gene, a dual-specificity protein phosphatase with a lec-
tin domain; defects are linked to an autosomal recessive progressive myoclonus 
epilepsy, the lafora disease, on the clinical level, to lymphoma development in 
nude mice) or the just mentioned transmembrane signaling reaching intracellular 

Activity Example of lectin

Induction or suppression of effector release 
(H2O2, cytokines etc.)

Galectins, selectins and other C-type lectins
such as CD23, BDCA-2 and dectin-1, I-type 
lectins (CD33 (siglec-3), siglecs-7 and -9), 
Toll-like receptor 4

Modulation of enzymatic activities/receptor 
endocytosis via glycan recognition

Mannan-binding lectin (acting on neprins)  
galectins (acting on growth factor receptors)

Cell growth control, induction of 
apoptosis/anoikis and axonal regeneration

Galectins, C-type lectins, amphoterin-like 
protein, hyaluronic acid-binding proteins, 
cerebellar soluble lectin, CD22 (siglec-2), 
MAG (siglec-4)

Cell migration and routing Galectins, selectins and other C-type lectins, 
I-type lectins, hyaluronic acid-binding pro-
teins (RHAMM, CD44, hyalectans/lecticans)

Cell–cell interactions Selectins and other C-type lectins such as
DC-SIGN, galectins, I-type lectins
(siglecs, N-CAM, P0 or L1), gliolectin

Cell–matrix interactions Galectins, heparin- and hyaluronic acid-binding 
lectins including hyalectans/lecticans, cal-
reticulin

Matrix network assembly Proteoglycan core proteins (C-type CRD and G1 
domain of hyalectans/lecticans), galectins 
(e.g. galectin-3/hensin), non-integrin 67 kDa 
elastin/laminin-binding protein

Table 3.2 (continued)
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immunoreceptor tyrosine-based activating/inhibitory motifs (ITAM/ITIM) found in 
several C-type lectins or siglecs (Table 3.2) [3]. Embedded in modular display, the 
C-type lectin-like domain of aggregating proteoglycans reacts with sugar or peptide 
motifs and contributes to their role as molecular glue in the matrix (Fig. 3.1, upper 
right part). In cooperation with the selection of the ligand by a CRD spatial aspects 
of the lectin inspect glycosignatures and control the lectins’ reactivity to glycans. 
Implicitly, endogenous lectins are expected to show considerable selectivity for 
binding partners. Compared to plants as source for lectins (please see Chap. 19 for 
details), animal tissues contain much less lectin so that recombinant expression has 
become a valued tool to be able to address this issue.

3.3  Lectin Ligands and Affinity Regulation

Purification of tissue lectins, often using affinity chromatography as crucial 
step (please see Chap. 16 for its introduction to lectin research and Chap. 19 
for further practical details), and also their labeling, as similarly done with 
plant lectins, were thus crucial to trace endogenous ligands. The range of 
functions presented in Table 3.2 intimates a correlation between certain lec-
tins and their targets, sometimes already reflected in lectin names. A lyso-
somal enzyme will present the epitope with mannose-6-phosphate as postal 
code for P-type-lectin-mediated transfer to its final destination, and mannan 
on the cell surface, a characteristic of the mannose-rich glycophenotype of 
yeast cells, is a high-affinity matrix for the mannan(or mannose)-binding lec-
tin [9, 10]. Functions in cell adhesion and growth or mediator release call for 
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particular sets of glycoligands in the respective context. The summary of cur-
rently known binding partners for two multifunctional galectins lists glycocon-
jugates known for adhesion and cell signaling capacities (Table 3.3). From the 
wide array of cell surface glycoconjugates, a tissue lectin is capable to select 
few binding partners. For example, interaction with the extracellular matrix 
glycoproteins fibronectin and laminin can modulate adhesion (here a galec-
tin acts as a non-integrin receptor), binding to CD7 or ganglioside GM1 initi-
ates growth inhibition in activated T cells or in neuroblastoma cells (please see 
Chaps. 26 and 28 for details) [4]. This principle figures as decisive driving force 
not only for galectins but also for other lectins such as selectins (Table 3.2). As 
further example, intercellular contacts via the dendritic cell lectin DC-SIGN  
(dendritic cell-specific ICAM-3 grabbing non-integrin) similarly hinge on a cell-
type-specific selection of the target glycoprotein. The dendritic cell engages the 
lectin to bind glycans of ICAM (intercellular adhesion molecule)-2 on endothelial 

Fig. 3.1  Illustration of the strategic ways how carbohydrate recognition domains (CRDs) in ani-
mal lectins are positioned to reach optimal ligand selection (for example to separate self from 
non-self glycan profiles in innate immunity) and topological complementarity. From left to right, 
the CRD display in the three subtypes within the galectin family (chimeric, proto-type and tan-
dem-repeat-type arrangements binding to a ganglioside or a branched complex-type N-glycan 
without or with terminal α2,3-sialylation), the presentation of CRDs (C-type or fibrinogen-like 
domain) in serum and surfactant collectins or ficolins connected to their collagenous stalks and 
the non-covalent association of binding sites in transmembrane C-type lectins by α-helical coiled-
coil stalks (for example asialoglycoprotein and Kupffer cell receptors, the scavenger receptor 
C-type lectin, CD23, DC-SIGN or DC-SIGNR) are given. Similar to tandem-repeat-type galectins 
the C-type family of lectins also has a branch of members with this design, i.e. immulectins-1, -2 
and 3. Next, the tandem-repeat display in the mannose-specific macrophage receptor (also found 
on dendritic cells, hepatic endothelial cells, kidney mesangial cells, retinal pigment epithelial cells 
and tracheal smooth muscle cells) and the related C-type lectin Endo180 with eight domains as 
well as in the cation-independent P-type lectin with 15 domains is presented. Capacity for sugar 
binding is confined to only few domains as depicted. The occurrence of lectin activity for Gal-
NAc-4-SO4-bearing pituitary glycoprotein hormones in the cysteine-rich domain, a member of 
the β-trefoil fold family with one (QxW)3 domain in the N-terminal section of the macrophage 
mannose receptor (amino acids 8–128), which is linked via a fibronectin-type-II-repeat-containing 
module to the tandem-repeat section, is also included into the schematic drawing for these lectins 
with more than one type of CRD per protein chain. Moving further to the right side, the associa-
tion of a distal CRD in selectins (attached to an epidermal-growth-factor (EGF)-like domain and 
two to nine complement-binding consensus repeats) or in the siglec subfamily of I-type lectins 
using 1–16 C2-set immunoglobulin-like units as spacer equivalents to let the CRD reach out to 
contact ligands and to modulate capacity to serve in cis- or trans-interactions on the cell surface is 
shown. The force-dependent alterations of the topological arrangement of the two distal domains 
in selectins accounts for catch bonds of selectins (please see text), a canonical immunoreceptor 
tyrosine-based inhibitory motif (ITIM) together with a putative tyrosine-based motif is frequently 
present in the intracellular portion of siglecs. C2-set domains linked to fibronectin-type-III repeats 
establish the extracellular section of the I-type lectins L1 and neural cell adhesion molecule 
(NCAM). In the matrix, the modular proteoglycans (hyalectans/lecticans: aggrecan, brevican, 
neurocan and versican) interact a.) with hyaluronan (and also link protein) via the link-protein-
type modules of the N-terminal G1 domain (and an Ig-like module), b.) with receptors binding to 
the glycosaminoglycan chains in the central region and c.) with carbohydrates or proteins (fibu-
lins-1 and -2 and tenascin-R) via the C-type lectin-like domain flanked by EGF-like and comple-
ment-binding consensus repeat modules (kindly provided by H. Kaltner)

◄



30 H.-J. Gabius

cells, of ICAM-3 on T cells and of the αM-subunit of the Mac-1 antigen (CR3 
receptor, αMβ2 integrin) on neutrophils and of various pathogens with clustered 
Man or Lewis epitopes [11]. In addition to glycans, the two galectins, as noted 
above for the C-type lectin-like NK cell receptors or hyalectans/lecticans (please 
see legend to Fig. 3.1), also bind peptide motifs. This property facilitates intra-
cellular functions in pre-mRNA splicing, placement of oncogenic ras or apoptosis 
regulation (Table 3.3) [4]. Overall, the details emerging teach the following sali-
ent lesson: despite the abundance of glycan chains on the cell surface animal and 
human lectins have a preference to particular binding partners in a distinct context.

In this sense, shifts in the assembly line for glycans and their substitution pat-
tern can have an impact on affinity toward lectins. Not only the presence of a cer-
tain epitope counts but also its topological aspects, starting with the conformation 
of the lectin-binding determinant and the complete structure of the glycan chain 
including branching and core substitutions. These parameters have a bearing on 
lectin binding, although not physically involved in the molecular rendezvous [12]. 
It is therefore imperative to systematically profile factors with likely bearing on 
affinity regulation. If moving in a stepwise manner from the smallest interaction 
partner of a lectin, a monosaccharide, to the level of microdomains in membranes, 

Table 3.3  Cellular glycoconjugates and proteins as ligands for endogenous lectins: case study of 
galectins-1 and -3

Type of ligand Galectin-1 Galectin-3

Glycan Ovarian carcinoma antigen CA125, CD2, 
CD3, CD4, CD7, CD43, CD45,  
carcinoembryonic antigen (CEA), 
fibronectin (tissue), gastrointestinal 
mucin, hsp90-like glycoprotein, α1/
α4/α5/α7β1- and α4β7-integrins, cell 
adhesion molecule L1, laminin, lamp-1, 
Mac-2-binding protein, neuropilin-1, 
thrombospondin, Thy-1, tPA, chondroi-
tin sulfate proteoglycan, distinct neutral 
glycolipids, ganglioside GM1

CD7, CD11b of CD11b/CD18 
(Mac-1 antigen, CR3), CD13 
(aminopeptidase N), CD32, 
CD43, CD45, CD66a,b, CD71, 
CD95, CD98, CEA, colon 
cancer mucin and MUC1-D 
(N-glycan at Asn36), cubilin, 
C4.4A (member of Ly6 fam-
ily), epidermal growth factor 
receptor, haptoglobin β-subunit 
(after desialylation), hensin 
(DMBT-1), glycoform of IgE, 
β1-integrin (CD29) and α4β1-
integrin, LI-cadherin, laminin, 
lamp-1/-2, Mac-2-binding pro-
tein, Mac-3, MAG, MP20 (tet-
raspanin), NG2 proteoglycan, 
TCR complex, tenascin, tPA, 
transforming growth factor-β 
receptor, ganglioside GM1

Protein Gemin4, oncogenic H-Ras, OCA-B,  
pre-B cell receptor (human, not  
murine system)

AGE products, Alix/AIP-1, axin, 
bcl-2, b-catenin, Cys/His-
rich protein, Gemin4, mSufu, 
nucling, oncogenic K-Ras, 
OCA-B, pCIP, PIAS1, synexin 
(annexin VII), TTF-1
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six different layers with regulatory potential are then identified (Table 3.4). They 
give reason to imply an exquisitely tuned interplay between structural glycan tai-
loring and lectin expression, for example in fertilization (Chap. 25), malignancy 
(Chap. 26) or inflammation (Chap. 28).

3.4  Conclusions

The assumption that lectin-carbohydrate recognition is a common mode for inter-
molecular association and biological information transfer is convincingly backed 
by the large number of folds with lectin activity. Ensuing intrafamily diversifi-
cation within more than a dozen folds with identified CRDs led to a toolbox of 
specialized effectors and a broad range of covered functions. Toward this end, 
covalent and non-covalent CRD clustering opened the way to optimize ligand 
selection and to distinguish glycosignatures. With lectins thus being also sensors of 
topological aspects, the affinity of the binding process can swiftly be regulated by 
altering the local density on the level of individual glycoconjugates and even cell 
surfaces. Picking functional ligands from the glycomic complexity thus includes 
context-dependent parameters, making cell specificity of lectin binding possible.

3.5  Summary Box

More than a dozen folds of animal and human proteins can accommodate a carbo-
hydrate ligand. Binding entails a broad range of functions. Its affinity is regulated 
by sequence changes and topological aspects on the levels of the CRD and the  
glycoepitope. Respective changes on both sides can act in concert to optimize tar-
get specificity.

Table 3.4  Six levels of regulation of affinity of glycan binding to a lectin

1. Mono- and disaccharides (including anomeric position)
2. Oligosaccharides (including branching and substitutions)
3. Shape of oligosaccharide (differential conformer selection)
4. Spatial parameters of glycans in natural glycoconjugates

a. shape of glycan chain (examples: modulation of conformation by substitutions not 
acting as lectinligand such as core fucosylation or introduction of bisecting GlcNAc 
in N-glycans, influence of protein part)

b. cluster effect with bi- to pentaantennary N-glycans or branched O-glycans (including 
modulation by substitutions, please see a.)

5. Cluster effect with different but neighboring glycan chains on the same glycoprotein 
(for example in mucins)

6. Cluster effect with different glycoconjugates on the cell surface in spatial vicinity form-
ing microdomains
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Abstract During the past several decades, intensive investigations have been con-
ducted to clarify the biochemical and physiological properties of lectins from marine 
organisms, including cyanobacteria, algae, and invertebrates and fish. These investi-
gations have revealed that lectins are highly diversified in terms of not only structural 
aspects but also functional aspects, including unique carbohydrate-binding specificities. 
Lectins are still being intensively investigated to understand their biological roles in cell 
recognition and biodefense as well as to employ them as valuable tools for studying 
complex carbohydrates in solution and on cell surfaces. Here, we review the structures 
and activities of lectins from marine organisms and their applications as carbohydrate 
recognition molecules and medicinal agents with antitumor and antiviral activities.

4.1  Introduction

Marine organisms have been extensively explored for the last several decades as 
potential sources of novel biologically active substances. In fact, various specific 
and potent bioactive molecules such as alkaloids, terpenoids, polyethers, polyke-
tides, and peptides have been isolated from marine microorganisms, algae, and 
various invertebrates. These molecules have been found to possess various phar-
macological functions as potent antitumor, antiviral, antimicrobial, and enzyme-
inhibiting drugs. Extensive research has been conducted on relatively small 
molecules; however, macromolecules such as proteins, glycoproteins, and poly-
saccharides are also promising candidates for such functional agents because it is 
evident that they play critical roles in many biological processes. Among these, 
lectins are the most outstanding group because of their multiple functions.

Lectins are a group of carbohydrate-binding proteins, except for antibodies 
and enzymes that exhibit specific and reversible carbohydrate-binding activity. 
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They exist in all types of organisms, ranging from viruses to bacteria to plants 
and animals, and play important roles in diverse biological processes such as cell–
cell adhesions, cell communications, signaling events, nutritional effects, can-
cer metastasis, microbial infection, and others as counterparts of carbohydrates. 
Investigations of their role in biological systems and their employment as invalu-
able tools for studying complex carbohydrates in solution and on cell surfaces are 
markedly contributing to advances in glycobiology.

During the past several decades, intensive investigations have been con-
ducted to clarify the biochemical and physiological properties of lectins from 
marine organisms, including cyanobacteria, algae, invertebrates, and fish 
(Tables 4.1, 4.2 and 4.3) [1]. Based on the structural similarity of carbohy-
drate-recognition domains (CRDs) and their characteristics, lectins from plants 
and animals are classified into various classes and families, respectively [2]. 
Lectins from fish and marine invertebrates are mainly classified into C-type 
lectins (CTLs), galectins, F-type lectins, rhamnose-binding lectins (RBLs), 
and intelectin families. Here, we review lectins from marine organisms in 
terms of their structures, activities, and applications as tools and medicinal 
agents.

4.2  Lectin Family

4.2.1  CTL

CTLs comprise one of the major animal lectin families. Members of this family 
bind mono and oligosaccharides, mostly in a Ca2+-dependent manner. They gen-
erally adopt multidomain structures and contain one or more highly conserved 
CRDs consisting of 115–130 amino acid residues. They are involved in a broad 
range of biological processes such as adhesion, endocytosis, and pathogen neu-
tralization. The CTL domain (CTLD) superfamily is a large group of extracellular 
proteins with conserved CRD sequences but different functions and is now clas-
sified into many subgroups by Drickamer et al. [3]. For example, group III CTLs 
are known as collectins, which consist of an amino-terminal collagen domain and 
a carboxyl-terminal CTLD. They participate in host defense mechanisms through 
complement activation and include the serum mannose-binding protein (MBP). 
Many marine invertebrate lectins are classified into Group VII CTLs, which are 
soluble single CRD proteins.

CTLs are diversified and widely distributed in the animal kingdom, including 
marine invertebrates and fish. They have unique structural motifs and functional 
domains, regardless of whether or not they possess sugar-binding properties. The 
ability of CTLs to react with bacterial or viral pathogens has been reported in 
shellfish and fish species. A CTL (Ec-CTL) messenger RNA (mRNA) was abun-
dant in the liver and skin of the orange-spotted grouper Epinephelus coioides,  
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and Ec-CTL expression was upregulated by challenge with different microbes, 
including the DNA virus Singapore grouper iridovirus (SGIV) [4]. Two CTLs, 
LvLectin-1 and-2, from shrimp (Litopenaeus vannamei) were highly expressed 
in the hepatopancreas and were upregulated by challenge with both Listonella 
anguillarum and white spot syndrome virus (WSSV) [5]. These results suggest 
that CTLs are related to defense mechanisms and involved in the initial response 
to invasion by bacterial and viral pathogens.

Typical mammalian CTLs such as MBP, macrophage mannose receptor, and 
selectins require Ca2+ for their activity. However, it has become evident that 
some CTLs do not require Ca2+ to function. For example, OLABL, a CTL from 
shishamo smelt (Osmerus lanceolatus) eggs, does not require Ca2+ to function [6]. 
In some CTLs, Ca2+ is required for agglutinating activity but not for sugar-bind-
ing activity. AmphiCTL1 from amphioxus requires Ca2+ for its hemagglutinating 
and microbial aggregation activities but not for its microbial-binding and growth 
suppression activities [7]. A CTL of conger eel (Conger myriaster), ConCL-s, 
binds to sugars in a Ca2+-dependent manner; however, it shows Ca2+-independent 
activity during yeast binding [8]. CTLs are sometimes classified into two groups 
according to binding preferences either to d-mannose and related sugars or to 
D-galactose and related sugars [3]. These two CTL groups have the motifs Asp–
Pro–Asn (EPN) and Gln–Pro–Asp (QPD), respectively. However, the presence 
of several discrepancies in the combination of binding specificity and the motif 
reveals remarkable plasticity in sugar binding and divergent evolution of carbohy-
drate specificity.

Ladderlectin was named for its characteristic ladder-like electrophoretic pat-
tern of equally spaced oligomers under nonreducing SDS-PAGE conditions with 
a 32 kDa disulfide-linked dimer. Rainbow trout ladderlectin (RTLL) was identified 
by its Ca2+- and mannose-dependent affinity for pathogen-associated molecular 
patterns (PAMPs) such as lipopolysaccharide (LPS) isolated from Aeromonas sal-
monicida and galactan-based polymers [9]. The sequences of ladderlectins were 
identified as those of group VII mannose-binding CTLs.

4.2.2  Galectin Family

Galectins are a family of carbohydrate-binding proteins characterized by their 
Ca2+-independent affinity for β-galactoside, sharing of a conserved sequence 
motif within their CRDs of approximately 130 amino acid residues, lack of a 
signal peptide and attached carbohydrate, and predominant cytoplasmic loca-
tion. They have been found in various eukaryotic organisms, ranging from fungi 
to mammals [10]. Based on the structural features, galectins can be classified 
into three types: prototype (monomer or homodimer of single carbohydrate-
binding domain), tandem-repeat type (two carbohydrate-binding domains on a 
single chain), and chimera type (a carbohydrate-binding domain and an extra 
N-terminal domain on a single chain). Galectins reportedly participate in diverse 
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physiological phenomena such as development, differentiation, morphogenesis, 
immunity, apoptosis, metastasis of malignant cells, and others.

Two prototype galectins, congerins I (Con I) and II (Con II), were isolated 
from the conger eel (Conger myriaster) skin mucus. As components of biologi-
cal defense systems, these proteins mainly exist in the frontier organs and tissues 
that delineate the body from the outer environment, e.g., the epidermal club cells 
of the skin, wall of the oral cavity, pharynx, esophagus, and gills, and they agglu-
tinate marine pathogenic bacteria such as Vibrio anguillarum and exibit opsonic 
and cytotoxic activities against cells [11]. Con I and Con II form a homodimer 
that exhibits divalent cross-linking activity. Molecular evolutionary and structural 
studies have suggested that Con I and Con II have evolved by accelerated amino 
acid substitutions under positive selection to acquire their diversified properties 
such as carbohydrate-binding specificity and thermostability [12]. The structure 
of Con I demonstrated protein-fold evolution by swapping β-strands between 
subunits, which altered the β-sheet topology at the dimer interface from entirely 
antiparallel to partially parallel for entangling the two subunits, although Con I 
and Con II adopt similar subunit structures with the “jellyroll” motif consisting of 
five-stranded and six-stranded β-sheets [13]. An important feature of strand swap-
ping is an increase in the stability of the quaternary structure, which is essential 
for divalent cross-linking activity required for agglutination of pathogenic bac-
teria. In contrast, crystal structure analysis of Con II revealed extension of the 
carbohydrate-binding site at the nonreducing end of lactose. Furthermore, a new 
congerin isotype, congerin P (Con-P), was identified from the peritoneal cells of 
conger eel [14]. Con-P displayed substitution of seven out eight amino acid resi-
dues in a CRD, which are conserved in all other known galectins, and allosteric 
carbohydrate-binding ability by mannoside.

Local inoculation of LPS through the ascidian body wall stimulates a prompt 
local inflammatory reaction that includes upregulation of collagen-IX-like, C3a, 
TNF-α-like, and MBL-like genes, together with enhanced phenoloxidase activ-
ity. Tandem-repeat type galectins (CiLgals-a and CiLgals-b) were promptly 
upregulated in Ciona intestinalis [15]. Furthermore, a novel galectin-related 
protein, CvGal, which contains four canonical galectin CRDs, has been dis-
covered in hemocytes of the eastern oyster Crassostrea virginica [16]. CvGal 
recognizes endogenous and exogenous ligands including bacteria, algae, and 
the protozoan parasite Perkinsus marinus as soluble opsonins for pathogens 
or as hemocyte surface receptors for both microbial pathogens and algal food 
ingested into digestive ducts and as modulators for upregulation of CvGal itself. 
Unique gene and protein domain architecture of the galectin CRD nematoga-
lectin was also found in the freshwater hydrozoan Hydra and the marine hydro-
zoan Clytia [17]. Nematogalectin, a 28-kDa protein with an N-terminal GlyXY 
domain that can form a collagen triple helix followed by galectin CRD, is a 
major component of the nematocyst tubule, and it is transcribed by nematocyte-
specific alternative splicing. Thus, the galectin family proteins also diversified 
by unique evolutionary processes, including tandem duplication and accelerated 
evolution.
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4.2.3  F-Type Lectin Family

F-type lectins (fucolectins), which bind L-fucose and share characteristic sequence 
motifs, have been described with members in invertebrates and vertebrates such as 
horseshoe crab (Tachypleus tridentatus) and Japanese eel (Anguilla japonica) as 
immunorecognition molecules. The F-type CRD has also been associated with pen-
traxin, CTL, or “sushi” domains, yielding complex chimeric proteins. The crystal 
structures of single CRD and tandem CRDs of F-type lectins with a jellyroll β-barrel 
topology were reported for A. japonica agglutinin (AAA) and MsaFBP32 from 
striped bass (Morone saxatilis), respectively. In contrast, F-type lectin CRD motifs 
are absent in genomes of higher vertebrates such as reptiles, birds, and mammals. 
Two distinct F-type lectins, RbFTL-1 and RbFTL-2, have been identified in rock 
bream (Oplegnathus fasciatus) [18] and are predominantly expressed in the head kid-
ney and the liver, respectively. Their expression is upregulated by some bacterial and 
viral challenges. Importantly, sea bass (Dicentrarchus labrax) fucolectin (DIFBL) 
consisting of two tandemly arranged CRDs was found to enhance the phagocytosis 
of formalin-killed Escherichia coli by D. labrax peritoneal macrophages [19].

4.2.4  RBL Family

RBLs are a family of animal lectins that show specific binding activities to 
L-rhamnose or D-galactose and have been predominantly isolated from eggs and 
ovary cells of fish and invertebrates. Till date, the RBL family has been found in the 
oocytes, ovaries, and skin mucus of over 20 species of fish (Table 4.3). RBLs have 
been also found in the mantle of penguin wing oyster and ascidians. Except for the 
reproductive cells, including oocytes and eggs, RBLs are mainly located in the tissues 
and organs related to the immune system, e.g., mucous cells of the gill, goblet cells 
of the intestine, the spleen, thrombocytes, lymphocytes, monocytes, and neutrophils. 
When the genomic database was retrieved, genes containing the distinctive struc-
tural motif of RBL CRDs were found to be broadly distributed in almost all animals, 
including invertebrates, chordates, and vertebrates, and also in bacteria and plants.

Most RBLs are composed of two or three tandem-repeat CRDs, which con-
sist of approximately 95 amino acid residues, and share the conserved topology of 
four disulfide bonds. Three RBLs, CSL1, CSL2, and CSL3, composed of four, 18, 
and two subunits by noncovalent binding, respectively, have been isolated from 
chum salmon (Oncorhynchus keta) eggs [20]. CSLs have high binding specific-
ity for globotriaosyl ceramide (Gb3; Galα1-4Galβ1-4Galβ1-Cer, also known as 
CD77), which is located in lipid rafts, is upregulated through immune responses, 
and is also known as the functional receptor for various toxins such as Shiga toxin 
(Stx). The homodimer of CSL3 has a kinked dumbbell shape, in which two lobes 
are connected through linkers composed of two five-residue peptides (-QQQET-) 
[21]. Each lobe seems to be a single globular protein with a pseudo two-fold axis 
and includes two antiparallel β-sheets with two (β2 and β4) and three (β1, β3, 
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and β5) strands and three helices (α1-3). It was found that the monosaccharide  
(rhamnose) or nonreducing end residues (Gal1 of melibiose and Gb3) share the 
same conserved primary binding sites in CSL3 (Glu7/107, Tyr27/127, Lys86/186, 
and Gly83/183). In addition, Asn74/174 and Asp79/179 are used in the primary 
site of CSL3. The complex structures of melibiose and Gb3 reveal the oligosaccha-
ride recognition mechanism of RBL. Arg39/139 and Gln43/143 residues of CSL3, 
which bind to carbohydrates in the 2nd and 3rd sites, are the key residues in deter-
mining  specificity for the oligosaccharides Gb3. The total numbers of hydrogen bonds 
between CSL3 and rhamnose, melibiose, and Gb3 are 7, 8, and 10, respectively, which 
are consistent with the observed high affinity (Kd = 2.6 × 10 −5 M) of CSL3 to Gb3.

RBLs have been proposed to be involved in biodefense systems. CSLs were 
found to induce proinflammatory cytokines, including IL-1β1, IL-1β2, TNF-α1, 
TNF-α2, and IL-8, by recognizing Gb3 on the surface of a peritoneal macrophage 
cell line (RTM5) from rainbow trout and an established fibroblast-like cell line 
(RTG-2) from gonadal tissues of fish [22]. The receptor of RBL from amago  
(O. rhodurus) was expressed on the peritoneal macrophage after inflammatory 
stimulation, and RBL from grass carp (Ctenopharyngodon idellus) roe induced 
a dose-dependent increase in phagocytic activity of seabream macrophages [23].

These RBL CRDs are diversified and widely distributed in functional proteins 
as unique structural motifs. Rsps, composed of an N-terminal serine-rich domain, 
eight tandem-repeated thrombospondin type 1 repeats (TSRs), and a C-terminal 
RBL CRD, have been identified as immune recognition molecules in the colonial 
hydroid Hydractinia symbiolongicarpus [24].

4.2.5  Intelectin

Intelectins, or X-lectins, are a recently identified group of animal lectins possess-
ing a fibrinogen-like motif similar to that of members of the ficolin/opsonin/p35 
lectin family and displaying Ca2+-dependant carbohydrate binding in the absence 
of CTLD. Membrane-bound, intracellular and soluble intelectin-like complemen-
tary DNA (cDNA) sequences and proteins with high predicted amino acid sequence 
homology have been reported from various species, including mammals, frogs, fish, 
and ascidians. In fish, the potential role of intelectin-like proteins as innate immune 
molecules is fast being realized. In rainbow trout, intelectin-like cDNA sequences 
and other putative acute phase genes were upregulated in the liver tissue following 
injection of an emulsified, killed, gram-negative bacterium (L. anguillarum) [9].

4.2.6  Novel Lectin Family

L-type lectins, which have a leguminous lectin domain and can bind to high-man-
nose type oligosaccharides, have been hypothesized to play roles in infectious 
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responses and phagocytosis in mammalian systems. In the secretory pathway, 
L-type lectins play crucial roles in selective protein trafficking, sorting, and tar-
geting. Three L-type lectins, namely a 53 kDa endoplasmic reticulum (ER)–Golgi 
intermediate compartment protein (ERGIC-53), a vesicular integral protein of 
36 kDa (VIP36), and a VIP36-like protein, were cloned in the channel catfish 
Ictalurus punctatus [25]. These proteins were abundantly expressed in the liver, 
head kidney, and brain, respectively. Upon infection by the gram-negative intra-
cellular bacterium Edwardsiella ictaluri, expression of all the three genes was 
upregulated in the head kidney with distinct patterns. Catfish L-type lectins have 
50–70 % identity with other vertebrate L-type lectin protein sequences such as 
those of rats, humans, birds and frogs.

Most known animal lectins have been found to internally; however, some 
are also found in the skin mucus of several animal species, in particular, fish. It 
is generally believed that the skin mucus serves as a mechanical and biochemi-
cal barrier. Four different families of lectin (CTLs, galectins, RBLs, and mono-
cot mannose-binding B-type lectins) have been found in the skin mucus of fish. 
With respect to skin mucus galectins, congerins and AJL-1 can agglutinate vari-
ous bacterial strains. Such lectin activity suggests that they agglutinate and trap 
pathological bacteria and restrict their growth until such organisms are washed 
away with old mucus into the water of the surrounding environment [26]. A man-
nose-binding B-type lectin, pufflectin, binds to the surface of the parasitic trem-
atode Heterobothrium okamotoi, indicating its role in host defense mechanisms. 
Recently, a novel mannose-binding lectin, FHL, was purified from the skin mucus 
of flathead (Platycephalus indicus). FHL is structurally similar to the heavy-chain 
domain of mammalian plasma kallikrein, which has not yet been identified in any 
teleost species [27].

4.3  Bioactivity of Lectins

4.3.1  Antimicrobial Activity

Many studies have shown that marine lectins bind and agglutinate fungi, bacteria, 
blue-green algae, diatoms, dinoflagellates, and other unicellular algae, thereby regulat-
ing growth and movement. These lectins act in a similar manner to eliminate invading 
pathogenic bacteria. Red algal lectins from Eucheuma serra (ESA) and Galaxaura 
marginata (GMA) strongly inhibited the fish pathogen Vibrio vulnificus but were 
inactive against V. Pelagius and V. neresis [28]. A CTL from amphioxus directly killed 
Staphylococcus aureus and Saccharomyces cerevisiae in a Ca2+-independent manner 
by binding to their cell wall polysaccharides such as peptidoglycan and glucan [7].

RBLs from fish eggs such as STLs and CSLs also interacted and agglutinated 
gram-negative and gram-positive bacteria by recognizing cell-surface LPS and 
lipoteichoic acid, respectively [29]. These RBLs recognize the O-antigen, which is the 
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immunodominant structure exposed to the environment that is highly variable among 
bacterial strains, by diverse carbohydrate recognition ability. In addition, RBLs bind 
to glycolipids and glycoproteins of microsporidian fish pathogens, and the RBL recep-
tor was found to be expressed on peritoneal macrophages of fish after inflammatory 
stimulation [30]. More recently, it was found that CSLs induced the production of radi-
cal oxygen species in the rainbow trout macrophage RTM5 cells in a dose-dependent 
manner.

4.3.2  Antitumor Activity

Lectins function as surface markers for tumor cell recognition, cell adhesion, sig-
nal transduction across the membrane, mitogenic cytotoxicity, and apoptosis. In 
addition, they modulate the growth, proliferation, and apoptosis of premalignant 
and malignant cells in vitro and in vivo. Therefore, lectins have great potential 
in the treatment, prevention, and diagnosis of chronic diseases such as cancer 
[31]. As early as 1983, acorn barnacle (Megabalanus rosa) lectins (BRAs) were 
shown to have antitumor activity in vivo [32]. Mouse mammary tumor MM46 
cells were inoculated into C3H/He mice after in vitro incubation with or with-
out BRAs. The survival rate of the lectin-treated group increased significantly, 
and these mice became resistant to subsequent challenge with fresh tumor cells. 
This activity was attributed to lectin-dependent macrophage-mediated cytolysis 
of tumor cells.

Apoptotic cells are characterized on the basis of biological and morphological 
features such as externalization of phosphatidylserine (PS), activation of caspase, 
fragmentation of chromosomal DNA, cell shrinkage, plasma membrane blebbing, 
and nuclear condensation. RBL from catfish (Silurus asotus) eggs (SAL) bound 
Gb3 in the glycosphingolipid-enriched microdomain of Burkitt’s lymphoma Raji 
cells and induced externalization of PS, followed by cell shrinkage [33]. CSLs 
showed cytotoxicity against Gb3-displaying human colon cancer cell lines, Caco-2 
and Lovo cells, by an apoptotic pathway through the recognition of Gb3 on cell 
surfaces in a dose-dependent manner. However, this activity was not observed in 
DLD-1 and HCT-15 human colonic tumor cell lines lacking Gb3 [21].

Delivery of targeted therapeutics by drug delivery systems (DDSs) to spe-
cific sites provides numerous advantages over traditional nontargeted therapeu-
tics [34]. Targeted drug delivery increases the efficacy of treatment by enhancing 
drug exposure to targeted sites while limiting side effects of drugs on normal and 
healthy tissues. Because human and experimental tumors display increased lev-
els of N-linked-1,6-GlcNAc oligosaccharides, N-glycan may be a possible moi-
ety for lectin targeting anticancer DDS. Cytotoxicity of lectin-based DDS may be 
exploited by two mechanisms. One mechanism would involve a nontoxic lectin 
conjugated to a drug, which would become toxic upon activation within the target 
cell. The second mechanism would involve a toxic lectin that would function as a 
homing moiety and toxic agent by apoptosis induction.
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4.3.3  Antiviral Activity

Galactose-specific lectins isolated from the marine sponge Chondrilla nucula and 
from the sea worm Chaetopterus variopedatus showed antiviral activity in vitro 
by stimulating (22–52) oligoadenylate metabolism and by inhibiting cytopathic 
effects induced by human immunodeficiency virus (HIV)-1 and the production of 
viral p24 antigen, respectively. This anti-HIV action may be associated with the 
blockade of viral entry into cells. A GlcNAc-specific lectin isolated from the sea 
worm Serpula vermicularis (Annelida) inhibited the production of viral p24 anti-
gen and cytopathic effect induced by HIV-1 at the half-maximal effective concen-
trations (EC50) of 0.23 and 0.15 μg/mL, respectively [35].

Although the anti-HIV activity of mannose-specific plant lectins, including 
concanavalin A and Galanthus nivalis agglutinin (GNA), which target the “gly-
can shield” of surface envelope proteins of HIV to inhibit membrane fusion and 
infection, have been reported, these lectins generally show a low micromolar range 
of EC50 values in whole-cell anti-HIV assays. In contrast, high-mannose-binding 
cyanobacterial (blue-green algal) or eukaryotic algal lectins are very promising 
as antiviral agents because they inhibit HIV replication with EC50 values in the 
low nanomolar to picomolar range. The red algal lectin griffithsin (GRFT) from 
Griffithsia sp. is the most potent inhibitor of HIV multiplication, and its activity is 
displayed at picomolar concentrations [36]. A lectin from the green alga Boodlea 
coacta (BCA) consists of three internal tandem-repeated domains with sequence 
motifs similar to the carbohydrate-binding site of GNA-related lectins [37]. BCA 
inhibited HIV-1 entry into host cells at EC50 of 8.2 nM and showed potent anti-
influenza activity against various strains, including a clinical isolate of pandemic 
H1N1-2009 virus, by directly binding to viral envelope hemagglutinin.

Many high-mannose-binding lectins that exhibit anti-HIV activity have been 
isolated from cyanobacteria by Boyd and other researchers, e.g., CV-N from 
Nostoc ellipsosporum, scytovirin from Scytonema varium, MVL from Microcystis 
viridis, and OAA from Oscillatoria agardhii. These prokaryotic lectins share com-
mon structural features and internal multiplication of amino acid sequences, but 
with no sequence homology. Three-dimensional structures of these lectins com-
monly exhibit characteristic domain swapping.

Cyanovirin-N (CV-N) inhibits HIV infection by binding to high-mannose oligo-
saccharides on the surface of the viral envelope glycoprotein gp120 [38]. CV-N is 
also active against a number of other enveloped viruses, including influenza, Ebola, 
hepatitis C, and herpes virus. Each CV-N monomer contains two symmetrically 
related structural domains (A and B), with each domain containing a carbohydrate-
binding site that specifically interacts with α(1–2)-linked oligomannose moieties of 
Man-8 and Man-9 glycans. The two binding sites in monomeric CV-N exhibit distinct 
affinities for carbohydrates in solution: the binding site in domain B is located dis-
tant from the N and C termini with a KD of approximately 140 nM for Manα1–2Man 
disaccharide, whereas the binding site in domain A is located near the termini with a 
KD of approximately 1.5 μM. Both sites are required for viral neutralization [39].
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The interest in developing CV-N as a medicinal agent has led to investigations 
of its large-scale production using bacterial, yeast, and plant expression systems. 
Stabilization of CV-N has implications for its recombinant production and appli-
cation as a medicinal agent. Compared with wild-type CV-N, a tandem repeat of 
two CV-N molecules (CVN2), linked together in a head-to-tail fashion, increased 
HIV-1 neutralization activity by up to 18-fold [39]. The stabilized domain-
swapped dimer showed extensive cross-clade reactivity and was more potent than 
broadly neutralizing anti-HIV antibodies. CV-N variants were rationally designed 
to be stabilized against thermal and chemical denaturation by substituting the 
buried polar side chains with aliphatic groups, while maintaining high affinity 
and selectivity for glycan targets [40]. The removal of the buried polar groups 
improved packing within the protein core to yield increased stability.

4.3.4  Biomineralization

Calcified hard tissues and skeletons such as shells and pearls provide structural 
support and protection for many marine invertebrate phyla, including Mollusca, 
Crustacea, and Echinodermata. A calcified shell layer is composed of two poly-
morphs of calcium carbonate, aragonite or calcite, and an organic matrix. This 
organic matrix associated with shells is thought to function in shell formation 
(biomineralization) by guiding the nucleation and growth of calcium carbon-
ate crystals under ambient conditions and to associate the aragonite tablet with 
organic matrix in its peculiar structure. CTL-like proteins have been isolated from 
calcium carbonate biominerals as hard tissue-associated proteins of Mollusca, 
Crustacea, and Echinodermata as well as vertebrates. These proteins are postu-
lated to interact with specific faces of the calcite crystal when occluded within 
the mineral and control spicule growth. A 17 kDa protein, perlucin, was isolated 
from the shell of the mollusc, Haliotis laevigata (abalone) by demineralization 
[41]. Perlucin, consisting of a single CTL motif, accelerates the precipitation of 
calcium carbonate from a saturated solution, indicating that perlucin may pro-
mote the nucleation and/or growth of calcium carbonate crystals and may com-
bine the chitin and aragonite layers. In contrast to molluscan shells, few matrix 
proteins have been isolated and characterized from crustacean shells. Among 
these, the CTLs BRA-1–3, isolated from the acorn barnacle Megabalanus rosa, 
inhibited the nucleation and growth of calcium carbonate crystals at concentra-
tions of 4–26 μg/mL [42]. Although aragonite and calcite crystals were formed 
in the presence of lower concentrations of BRA, the shape and size of the crystals 
were changed. These results further indicate the participation of lectins in biomin-
eralization. Although it is generally accepted that invertebrate lectins play roles 
in biodefense mechanisms by recognizing the carbohydrate structures on patho-
gens, the functions of BRA in biomineralization as well as biodefense have been 
proposed [43]. CTLs may be applicable to artificial crystallization in the field of 
nanotechnology.



50 Y. Watanabe et al.

Furthermore, fish-specific CTLD proteins have been identified as type II anti-
freeze proteins, which inhibit freezing by binding to ice in plasma of coldwater-
living fish species such as herring (Clupea harengus), rainbow smelt (Osmerus 
mordax), Japanese smelt (Hypomesus nipponensis), sea raven (Hemitripterus 
americanus), and longsnout poacher (Brachyopsis rostratus).

4.4  Conclusion and Perspectives

Numerous lectins have been isolated from various marine organisms and have been 
revealed to be highly diversified in terms of not only structure but also function, 
including specific and unique carbohydrate-binding properties. The interactions 
between lectins and monosaccharides are relatively weak, with poor specificity and 
dissociation constants, usually in the millimolar range. However, lectins frequently 
exhibit both high affinity and exquisite specificity for oligosaccharide structures of 
glycoproteins and glycolipids. The high affinity and specificity of protein-carbo-
hydrate interactions may attribute to multivalent binding that produce the cluster 
effect. Lectins are now intensively investigated to understand their biological roles 
in cell recognition or biodefense as well as to employ them as invaluable tools for 
the study of complex carbohydrates in solution and on cell surfaces.

Soluble lectins are regarded as pattern recognition receptors (PRRs) capable of 
binding spatially organized microbial surface polysaccharides and pathogen-asso-
ciated molecular patterns (PAMPs) such as LPS and lipoteichoic acid on gram-
negative and gram-positive bacteria, respectively. Mannose-binding lectins and 
ficolins are two well-characterized lectins, which bind PAMPs on various micro-
bial targets and mediate resistance to pathogens through neutralization, agglutina-
tion, and opsonization. Other lectin families, including the RBL family, are also 
likely to act as PRRs. The observed structural and functional diversity of lectins 
is consistent with their function as PRRs in innate immunity. The emergence of 
multiple isoforms of lectins by various means, resulting in diversification of ligand 
affinities, may provide an arsenal of proteins to a wide range of organisms and 
may compensate for the lack of more highly developed and efficient adaptive 
immune responses.

The enormous developments that could be made possible by inhibiting, activating, 
and exploiting protein–carbohydrate interactions, in particular, in medicinal chemis-
try, push the study of lectins and carbohydrates to the forefront of research. In fact, the 
cellular protein glycosylation pattern is influenced by several physiological changes 
such as disease occurrence. Thus, the altered glycoform population of a given glyco-
protein may be diagnostic of the disease responsible for the alteration itself. Abnormal 
glycosylation has been detected in cancer development, e.g., changes in prostate-spe-
cific antigen (PSA) glycosylation during malignant transformation. In addition, RBL 
family lectins are useful for diagnosis of pathologies associated with Gb3 ceramide, 
e.g., highly malignant Burkitt’s lymphoma. Further research, including research on 
clinical trials, molecular mechanisms of action, and structure–function relationships, 
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should help researchers in examining and elucidating the therapeutic effects, nutri-
tional benefits, and toxic consequences of lectins. The isolation and characterization 
of novel lectins from unexplored marine organisms will greatly contribute to this 
research.
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Abstract Plant lectins are a unique group of proteins and glycoproteins with 
potent biological activity and have received widespread attention for many years. 
They can be found in wheat, corn, tomatoes, peanuts, kidney beans, bananas, peas, 
lentils, soybeans, mushrooms, tubers, seeds, mistletoe and potatoes among many 
others. Due to their ability to bind reversibly with specific carbohydrate structures 
and their abundant availability, plant lectins have commonly been used as a molec-
ular tool in various disciplines of biology and medicine. Whilst once thought of 
being a dietary toxin, the focus on plant lectins has since shifted to understanding 
the useful properties of these lectins and utilizing them in medicinal applications 
to advance human health. This chapter reviews the current and potential applica-
tions of plant lectins in various areas of medically related research.

5.1  Introduction

The word “lectin” originates from the Latin word “lego” which means, “to choose” 
or “pick out” [1]. Lectins are defined as sugar-binding proteins that are neither anti-
bodies nor enzymes [2]. According to Rudiger and Gabius (2001), a glycoprotein 
must meet three distinct requirements to qualify as a lectin. Firstly, a lectin is a 
protein/glycoprotein that binds carbohydrate(s). Secondly, lectins are not immuno-
globulins (antibodies). Thirdly, lectins do not biochemically modify the carbohy-
drates which they bind [3].

Chapter 5
Medicinal Applications of Plant Lectins

Clara Shui Fern Bah, Evandro Fei Fang and Tzi Bun Ng

E. F. Fang and T. B. Ng (eds.), Antitumor Potential and Other Emerging Medicinal  
Properties of Natural Compounds, DOI: 10.1007/978-94-007-6214-5_5,  
© Springer Science+Business Media Dordrecht 2013

C. S. F. Bah 
Department of Food Science, Division of Sciences, University of Otago,  
North Dunedin, New Zealand

E. F. Fang (*) 
Laboratory of Molecular Gerontology, National Institute on Aging,  
National Institutes of Health, Baltimore, MD 21224, USA
e-mail: fange@mail.nih.gov

E. F. Fang · T. B. Ng 
School of Biomedical Sciences, The Chinese University of Hong Kong, 
Hong Kong
e-mail: b021770@mailserv.cuhk.edu.hk



56 C. S. F. Bah et al.

Lectins were first discovered more than 100 years ago in plants, when in 1888, 
Stillmark found that extracts of castor bean (Ricinus communis) seeds contained a 
protein that could agglutinate animal red blood cells [4]. Following the discovery 
of Stillmark, a number of other plant seed extracts demonstrated the same ability 
to agglutinate red blood cells, but escalating interest in lectins was sparked dur-
ing the Second World War as a result of the awareness of using lectins for blood 
typing. Because some lectins were found to be specific for various blood types 
(A, B or O), and others were found to have specificities for different glycans, lec-
tins were used for blood typing before blood transfusions were performed [5, 6]. 
Lectins have since been found in almost every plant species studied and are par-
ticularly abundant in the seeds of leguminous plants. They have also been found in 
various tissues and organs of many vertebrates and invertebrates [7]. Due to their 
biochemical properties, lectins have become a beneficial tool in several fields of 
biological research including immunology [8], study of membrane structure, cell 
recognition [9], cancer research [10], and clinical microbiology [11]. Chapter 2 in 
this book provides more interesting stories regarding the history of lectinology.

Despite a lack of complete understanding of their biological roles, lectins have 
been exploited for several years in many applications. The use of lectins has facili-
tated advancements in many areas of medical research. Lectins are promising 
candidates as useful therapeutic agents because they can recognize specific carbo-
hydrate structures such as proteoglycans, glycoproteins, and glycolipids, resulting 
in the regulation of various cells via glycoconjugates and their physiological and 
pathological phenomena through host-pathogen interactions and cell–cell commu-
nications [12].

5.2  Types of Plant Lectins

Plant lectins can be categorized based on their overall mature structure into  
merolectins, hololectins, chimerolectins and superlectins (Fig. 5.1a). Firstly, merolec-
tins are small monomeric lectins consisting exclusively of a single carbohydrate-
binding domain. Due to their monovalent nature, they do not possess agglutinating 
activity, such as hevein isolated from the latex of Hevea brasiliensis [13]. Figure 5.1b 
shows the crystal structure of hevein with (4s)-2-methyl-2,4-pentanediol. Next are 
hololectins, also exclusively built up of carbohydrate-binding domains but con-
taining at least two such domains that are either identical or very homologous and 
bind either the same or structurally similar sugar(s), and most plant lectins are 
included in this subgroup. One example is Concanavalin A which is a tetrameric 
protein and binds specifically α-d-mannosyl and α-d-glucosyl residues (two hex-
oses differing only by the alcohol on carbon 2). A refined structure of Concanavalin 
A with mannose at 2.0 angstroms resolution is shown in Fig. 5.1b [14]. Another 
example is peanut (Arachis hypogaea) agglutinin [15]. It is a 110-kDa, homote-
trameric non-glycosylated protein (without RIP activity) and shows a specific-
ity for the tumor-associated T-antigenic disaccharide Galβ1,3GalNAc. The third 

http://dx.doi.org/10.1007/978-94-007-6214-5_2
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Fig. 5.1  Classifications of plant lectins and the crystal structures of representative plant lectins 
under the classification standard of mature structure. Crystal data were from RCSB protein data 
bank and visualized by the UCSF chimera software as used previously [23]. Protein crystal struc-
tures were from PROTEIN DATA BANK: Hevein (PDB ID: 1Q9B); Concanavalin A (PDB ID: 
5CNA) [14]; Ricin (PDB ID: 2AAI) [16]; Peanut agglutinin (PDB ID: 1CR7); BC2L-C (N-ter-
minal domain: 2WQ4; C-terminal domain: 2XR4) [18]. Please note that BC2L-C is a bacterial 
lectin since currently no crystal structure of plant superlectin has been released. The coil, helix 
and strand are shown in dark grey, red and green, respectively
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group is chimerolectins, which are fusion proteins consisting of one or more  
carbohydrate-binding domain(s) tandemly arrayed to an unrelated domain. An example 
of this is ricin, which can be classified as both lectin and type II ribosome inactivating 
protein (RIP) [16]. As shown in Fig. 5.1b, ricin consists of two parts; an A chain (with 
N-glycosidase activity/RIP activity) and a B chain (hemagglutinating/lectin activity) 
with the B chain capable of binding different carbohydrates, such as β-d-glucose and 
β-d-galactose as shown in the figure. Lastly, superlectins are a type of chimerolectins 
which consist of at least two structurally different domains which recognize structur-
ally unrelated carbohydrates [17]. For instance, TxLC-I is a superlectin isolated from 
tulip bulbs, and it consists of a mannose-binding domain and an unrelated GalNAc-
binding domain. Since there is no crystal data on plant superlectin, the crystal struc-
ture of a superlectin purified from Burkholderia cepacia (a Gram-negative bacterium), 
named BC2L-A, is used for demonstration (Fig. 5.1b) [18]. The N-terminal domain of 
BC2L-A is a novel TNF-α-like fucose-binding lectin while the C-terminal is a calcium-
dependent bacterial lectin.

Plant lectins can also be grouped into different families according to some 
common features (legume lectins, type II ribosome-inactivating proteins, mono-
cot mannose-binding lectins, and other lectins) [19]. Legume lectins are the best 
known lectin family. Lectin content in seeds is higher compared to the content 
in the bark, leaves, roots and stems of leguminous plants. Other smaller families 
of plants whose lectins have been characterized are Gramineae (cereals, such as 
wheat germ) and Solanaceae (potatoes and tomatoes). Monocot-binding lectins 
exhibit an exclusive specificity towards mannose and are built up of 1, 2, 3, or 
4 subunits of about 12 kDa while chitin-binding lectins are composed of hevein 
domains [20]. For more information, readers are referred to an excellent review by 
Van Damme et al. (1998) describing in detail how plant lectins are structurally and 
evolutionarily related [21].

Because of the tremendous diversity of carbohydrate-binding specificities 
among the plant lectins, some researchers classify them according to the small 
carbohydrate haptens they recognize, e.g., galactose-binding lectins or GlcNAc-
binding lectins (Fig. 5.1a). The specificity of a lectin is usually defined in terms 
of the monosaccharide(s) or glycosaccharides that inhibit lectin-induced agglu-
tination [22]. This specificity is usually determined by comparing sugars on the 
basis of the minimum concentration needed to inhibit hemagglutination. If the 
lectin-binding carbohydrate is present freely dissolved and at a sufficiently high 
concentration, it will compete with the red cell glycoconjugates for the lectin and 
agglutination will not take place.

5.3  Medicinal Applications of Plant Lectins

Due to their versatility, lectins are frequently used in biological and medical 
research. The overwhelming success of plant lectins is based firstly on their highly 
specific carbohydrate-binding activity, and the biological effects they provoke 
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in various organisms. Being able to procure reasonable amounts of pure lectin  
preparations also contributes to their success [20]. Consequently, screening of 
plant species in the search for lectins with new and useful biological properties has 
been taking place for several decades.

5.3.1  Plant Lectins in Serology

Because of their ability to distinguish carbohydrate determinants in human blood 
cells, lectins have historically been used for blood typing. Serology was the first 
discipline of medicine that relies on the specific biological activity of lectins [24]. 
Lectins agglutinate erythrocytes by binding to a carbohydrate-containing moiety 
on the surface of the cells and forming cross-bridges between them [4]. This use-
ful property of lectins endows them the ability to discriminate between red blood 
cells that have different terminal, non-reducing sugars in the major glycoprotein 
that carries the blood group antigens [25]. For example, blood group A is deter-
mined by the presence of N-acetyl-galactosamine in the terminal, non-reducing 
end of the oligosaccharide portion of the receptor protein while group B is deter-
mined by galactose in this position. If both of these sugars are lacking, fucose is 
the terminal sugar and this determines blood group O. In this way, lectins with 
different specificities can be used in blood typing to differentiate between blood 
types. For readers seeking a comprehensive compilation of lectins that have been 
studied for blood group serology, the review by Judd (1980) is recommended [26].

5.3.2  Plant Lectins as Mitogens

A limited number of lectins from plants possess the unique ability to induce quies-
cent lymphocytes to grow and divide, a phenomenon known as mitogenic stimula-
tion [27]. Mitogenic lectins mimic the action of antigens on lymphocytes, except 
that they activate a large proportion (as much as 70–80 %) of the cells, whereas 
antigens stimulate only specific clones, each of which compromise a tiny propor-
tion, 0.1 % or less, of the total number of lymphocytes. Because of their ability 
to stimulate multiple lymphocyte clones, lectins are classified as polyclonal mito-
gens. One of the most valuable outcomes of this proliferative ability of lectins has 
been an increased understanding of the relationship between chromosomal abnor-
mality and human diseases, which has tremendously helped in diagnosis [28]. 
Besides other cells, lymphocytes have been the usual target cells for mitogenic 
assays, and the study of lectin-lymphocyte interaction has made a significant con-
tribution to elucidating the mechanism of lymphocyte activation and its control, 
further contributing to the understanding of cell growth and development.

The discovery of the first mitogenic lectin was made by Nowell in 1960, 
who found that the lectin of red kidney bean (Phaseolus vulgaris), known as 
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phytohemagglutinin (PHA), possessed the ability to stimulate lymphocytes to 
undergo mitosis [29]. This discovery had a groundbreaking impact on immunol-
ogy as it shattered the then prevailing opinion that lymphocytes were dead-end 
cells incapable of dividing or differentiating further [29]. Within a short time 
thereafter, several other lectins were proven to be mitogenic. Table 5.1 provides 
a few examples of plant lectins with mitogenic activity as such a lectin from the 
tuber of wild cobra lily [30], red kidney bean lectin [31], mushroom lectins [32, 
33], Brazilian camaratu bean lectin [34], and jackfruit seed lectin [35] .

Concanavalin A, a lectin from the Jack bean, is an important mitogen because, 
in contrast to PHA, its activity can be inhibited by low concentrations of monosac-
charides, for example, mannose. This finding provided proof that mitogenic stimu-
lation is the result of binding of lectins to sugars on the surface of the lymphocytes 
and was among the earliest demonstrations for a biological role of cell surface 
sugars [36]. It has been suggested that mitogenic lectins interact with unique 
membrane components that may act as ‘stimulating receptors’, and that non-mito-
genic lectins may not bind to these membrane components [28]. Mitogenic lectins 
are now tools for the study of signal transmission into cells and for the analysis 
of the biochemical events that occur during lymphocyte stimulation in vitro [36]. 
Such properties make them useful tools for the isolation and characterization of 
polysaccharides and glycoconjugates, in cancer research, as diagnostic tools for 
the investigation of early cell-membrane alterations and carbohydrate changes that 
accompany neoplastic processes, and in immunological studies.

Table 5.1  Mitogenic activity of selected plant lectins

Lectin MW (kDa) Carbohydrate 
specificity

Cells Activity References

AFL 13.5 Asialofetuin BALB/c  
splenocytes

increase in IL-2 [30]

DRKBL 67 – BALB/c  
splenocytes

Lower than Con 
A

[31]

GCL 18 Galactose BALB/c  
splenocytes

More potent than 
Con A

[32]

VVL 12.6 Thyroglobulin Mouse T cells 10 fold more 
effective than 
Con A

[33]

CML – Mannose/Glucose Human  
lymphocytes

Similar activity 
to Con A at 
0.78 – 25 μg/
ml dosage

[34]

Jacalin 50 Galactose Human lympho-
cytes

33.7 ± 15 × 103 
ct/min

[35]
Mannose

 AFL a lectin from tubers of Arisaema flavum (Schott.); DRKBL a lectin from Phaseolus vulgaris 
cv. Dark Red Kidney Bean; GCL Ganoderma capense lectin; Con A Concanavalin A; VVL Volva-
riella volvacea lectin; CML Cratylia mollis seed lectin; Jacalin Jackfruit (Artocarpus heterophyl-
lus) seed lectin



615 Medicinal Applications of Plant Lectins

5.3.3  Plant Lectins in Cancer Therapy

Cancer is one of the leading causes of death worldwide. Cancer is a deadly 
 disease, where the abnormal behavior of a single cell type is difficult to treat by 
chemotherapy. It is important in cancer therapy that the treatment targets only the 
affected cells, leaving the normal cells undisturbed, which is quite difficult, espe-
cially in chemotherapy. Anti-cancer drugs available in the current market are not 
 target-specific and elicit several side-effects and complications encountered in the 
clinical management of various forms of cancer, which highlights the urgent need 
for novel effective and less-toxic therapeutic approaches [37]. Recently, focus has 
shifted from using lectins to detect cancer to actually using lectins to combat cancer.

Evidence is now emerging that lectins are dynamic contributors to tumor cell 
recognition (surface markers), cell adhesion and localization, signal transduction 
across membranes, mitogenic stimulation, augmentation of host immune defense, 
cytotoxicity, and apoptosis [38]. A review by De Mejia and Prisecaru (2005) pro-
vides a comprehensive appraisal of the inhibitory effects of plant lectins on malig-
nant cells in vitro and vivo [39]. Table 5.2 below adds some more recent selected 
plant lectins and lists their inhibitory effects on malignant cells.

Small glossy black soybean (Glycine max) lectin inhibited the proliferation of 
breast cancer and hepatoma cells [48]. An anti-tumor action mechanism of soy-
bean lectins has been proposed involving the action of the lectins on tumor cell 
membranes, the reduction of tumor cell proliferation, the induction of tumor-
specific cytotoxicity of macrophages, and apoptosis. Thus, tumor cells are more 
susceptible to attack by macrophages after treatment with lectins. Furthermore, 
lectins exert an immunomodulatory effect by altering interleukins production [54].

Mistletoe lectin (ML) is one of the most studied lectins in clinical trials and 
has demonstrated beneficial effects against cancer development. Additionally their 
mechanisms of action towards cancer treatment have been extensively studied. For 
example, in a study using European mistletoe lectin which demonstrated antiprolif-
erative activity towards human melanoma cells, a significant number of melanoma 
cells started rounding up and exhibited cell shrinkage, chromatin condensation and 
nuclear fragmentation typical for apoptotic body formation indicating apoptotic cell 
death [45]. Three mistletoe lectins, I, II and III (ML-I, II, III) have been isolated 
[55]. Mistletoe lectin-I, which belongs to the type II ribosome-inactivating pro-
tein (RIP II) family and is composed of a catalytically active A-chain with rRNA 
N-glycosidase activity and a B-chain with carbohydrate binding properties, exerted 
potent cytotoxic effects on tumor cells. It also induced apoptosis through both cas-
pase-8/FLICE independent of a death receptor pathway and via a p53- independent 
pathway following ionizing radiation. Meanwhile, mistletoe lectin-II induced 
apoptotic death in cancer cells involving the generation of intracellular hydrogen  
peroxide (H2O2) and activation of a caspase- 9-caspase-3 cascade [46].

The oral consumption of mistletoe lectins as an alternative therapy towards 
cancer therapy has been advocated by some parties as these lectins are resistant 
towards low pH in the stomach and are not affected by proteolytic enzymes in 
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the stomach [56]. Pryme et al. (2007) provide a meticulous case report with more 
information on this topic [56]. However, the usefulness of mistletoe extracts in the 
treatment of malignant melanoma is still controversial for some. This may be in 
part due to the fact that the full molecular mechanisms underlying mistletoe treat-
ment and how it works in vivo are still not completely clarified.

Lectins from several types of mushroom have demonstrated anti-proliferative 
activity including those from Flammulina velutipes [41], Ganoderma capense 
[32], Pholiota adipose [42] and Clitocybe nebularis [43]. A homodimeric 32.4-
kDa lectin was isolated from fresh fruiting bodies of the mushroom Pleurotus 
citrinopileatus [57]. The lectin exerted strong anti-tumor activity in mice bearing 
sarcoma 180, and caused approximately 80 % inhibition of tumor growth when 
administered intraperitoneally at 5 mg/kg daily for a period of 20 days.

As many plant lectins have demonstrated anticancer properties in vitro, and in 
vivo, there clearly is a huge potential for their use as therapeutic agents in can-
cer treatment. Mechanisms of plant lectin action elucidated thus far include pref-
erential binding to cancer cell membranes or their receptors, causing cytotoxicity, 
apoptosis, and inhibition of tumor growth. Plant lectins can be internalized into 
cells, causing cancer cell agglutination and/or aggregation [54]. Ingested lectins 
can also sequester the available body pool of polyamines, in this manner they 
prevent cancer cell growth. The immune system is also affected by alterations in 
the production of various interleukins, or by activation of certain protein kinases. 
Additionally, lectins can bind to ribosomes and inhibit protein synthesis. They also 
alter the cell cycle by inducing non-apoptotic G1-phase accumulation mechanisms, 
G2/M phase cell cycle arrest and apoptosis, and can trigger the caspase cascade. 
Lectins can also down-regulate telomerase activity and inhibit angiogenesis [54].

Future advances in cancer prevention, detection, and treatment could poten-
tially be achieved by using plant lectins. These substances possess antitumor activ-
ity and anti-carcinogenic activity that could be beneficial in cancer treatment.

5.3.4  Plant Lectins as Antiviral Agents

Compounds with antiviral activity are generally of great medical interest and differ-
ent modes of pharmaceutical actions have been described. The antiviral activity of 
plant lectins can be based on several mechanisms. The surfaces of retroviruses such 
as human immunodeficiency virus (HIV) and many other enveloped viruses are 
covered by virally-encoded glycoproteins. Glycoproteins gp120 and gp41 present 
on the HIV envelope are heavily glycosylated, with glycans estimated to contribute 
almost 50 % of the molecular weight of gp120. Agents that specifically and strongly 
interact with the glycans may disturb interactions between the proteins of the viral 
envelope and the cells of the host [58]. Sugar-binding proteins can crosslink glycans 
on the viral surface and prevent further interactions with the co-receptors.

HIV RT is a key enzyme of the HIV life cycle. Screening of HIV RT inhibitors 
is currently a strategy to search for anti-HIV drugs. Strikingly, the vast majority of 
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plant lectins that are active against HIV possess carbohydrate specificity directed 
against mannose oligomers. Most HIV-inhibitory plant lectins are derived from the 
monocot families Amaryllidaceae, Orchidaceae and Alliaceae or the dicot families 
Fabaceae, Moraceae, Urticaceae and Cecropiaceae [58]. Table 5.3 lists several 
plant lectins such as Phaseolus vulgaris cv. Extralong autumn purple bean lectin 
[50], Del Monte banana lectin [49], black soybean lectin [48] and Pholiota adi-
pose mushroom lectin [42] which all possessed anti-HIV RT activity.

Studies on plant lectins such as those from leek (Table 5.3) have shown that they 
can be potent inhibitors of coronaviruses by interfering with two targets in the viral 
replication cycle [59]. The first target was located early in the replication cycle, 
most probably viral attachment, and the second target was located at the end of the 
infectious virus cycle. The antiviral activity spectrum of plant lectins varies consid-
erably, depending on the nature of their sugar specificity. In general, the mannose-
specific plant lectins were found to be highly effective against coronaviruses [59].

A lectin from blue green algae (CV-N) exhibited a broad range of antiviral activi-
ties. It has been shown that CV-N binds with high affinity to HIV envelope protein 
gp120 [61] and also interacts with another surface glycoprotein, gp41 [63]. The spec-
ificity of CV-N, however, is not limited only to different strains of HIV and related 
retroviruses. CV-N inhibited the development of viral cytopathic effects of Ebola 
virus, binding to its surface envelope glycoprotein [62] and also blocked influenza A 
and B strains by binding to the hemagglutinin surface glycoprotein [63]. The results 
of viral pretreatment studies indicated that CV-N directly neutralized both influenza 
A and B viruses, including both H1N1 and H3N2 strains. However, the CV-N resist-
ant influenza virus strain A/PR/8/34 was completely resistant to any direct neutral-
izing activity. Results suggested that CV-N bound directly to and inactivated the viral 
particle, preventing subsequent infection, and that both the likely molecular target for 
CV-N and the basis of CV-N resistance resided in the viral particle [63].

Unlike the majority of current antiviral therapeutics that act through inhibi-
tion of the viral life cycle, lectins can prevent penetration of the host cells by the 
viruses [60]. Antiviral lectins are best suited to topical applications and can exhibit 
lower toxicity than many currently used antiviral therapeutics. Additionally, these 
proteins are often resistant to high temperatures and low pH, as well as being 
odorless, which are favorable properties for potential microbicide drugs [60]. The 
mechanistic details on how lectins operate at a molecular level to inhibit virus 
growth need to be further explored to know the basis of their biological activity.

5.3.5  Plant Lectins as Antibacterial and Antifungal Agents

The growing resistance of microorganisms to convectional antimicrobial agents is a 
source of concern to clinical microbiologists all over the world. As a result, efforts 
are being made to develop antimicrobial agents from local sources for better chem-
otherapeutic effects. Lectins from plants could satisfy the demand for more natural 
antimicrobials as several studies have demonstrated the effectiveness of lectins as 
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inhibitory compounds towards bacterial and fungal growth such as the examples 
listed in Table 5.4. Plant lectins have demonstrated antibacterial activity against 
many pathogens including Escherichia coli, Shigella dysenteriae, Staphylococcus 
aureus, Pseudomonas aeruginosa, Bacillus subtilis, and Klebsiella sp. Lectins have 
also demonstrated antifungal activity towards Aspergillus flavus, Trichoderma vir-
ide, Fusarium oxysporum, Fusarium moniliforme, Coprinus comatus, Rhizoctonia 
olani, Penicillium digitatum, Alternaria alternata, and Valsa mali. The use of lec-
tins in clinical microbiology in a review by Slifkin and Doyle (1990) [11] as well 
as the antimicrobial activity from plant lectins article by Paiva et al. (2010) [65] is 
recommended for readers who seek further detailed information.

The cell wall of bacteria not only precludes any interaction between the glyco-
conjugates on their membrane and carbohydrate-binding proteins but also prevents 
these proteins from penetrating the cytoplasm. Therefore, plant lectins cannot alter 
the structure and/or permeability of the membrane or disturb the normal intracel-
lular processes of invading microbes. Therefore, if lectins play a role in the plant’s 
defense against bacteria, it must be through an indirect mechanism that is based on 
interactions with cell wall carbohydrates or extracellular glycans [73].

Similarly, plant lectins are not capable of binding to glycoconjugates on the 
fungal membranes or penetrating the cytoplasm due to the barrier formed by the 
cell wall. Thus, it is not likely that lectins directly inhibit fungal growth by chang-
ing the structure and/or permeability of the fungal membrane. However, there may 
be indirect effects produced by the binding of lectins to carbohydrates on the sur-
face of the fungal cell wall [74].

This activity was concluded to be related to the lectin carbohydrate binding 
property, that might endow lectin molecules with binding activity towards certain 
carbohydrate components in the fungal cell wall affecting its activity and viabil-
ity as most lectins recognize either N-acetylneuraminic acid, N-acetylglucosamine, 
N-acetylgalactosamine, galactose, mannose, or fucose [75]. Alternatively, it was 
stated that antifungal activity of some proteins or peptides is associated with chi-
tin binding property and the active proteins should have a specific amino acid 
sequence and a cysteine/glycine rich chitin binding domain. This chitin binding 
property might simulate the carbohydrate binding property as chitin is composed 
of modified glucose subunits (N-acetyl glucose amine) which can be equally rec-
ognized by lectin as glucose [69]. Chitin binding might lead to the disruption of 
the fungal cell wall that increases toxicity, since chitin, which is a major compo-
nent of the fungal wall, is a polymer of N-acetylglucosamine.

5.3.6  Plant Lectins in Drug Targeting

The idea to use lectins for drug delivery began when the use of tomato lectin (TL) 
to target the luminal surface of the small intestine was proposed [76]. The under-
lying principle behind lectin-mediated drug targeting is that most cell surface pro-
teins and many lipids in cell membranes are glycosylated and these glycans can 
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be the binding sites for lectins. The combination of a small number of sugars can 
produce a vast range of different chemical structures. Different cell types express 
different glycan arrays and diseased cells, such as transformed or cancerous cells, 
often express different glycans compared with their normal counterparts. Therefore, 
lectins could be used as carrier molecules to target drugs specifically to different 
cells and tissues [77]. By targeting cell types exclusively, the side effects of drugs 
could be minimized. Besides targeting specific cells, the lectin–sugar interaction can 
also been used to trigger vesicular transport into or across epithelial cells. The con-
cept of bio-adhesion via lectins may be applied not only for the gastrointestinal tract 
[76] but also for other biological barriers like the nasal mucosa, the lungs, the buccal 
cavity, the eye [78] and the blood–brain barrier [77, 79]. Table 5.5 lists some exam-
ples of plant lectins from tomato [76], potato [78], wheat germ [79] and peanut [80] 
which have been studied to investigate their potential of use as drug targeting agents.

Attempts to evaluate the binding of lectin candidates to non-histologically pro-
cessed cell surfaces, must be done in order to systematically identify the appropri-
ate receptors and lectin types for further studies. Further work will more precisely 
locate the lectin binding site on the tissue surface and will quantify the binding. 
Lectin toxicity and in vivo binding  will then be considered prior to selecting the 
most promising candidates for formulation studies [78]. Lectins such as WGA 
could be useful as specific bioadhesive ligands for lipid nanoparticles intended for 
oral administration [82] once the bioadhesive properties and oral bioavailability 
efficiency are determined.

Results from preliminary studies performed so far can be taken as an indication 
that it may indeed be possible to exploit lectins of certain carbohydrate specificities 
for oral drug delivery and intestinal targeting. However, a great deal of research 
remains to be done before lectins can be used in practice. For a more thorough 
understanding, readers are directed to reviews by Lehr (2000) and Bies et al. (2004) 
which provides more information on lectin-mediated drug delivery and targeting, 
from their history to applications [77, 83].

Table 5.5  Potential drug targeting use of selected plant lectins

Name Source Carbohydrate 
specificity

MW (kDa) Potential use References

AEL Tomato (GlcNAc)4 71 Intestinal wall [76]
Bioadhesive in the GI 

tract
[81]

STL Potato N-acetyl-D-glu-
cosamine

– Ocular (Corneal and 
conjunctival)

[78]

WGA Wheat germ N-acetyl-D-glu-
cosamine

38 Blood brain barrier [79]
Intestinal mucosal 

surfaceSialic acid [82]
PNA Peanut D-galactose 110 Intestinal mucosal 

surface
[80]

 AEL Lycopersicon esculenttun lectin; STL Solanum tuberosum lectin. WGA Wheat germ aggluti-
nin; PNA Arachis hypogaea lectin
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5.4  Outlooks and Perspectives

Plant lectins have been and still are a subject of intense investigation. They have 
come a long way, since their first detection in plants as hemagglutinins, to their 
present status as recognition molecules with innumerable exciting functions and 
applications. As more plant lectins are isolated and further studies are conducted 
on the biological activities and mechanisms of action of lectins, the production of 
lectins can be improved and new applications of these lectins will be found or con-
ceived. Lectins could be used as the next generation of medicines once research 
has contributed to their full understanding.

More research is still needed and a genomic and proteomic approach to eluci-
date and support the potential shown by lectins as anticancer, antimicrobial and 
drug delivery agents is warranted. The mechanistic details of how lectins operate 
at a molecular level need to be further explored to know the basis of their bio-
logical activity. Although there is still much to be learned about the effects of lec-
tins, the area of research concerning plant lectins is constantly evolving and being 
updated. Thus the medicinal applications of plant lectins hold considerable poten-
tial and exciting discoveries lie ahead.
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Abstract Plant nucleases belonging to the nuclease I family (E.C. 3.1.30.x) are 
very potent catalysts, involved in many processes, such as programmed cell death, 
stress response, recycling of nucleic acids, etc. This review is focused on three 
recombinant zinc-dependent nucleases: R-TBN1, R-HBN1, R-ABN1 belonging to 
nuclease I family, additionally exerting antitumorigenic effects on some types of 
tumors in vivo. These nucleases are sugar non-specific nucleases degrading both 
DNA and RNA and both single- and double-stranded substrates. Moreover, they 
cleave viroid RNA and some artificial substrates, such as poly(A), poly(U) and 
poly(C). However, poly(G) is resistant to cleavage and completely inhibits their 
ssDNase, dsDNase and RNase activities. The nucleases are N-glycoproteins with 
a molecular mass of about 37 kDa. The 3-D structure of R-TBN1 has been solved 
being the first known crystal structure of a plant nuclease. This structure can serve 
as a template for other related nucleases. The previous experiments showed that 
the free or PEG-conjugated nucleases caused an inhibition of growth of melanoma 
C-32 and human prostate carcinoma. The evaluation of negative side effects sup-
ports the use of these substances as therapeutical agents. Finally, PN nuclease is 
described in this review as an example of native antitumor nuclease.

6.1  Introduction

Ribonucleases comprise a vast number of enzymes that act on ribonucleic acids. 
They appear in all living organisms and a part of this superfamily is composed of 
plant enzymes possessing ribonuclease activity. These enzymes are usually divided 
into four major families: RNase I, RNase II, nuclease I and exonuclease I [1]. The 
nucleases outlined here belong to the nuclease I family. They are sugar non-specific 
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nucleases, cleaving both DNA and RNA, and are defined to prefer single-stranded 
substrates. Their molecular masses lie in the range 31–39 kDa and pH optimum 
5.0–6.5. They are sensitive to EDTA and possess 3′-nucleotidase activity. To date, 
the family includes many nucleases, for example bifunctional nuclease BFN1 from 
Arabidopsis thaliana [2], ZEN1 nuclease from Zinnia elegans [3], BEN1 [3] and 
Bnuc1 from Hordeum vulgare [4], CEL I from celery [5], DSA6 from daylily [6] 
and nuclease A from Agropyron elongatum [7]. The classification of the nucleases 
from nuclease I family is based on their abovementioned biochemical properties 
and on their amino acid sequence homology. In addition, these nucleases can be 
divided into groups according to their metal requirement, where Zn2+, Mg2+ and 
Ca2+ cations usually serve as cofactors [8].

The biological functions of some of them have been proposed, however, more 
information is needed to describe the mechanism of their regulation, whether they 
interact with other proteins, and whether they are involved in multiple biological 
processes. Here will be presented the properties of three recombinant nucleases—
R-TBN1, R-HBN1 and R-ABN1 and one native plant nuclease—PN nuclease.

6.2  Plant Nucleases

6.2.1  Sequence Similarity of the Nucleases

As mentioned above, one of the common features of the nucleases from the 
nuclease I family is a similarity of their amino acid (aa) sequences. Figure 6.1 
shows some aspects emerging from amino acid sequence alignment of several 
plant nucleases and P1 nuclease, which is fungal single-strand specific nucle-
ase. Plant nucleases mentioned in this paper are members of one enzyme fam-
ily, but they originate from various families of plants. They show more than 44 %  
homology among their aa sequences, moreover, we can see higher similarities of aa 
sequences of nucleases within each plant family. For example, tomato TBN1 and 
potato StEN1, belonging to Solanaceae family, share 97 % aa sequence  homology. 
Similarly, a homology of ABN1 (Arabis brassica) and BFN1 (Arabidopsis thali-
ana) from Brassicaceae family is 94 %. Interestingly, BEN1 and Bnuc1 nucleases 
originating even from the same species share only 84 % aa sequence homology. 
Specially, these two nucleases show homology lower than 50 % with other men-
tioned nucleases. However, available information indicates the presence of a  
family of related nucleases possibly across all higher plant species.

6.2.2  Functions of Plant Nucleases

The action of nucleases from the nuclease I family is linked mostly with pro-
grammed cell death (PCD). They are associated with developmental PCD during 
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Fig. 6.1  Amino acid sequence alignment of plant nucleases BEN1 (BAA28942), Bnuc1 
(BAA82696), ABN1 (FN690739), BFN1 (AAD00693), DSA6 (AAC34856), TBN1 (AM238701), 
StEN1 (AAT79582), HBN1 (AM909687), ZEN1 (BAA28948) and CEL I (AAF42954) and fun-
gal P1 nuclease (AAB19975). Conserved residues in all sequences are highlighted by red color, 
● the residues interacting with three zinc cations in the molecules of P1 nuclease and TBN1,—
three N-glycosylation sites (sequence motif NXT/S) in the molecules of TBN1, HBN1 and ABN1
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flowering, reproduction and other tissue transformations, and with PCD connected 
with a hypersensitive response (during pathogenesis), senescence or stress 
response (e.g. salt stress) [9]. The nucleases participate in degradation of both 
nuclear DNA and RNA, which leads to cell death. An example of such a nuclease 
acting during developmental PCD is the ZEN1 nuclease, which was described to 
participate in nuclear DNA degradation of tracheary elements [10]. As a result of 
its action, the content of the cell is totally degraded, but the cell walls are thick-
ened and they remain in place to form tracheids. The tracheids then form xylem, 
which is responsible for transport of water and nutrients within the plant.

BEN1 nuclease was found to be secreted by the aleurone layer of barley seeds 
into the endosperm, where it degrades DNA. This degradation takes place in over-
all utilization of polysaccharides, proteins and other nutrients during seed germi-
nation [11]. Bnuc1, the closest known homolog of BEN1, is probably involved 
in two processes: its presence was observed in barley plants during salt stress 
induced by NaCl and also during senescence induced by abscisic acid [4]. The 
action of nucleases (and RNases) during salt stress and senescence has a common 
feature, which lies in degradation of nucleic acids and salvage of nucleotides as 
nutrients from damaged or old leaves [12]. Another senescence-associated nucle-
ase is BFN1. This nuclease is expressed mainly in senescent leaves of A.  thaliana. 
The senescence of A. thaliana leaves is linked with the time of flowering and fruit 
development. No wonder that mRNA coding BFN1 was observed also in devel-
oping flowers. BFN1, similar to Bnuc1, could be involved in a system provid-
ing the nucleotides from degraded DNA and RNA to other parts of a plant [2]. 
More information is needed to explain a precise role of BFN1 during flower 
development.

These examples describe proposed natural roles of nucleases in plants. 
However, they could also exhibit other biological effects, when added to differ-
ent systems, such as animal or human tumors. Except mung bean nuclease [13] 
and PN nuclease (below) [14], R-TBN1, R-HBN1 and R-ABN1 belong to the first 
plant recombinant nucleases tested for antitumorigenic properties.

6.3  Discovery of TBN1, HBN1 and ABN1

The action of nucleases TBN1 and HBN1 is probably associated with plant patho-
genesis. TBN1 was abnormally expressed in the leaves of viroid-infected (PSTVd-
potato spindle tuber viroid) tomato plants. The PSTVd strain AS1 caused a stop 
effect on the growth of experimental plants, which was confirmed by observation 
of insufficient development of xylem. The authors proposed that TBN1 can play 
a role in development of xylem, similar to ZEN1, however, the action of viroid 
caused deregulation of TBN1 and stopped tissue differentiation [15]. The second 
nuclease, HBN1, was revealed during a similar experiment with viroid-caused 
pathogenesis. HLVd (hop latent viroid) was used for infection of hop (Humulus 
lupulus) plants. This viroid did not affect plant phenotype as PSTVd, but it was 
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able to enter the anther and pollen. However, there was no observation of viroid 
in the next generation of hop plants. It was found that viroid was able to enter the 
immature pollen, but during pollen maturation its level decreased to zero. On the 
other hand, the level of RNase together with ssDNase activity increased during 
the experiment, suggesting the presence of a nuclease I enzyme. RNA transcript 
for this nuclease was isolated and designated as HBN1 [16]. Transcript for ABN1 
was isolated from senescent leaves of A. brassica (unpublished). Its role has not 
yet been suggested but one can imagine some apoptotic properties of this nuclease.

6.3.1  Purification of Plant Nucleases

A number of purification strategies are known from the literature and only a few 
examples are mentioned in this paper. Plant nucleases were usually purified by 
ammonium sulfate precipitation, ion-exchange, affinity and gel chromatography. 
However, some exceptions exist. Ammonium sulfate precipitation precedes the use 
of chromatography techniques to remove a part of contaminant proteins, and to 
decrease the initial volume of an extract.

The purification of nuclease A from Agropyron elongatum consisted of ammo-
nium sulfate precipitation, cation-exchange and affinity (heparin) chromatogra-
phy with the yield of about 34 % of initial activity [7]. Extracellular nuclease from 
pollen of N. tabacum was purified by ammonium sulfate precipitation and cation-
exchange chromatography [17]. In contrast, corn nuclease I was precipitated by 
mercaptoethanol and then applied onto a CM-cellulose column and finally onto a gel 
filtration column yielding 20 % of initial activity [18]. In the example of nuclease 
from rice, the proteins were precipitated by acetone. Further purification included 
affinity chromatography on heparin-Sepharose [19]. Finally, CEL I was extracted 
from 105 kg of fresh celery and purified by ammonium sulfate precipitation, affin-
ity chromatography (concanavalin A-Sepharose), cation-exchange chromatography 
(DEAE and phosphocellulose), hydrophobic interaction chromatography (phenyl-
Sepharose), anion-exchange chromatography (Mono Q) and gel chromatography. 
This strategy included seven steps and the yield was 5 μg of CEL I [5].

6.3.2  Production, Isolation and Purification of R-TBN1, 
R-HBN1 and R-ABN1

The cDNA of each nuclease was cloned into plant expression vector pLV07 [20]. 
The cells of Agrobacterium tumefaciens were transformed with this expression 
vector and also with a vector containing gene for protein p19, the inhibitor of gene 
silencing. The mixed suspension of transformed A. tumefaciens was infiltrated into 
Nicotiana benthamiana leaves using a syringe without needle. Infiltrated leaves 
were harvested 5 days post infiltration and lyophilized for long-term storage.  
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The number of plants used repeatedly for infiltration experiments usually 
exceeded 100. Nearly the whole area of 4–6 leaves/per plant was utilized for pro-
duction of nucleases and the fresh weight of harvested leaves reached as much as 
1 kg. Nucleases were extracted from lyophilized leaves and purified by ammonium 
sulfate precipitation (35–80 % saturation), ion-exchange (strong anex) chromatog-
raphy and affinity chromatography (heparin). Proteins were eluted from the col-
umn by a linear gradient of NaCl (0–1 mol/l). The fractions collected after each 
chromatography process were screened for ssDNase activity. Concentrated sam-
ples were stored at −20 °C [21].

R-TBN1, R-HBN1 and R-ABN1 showed similar properties during the puri-
fication steps and no radical modification of the procedure was necessary. Even 
though they are probably zinc-dependent nucleases (confirmed only in TBN1) zinc 
was not added to the used buffers and the activity was still detectable during the 
whole purification process. Efforts have been made to produce nucleases in larger 
quantities, because the yields from 100 g fresh weight were usually in milligrams. 
Contemporary overall yields of the nucleases from the leaves are in milligrams to 
tens of milligram. However, production of TBN1 in bacteria (E. coli) failed due to 
absence of N-glycosylation. Although, an expression of TBN1 occurred, the product 
was soluble only in 8 M urea (used for extraction from inclusion bodies) and with-
out any activity (unpublished). The alternative possibility is the expression of the 
nucleases in yeasts, which perform protein glycosylation. However, production of 
these nucleases in plants is now the only way to study them. Although they are pro-
duced recombinantly in N. benthamiana, the only difference between native and 
recombinant form will consist of the glycosylation pattern of each studied nuclease.

6.3.3  Primary Structure and N-glycosylation of R-TBN1, 
R-HBN1 and R-ABN1

R-TBN1, R-HBN1 and R-ABN1 are monomeric proteins, with a molecular 
weight of 37.2 kDa for both R-TBN1 and R-HBN1 and 37.1 kDa for R-ABN1. All 
three nucleases contain a signal sequence comprising 25, 24 and 28 residues for 
R-TBN1, R-HBN1 and R-ABN1, respectively. The N-terminal sequence WSKEG 
is common for all three nucleases and also for some of the related nucleases from 
nuclease I family (Fig. 6.1). The molecular weights of the mature proteins cal-
culated from their aa sequence are 31.6 kDa for both R-TBN1 and R-HBN1 and 
32 kDa for R-ABN1. This result indicated some kind of posttranslational modifi-
cation. All three aa sequences contain three glycosylation sites—N94, N112 and 
N 186 (numbering does not include the signal sequence) with the characteristic 
sequence motif NXT (Fig. 6.1). N-glycosylation of all three nucleases has been 
proved by removing the oligosaccharides from the surface of the nucleases using 
PNGase F. Subsequently, MALDI-TOF analysis confirmed the glycosylation of 
all three sites for R-TBN1 and R-HBN1 and possibly two sites for R-ABN1. It 
suggests that each oligosaccharide chain has a molecular mass of approximately 
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1.8 kDa in R-TBN1 and R-HBN1 and approximately 2.5 kDa in R-ABN1. No 
activity of deglycosylated nucleases was detected in polyacrylamide gel containing 
ssDNA as a substrate. However, we cannot exclude any negligible activity of degly-
cosylated nuclease in solution. It is important to note that revealing of the glyco-
protein nature of R-TBN1 explained a failure of its production in bacterial system 
and directed the attempts to another production system. As mentioned above, the 
recombinant and native forms of studied nucleases may differ only in glycosyla-
tion pattern between tobacco plant and the original source plant. Interestingly, the 
two forms of R-TBN1 with molecular weights of 37.2 and 35.4 kDa were detected 
on a polyacrylamide gel, both with ssDNase activity. We assumed that two forms 
of R-TBN1 are produced in tobacco, one fully glycosylated and another modified 
only at two sites [21]. A similar situation was observed after preparation of two 
mutant forms using site-directed mutagenesis—TBN1 D34S and TBN1 D34S/
E104 N, with one and two additional N-glycosylation sites, respectively (number-
ing does not include a signal sequence). A sample of TBN1 D34S/E104 N con-
tained also two forms with activity toward ssDNA, indicating the presence of fully 
and partially glycosylated mutant forms, which both arose during biosynthesis in a 
tobacco plant (unpublished). The mutant forms are being characterized now.

6.3.4  3-D Models of R-TBN1, R-HBN1 and R-ABN1

A considerable number of plant nucleases have been described, however, informa-
tion about their structure and catalytic mechanism is still missing. The most related 
nuclease with a known 3-D structure is single-strand specific P1 nuclease (PDB ID: 
1AK0) [22]. Although, P1 nuclease originates from fungi Penicillium citrinum; it 
shares 28, 29 and 26 % of sequence identity with R-TBN1, R-HBN1 and R-ABN1, 
respectively. This is sufficient to build reliable models of all three nucleases using 
homology modeling (Modeller 9v3 software). Figure 6.2 shows the models of all 
three nucleases and a 3-D structure of P1 nuclease. All four nucleases are composed 
mainly of α-helices and their general fold is very similar. The models further revealed 
the importance of N-terminal tryptophan as part of the nuclease active site, where 
it coordinates one of the three zinc ions. For this reason, no tag can be attached to 
the N-terminus of these nucleases and it must remain free for correct folding. Zinc 
ions are necessary for the catalytic activity of these nucleases. P1 nuclease contains 
nine residues coordinating three zinc ions and these residues are conserved in all 
three nucleases and also in other related nucleases (Fig. 6.1). P1 nuclease is also a 
glycoprotein with four sites for N-glycosylation, where three sites are occupied by 
oligosaccharide chains and only one (N92) of these sites is homologous to that in 
our studied nucleases (N94). In relation to other plant nucleases, sequence motifs 
for N-glycosylation of these enzymes are highly conserved (Fig. 6.1). The structures 
of P1 nuclease and all three nucleases are stabilized by several disulfide bridges. P1 
nuclease contains two disulfide bridges and four disulfide bridges have been pro-
posed for R-TBN1, R-HBN1 and R-ABN1, respectively (Fig. 6.2) [21].
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6.3.5  Three-Dimensional Structure of R-TBN1

The preliminary crystallization studies have shown the ability of R-TBN1 to crys-
tallize, even if oligosaccharides attached to the protein surface may complicate 
formation of crystals. The crystals of R-TBN1 were obtained using the hanging-
drop vapour-diffusion method in orthorhombic, rhombohedral and trigonal forms 
with a resolution of 5.2, 3.2 and 2.16 Å, respectively. The native presence of zinc 
ions was confirmed. Phase problem was solved by a combination of MAD (multi-
ple anomalous dispersion) and molecular replacement techniques [23, 24] (Koval’ 
et al. submitted).

R-TBN1 has Phospholipase C/P1 nuclease fold with three zinc ions (Zn1, Zn2 
and Zn3) in the active site. All nine amino acids (W1, H6, D45, H60, H122, D126, 
H132, H156 and D160) coordinating with all three zinc ions in the active site of 
R-TBN1 are in analogous positions, as in P1 nuclease (W1, H6, D45, H60, H116, 
D120, H126, H149 and D153) (Fig. 6.1). As follows from the position numbers of 
these amino acid residues, Zn1, Zn2 and Zn3 connect distant parts of the structure, 
and thus stabilize it. The N-terminal tryptophan is a part of the active site, as men-
tioned above and participates in the coordination of Zn1. All three N-glycosylation 
sites were determined in a crystal to be glycosylated. The catalytic mechanism of 
R-TBN1 is now under investigation.

6.3.6  Substrate Specificity of R-TBN1, R-HBN1 and R-ABN1

The specific activity is usually determined with calf thymus dsDNA, with its 
heat-denatured form (ssDNA) and yeast ribosomal RNA. R-TBN1 preferred both 
ssDNA and dsDNA over RNA. R-HBN1 cleaved ssDNA three times and dsDNA 
two times better than RNA, and the preference of R-ABN1 was in the order 
ssDNA > dsDNA ≈ RNA. Unlike single-strand specific nucleases, these nucleases 

Fig. 6.2  3-D models of R-TBN1, R-HBN1 and R-ABN1 built on the basis of the crystal struc-
ture of P1 nuclease (PDB ID: 1AK0). Tryptophan residue (W1, light blue) is an important part 
of the active site of all four nucleases. Asparagines (N) of N-glycosylation sites (green) are num-
bered [21]
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were able to cleave double-stranded substrates as well. Further, they were able to 
cleave dsRNA and viroid RNA (PSTVd and HLVd), which can form highly struc-
tured and stable forms [21]. Viroid RNA is a single-stranded circular molecule, 
composed of double-stranded regions, stem-loops and a certain number of mis-
matched base pairs. These abilities observed in vitro point to possible participation 
in PCD during pathogenesis. It is clear that these nucleases are not only sugar non-
specific, but also “secondary structure non-specific” nucleases [25]. Degradation 
of polymeric artificial substrates such as poly(A), poly(U), poly(C) and poly(G) 
was tested and compared with RNase activity. All three nucleases cleaved poly(A) 
and poly(U) rather than RNA. R-TBN1 cleaved poly(A) and poly(U) 4.4-fold and 
4.5-fold better than RNA, respectively, R-HBN1 3.9-fold and 2.2-fold, respec-
tively and R-ABN1 3-fold and 3.6-fold, respectively. Poly(C) was cleaved with all 
three nucleases only with 30 % efficiency, relative to RNase activity and poly(G) 
was completely resistant to attack. We found >90 % inhibition effect of poly(G) 
on dsDNase and RNase activity and >80 % on ssDNase activity of all three nucle-
ases. Poly(G) possibly strongly binds to active sites of the nucleases and prevents 
the access of a substrate. This inspired us to use poly(G) as a ligand for R-TBN1 
in co-crystallization experiments. However, the length of poly(G) (hundreds 
base pairs) was not suitable for this purpose. Therefore, shorter oligodeoxynu-
cleotides—oligo(dG)2, oligo(dG)10, oligo(dG)15 and oligo(dG)25 were tested 
for their inhibition effect. Unfortunately, the inhibitory effect decreased with the 
decreasing in length of an oligodeoxynucleotide, indicating their lower affinity for 
the active or binding site [21].

It is worth mentioning that activity of these nucleases was detected also in a 
polyacrylamide gel containing substrate. After SDS-PAGE and SDS wash out, the 
nucleases were able to renaturate to their active conformation [21].

6.3.7  Factors Influenced the Activity of R-TBN1, R-HBN1 
and R-ABN1

The factors affecting an enzyme activity include pH, temperature, ionic strength 
and presence of activators. The influences of these factors on dsDNase, ssDNase 
and RNase activity have been determined. All three enzymes were active in the 
range of pH 4.4–7.7 with a maximal activity at pH 6. Only the dsDNase activity 
of R-ABN1 was shifted to pH 5. Even though, their temperature optimum around 
60 °C was quite high, incubation of the enzyme itself at this temperature strongly 
affected the activity. The loss of activity of R-TBN1, R-HBN1 and R-ABN1 was 
about 80, 60 and 55 %, respectively, after incubation for 5 min. The most stable 
nuclease was R-ABN1 with 40 % of remaining activity after 30 min at 60 °C. 
R-TBN1 was practically inactive after 30 min at the same temperature. The nucle-
ases were quite sensitive to increasing concentrations of NaCl. The activity of 
R-HBN1 and R-ABN1 toward dsDNA decreased faster than the activity toward 
the other two substrates and was completely abolished by adding 0.95 M NaCl. 
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The effect of various metal ions on nuclease activity has been tested. Zn2+, Ca2+, 
Mg2+ and Mn2+ ions added to the reaction mixture (1 mmol/l) caused inhibition 
or had no effect on nuclease activity. Only the dsDNase activity of R-ABN1 was 
stimulated nearly two-fold by manganese ions. Ni2+ and Co2+ ions (1 mmol/l) 
inhibited the reaction as expected. EDTA (1 mmol/l) caused an inhibition, how-
ever, it did not completely abolish the activity of these metal-dependent nucleases. 
The effect of EDTA was increased, when the nuclease was incubated with EDTA 
for longer period and subsequently removed by dialysis [26]. The activity of 
nucleases in such treated samples was significantly restored by adding zinc in the 
range of tens μmol/l. This result proves the detection of zinc atoms in the structure 
of R-TBN1 by X-ray fluorescence during crystallographic studies. It is likely that 
R-HBN1 and R-ABN1 are also zinc-dependent nucleases.

6.4  Biological Effects of R-TBN1, R-HBN1 and R-ABN1

MBN nuclease from mung bean sprouts [13] and PN nuclease from black pine 
(described below) [14] were the only members of nuclease I family tested for poten-
tial antitumor properties to date. Recently, R-TBN1, R-HBN1 and R-ABN1 were 

Fig. 6.3  Plant recombinant 
nucleases produced 
inhibitory effect on the 
growth of human melanoma. 
Human melanoma tumors 
were grown in athymic 
nu/nu mice. 15 μg of 
conjugated R-TBN1-PEG, 
R-HBN1-PEG and 100 μg 
of BS-RNase-PEG was 
intravenously administered 
seven times for a period 
of 21 days. Phosphate 
buffered saline was used as a 
control. a R-TBN1-PEG and 
BS-RNase-PEG, b R-HBN1-
PEG [27]. Results represent 
mean ± SD, n = 3–5 mice 
in both control and treated 
groups
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tested and their biological effects published [21, 27, 28]. The experiments were 
 performed in vitro on myeloid leukemia cell line ML-2 and in vivo on athymic (nu/
nu) mice CD-1 bearing human melanoma CD-32 and prostate carcinoma tumor. The 
nucleases were used in both free form and conjugated form (activated by NHS-PEG, 
5 kDa). It was found that the free form of all three nucleases were ineffective in vitro. 
On the other hand, both free (intratumorally applicated) and conjugated (intravenous 
applicated) form significantly inhibited the tumor growth in mice. Figure 6.3 shows 
the effect of both R-TBN1-PEG and R-HBN1-PEG on human melanoma C-32 
growing in athymic mice CD-1, compared with BS-RNase-PEG. In this experiment, 
15 μg of both R-TBN1-PEG and R-HBN1-PEG was applied seven times over a 
period of 21 days. The overall inhibitory effect of both R-TBN1-PEG and R-HBN1-
PEG was about 80 % [27]. In comparison, BS-RNase-PEG produced the same 
effect, but at a dose seven times higher. The effect of all three nucleases on prostate 
carcinoma was tested using a similar procedure and it resulted in more than 60 % 
inhibition of tumor growth (Fig. 6.4) [21]. Equally important are the potential nega-
tive side effects of antitumor drugs. R-TBN1, R-HBN1 and R-ABN1 exhibited lower 
negative side effects (e.g. aspermatogenicity, embryotoxicity or immunogenicity) in 
comparison with BS-RNase, mung bean nuclease and PN nuclease [27, 28]. These 
properties make them promising anticancer therapeutics. It is worth mentioning that 
R-HBN1 has been patented as “a recombinant plant nuclease as antitumor therapeu-
tic with low side effects” (No. 302164, Industrial Property Office, Czech  Republic).

Fig. 6.4  Plant recombinant 
nucleases produced inhibitory 
effect on the growth of 
human prostate carcinoma. 
Prostate carcinoma tumors 
were grown in athymic nu/
nu mice. 10 μg of conjugated 
R-TBN1-PEG, R-HBN1-
PEG and R-ABN1-PEG was 
intravenously administered 
two times per week for a 
period of 25 days. Phosphate 
buffered saline was used 
as a control. a R-ABN1, 
b R-TBN1, R-HBN1 and 
R-ABN1 [21]. Results 
represent mean ± SD, 
n = 4–6 mice in both control 
and treated groups



88 T. Podzimek

6.5  PN Nuclease

PN nuclease isolated from the pollen of black pine (Pinus nigra) is another example 
of plant nuclease from nuclease I family possessing antitumor properties. This nucle-
ase was isolated in its native form, because efforts to read its nucleotide sequence 
have failed. PN nuclease was purified by ion exchange (cation exchanger), affinity 
(heparin) and gel chromatography (unpublished).

6.5.1  Biochemical Properties of PN Nuclease

The molecular weight of PN nuclease was estimated by SDS-PAGE to be 35 kDa. 
On the other hand, the molecular weight as determined by gel filtration was about 
70 kDa. The results indicated the presence of dimeric PN nuclease under non-
reducing and non-denaturing conditions. The activity gel assay revealed that the 
form of PN nuclease migrating at about 35 kDa was active after renaturation.

PN nuclease was active toward both single- and double-stranded substrates and 
both DNA and RNA. Its activity was maximal at 70 °C and pH 4. Contrary to 
R-TBN1, R-HBN1 and R-ABN1, PN nuclease was stable at 60 °C and its activ-
ity was completely abolished after 30 min at 80 °C. EDTA (10 mmol/l) added to 
the sample of PN nuclease and subsequently removed by dialysis, completely sup-
pressed its activity. Magnesium ions (10 mmol/l) then restored the activity of PN 
nuclease up to 87 %, while manganese, zinc and calcium ions had no or minimal 
stimulation effect. This indicates that PN nuclease is a Mg2+-dependent nuclease 
(unpublished).

6.5.2  Biological Effects of PN Nuclease

Antitumor properties of PN nuclease were tested in vitro on ML-2 cell line (myeloid 
leukemia) and in vivo using athymic (nu/nu) mice CD-1 bearing human melanoma 
C-32 [14]. PN nuclease showed no significant antitumor effect in vitro, similar 
to R-TBN1 and R-HBN1 [27]. On the other side, pegylated PN nuclease applied 
seven times into melanoma tumors growing in athymic mice caused the inhibition 
of tumors growth. As in the case of R-TBN1, the result was compared with the 
effect of BS-RNase. BS-RNase-PEG caused 79 % inhibition of melanoma growth 
with a dose of 100 μg. 10 μg of pegylated PN nuclease inhibited the melanoma 
growth by 46 %. The antigenicity of PN nuclease was lower than the antigenicity 
of BS-RNase. Moreover, PN nuclease did not lose its antitumor properties when 
bound to its antibody. On the other hand, PN nuclease exhibited aspermatogenic and 
embryotoxic effects. It significantly decreased the width of the spermatogenic layer 
of injected testes and the number of splitted embryos, in comparison with a control 
(only 31 vs. 70 % of splitted control embryos). Even if these negative side effects 
were milder in comparison with BS-RNase (which is strongly embryotoxic), the 
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lack of knowledge of nucleotide sequence (necessary for recombinant production) 
led to a termination of further anticancer experiments with this nuclease [14].

6.6  Conclusion

A variety of experiments have demonstrated the antitumor properties and medicinal 
potential of plant nucleases. They are able to inhibit the growth of various types of 
tumors in vivo. Some of them exert mild side effects, which is an advantage, when 
compared with the overall effect of chemotherapeutics. The biochemical properties 
of R-TBN1, R-HBN1 and R-ABN1 comply with the definition of enzymes from 
nuclease I family with one exception—the efficient cleavage of double-stranded sub-
strates. In the future, a new family named nuclease II could be defined, as mentioned 
in the work of Siwecka [29]. Because plant nucleases seem to be mostly glycopro-
teins, their production is limited to cells with a glycosylation machinery. R-TBN1, 
R-HBN1 and R-ABN1 are currently produced in a recombinant form in tobacco 
plants. Efforts are being made to produce these substances in yeasts to obtain higher 
yields in a shorter period. Solving of the R-TBN1 structure can elucidate the catalytic 
mechanism of this nuclease. This knowledge can be used for crystallographic studies 
of other related plant nucleases, and also for proposing their catalytic mechanism.

Further efforts should be made to elucidate a mechanism of action against 
tumors, which comprise penetration of the nuclease into the tumor cell, its intra-
cellular routing, degradation of target molecules and/or potential interactions with 
other cellular components. Finally, it is clear that the plant nucleases described 
here comprise only a small sample of all existing (including those not yet dis-
covered) plant nucleases with antitumor effect. Tremendous potential lies in the  
nuclease I family.
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Abstract Bovine Seminal Ribonuclease (BS-RNase) is a structurally well-character-
ized protein which has been isolated in Naples in the sixties. It is a homodimer whose 
subunits are linked by two disulfide bridges and exists as an equilibrium mixture of two 
isomers, with and without swapping of the N-termini. The protein has an enzymatic 
activity very similar to that of the well-known Ribonuclease A, but it also displays a 
potent antitumor activity. We describe our current understanding of how BS-RNase 
exerts its cytotoxicity against malignant cells, which is strictly related to the RNA 
hydrolysis occurring in the host cytosol. Structural and biochemical data collected on 
the BS-RNase isoforms and on some mutants suggest that the swapped form is respon-
sible for the citotoxicity, mainly because its compact 3D structure allows the protein to 
evade the RNase inhibitor, a protein acting as a cell sentry against exogenous ribonucle-
ases. Structural comparisons among dimeric ribonucleases and site-directed mutagene-
sis studies suggest that only a few residues are critical to stabilize this compact structure 
even in the cytosol, where the reducing environment promotes the selective cleavage of 
the interchain disulfides. However, further engineering studies are needed to develop 
new potential anticancer drugs based on BS-RNase and its derivatives.

7.1  Introduction

Among mammalian ribonucleases the bovine seminal enzyme, henceforth indi-
cated as BS-RNase, shows two main distinctive features. It is indeed the only 
native dimeric protein and has a natural cytotoxic activity selective for tumor cells. 

Chapter 7
Bovine Seminal Ribonuclease and Its Special 
Features: When Two is Better Than One
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These two properties are inter-twined, because the dimeric structure is an essen-
tial requisite for the antitumor activity, and is critical also for the other “special” 
functions i.e. additional with respect to the basal ribonucleolytic activity, such as 
immunosuppressive activity and embryotoxicity. In the monomeric state, indeed, 
BS-RNase is lacking of all the special functions, including antitumor activity, 
although it displays an enzymatic activity even higher than that of the native, 
dimeric enzyme. Another singular feature of BS-RNase is the presence of multiple 
forms, showing small differences in all the structural levels: primary, secondary, 
tertiary and even quaternary structure. Some of the structural and functional prop-
erties of BS-RNase have been recently reviewed by Giuseppe D’Alessio [1], who 
first characterized this protein, and also provided a historical retrospective of the 
related research results. While D’Alessio’s review has mainly covered aspects of 
biochemical features of the native protein, herein we discuss the structural and/or 
biological progresses carried out on BS-RNase in the last few years, with particu-
lar emphasis on the mechanism of antitumor action of the protein. We describe our 
current understanding of how BS-RNase exerts its cytotoxicity against malignant 
cells, as a detailed understanding of this mechanism provides new avenues for the 
development of powerful anticancer molecules. Finally, we close the review with a 
perspective on the future challenges for this field.

7.2  Structure and Function of the Native Protein

7.2.1  General Features

Native BS-RNase, as isolated either from seminal plasma or vesicles, is a mixture 
of three isoforms, which can be easily separated by cation-exchange chromatog-
raphy [2]. The three isoforms originate by a deamidation process occurring spon-
taneously at level of Asn67, a well characterized reaction [3] which gives rise to 
two products, containing either a “normal” or an “iso” peptide bond, which are 
formed in a 3:2 ratio. The deamidated, more acidic, subunit is indicated as α, 
independently on the nature of the peptide bond involving the CO group of Asp 
67, whereas the unreacted, Asn-containing, subunit is indicated as β. As a con-
sequence, three dimers differing for the net charge (αα, αβ and ββ) are formed, 
the molar ratio between them being about 1:3:6 in the natural enzyme. The ratio 
αα:αβ:ββ is constant in all preparations of seminal ribonuclease, independent of 
the purification procedure as well as the biological source of the enzyme (semi-
nal plasma or seminal vesicles) [2]. Thus, deamidation occurs in vivo before the 
protein is secreted from the seminal glands. No functional differences have been 
reported for the three isoforms, so that the biological function of this reaction has 
not yet been clarified. From a structural point of view, all the X-ray structures 
solved so far were obtained either from forms containing “normal” peptide bonds, 
due to their higher population in the natural enzyme, or containing Asp in position 
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67, in the case of recombinant proteins. In this latter case the choice to express 
the protein using a cDNA coding for the Asp67 variant is motivated by the oppor-
tunity to work with homogeneous samples, i.e. to avoid side reactions during the 
experiments, even in consideration that the deamidation of Asn67 occurs also in 
vitro [2], converting the most cationic ββ isoform into the αα isoform via the inter-
mediate αβ isoform. Moreover, in all the structural and functional characteriza-
tions of BS-RNase performed so far, no differences were detected among the Asn 
and Asp containing variants.

Besides the differences originated by the deamidation reaction, native 
BS-RNase samples are enriched of additional isomers. BS-RNase is in fact iso-
lated as an equilibrium mixture of two dimeric forms, indicated as M = M and 
M × M, which have the same quaternary structure, since the two protein subu-
nits are held together by the additional constraints of two inter-chain disulfide 
bridges formed between Cys31 and Cys32. The M × M/M = M equilibrium mix-
ture contains a slight molar excess of the M × M form [4]. In the M = M form, 
the two subunits are linked only by the two interchain disulfide bonds, whereas 
in the M × M form, the two subunits share additional non-covalent interactions 
established by the swapping of their N-terminal α-helices. Under mild reducing 
conditions, the two interchain disulfides are selectively cleaved and the M = M 
isoforms readily is converted into monomers, whilst M × M retains a dimeric 
structure because the two subunits are still intertwined through the interchanged 
N-terminal tails. This interesting feature is the basis of the special biological activ-
ities of BS-RNase, and notably of the antitumor activity associated to its M × M 
isoform, because the steric hindrance of the dimers prevents their inactivation by 
the cytosolic ribonuclease inhibitor (RI) [5], as we will discuss in detail in the fol-
lowing sections. The multiple forms of BS-RNase and their interconversions and 
interactions are depicted in Fig. 7.1.

7.2.2  Enzymatic Activity and Other Biological Functions

The enzymatic mechanism of BS-RNase is identical to that of the well-known 
prototype bovine pancreatic RNase (RNase A), consisting in the cleavage of RNA 
at pyrimidine sites in a transphosphorolytic-hydrolytic two-step process. The two 
enzymes share most of their residues, showing more than 80 % of sequence iden-
tity, and have identical catalytic and sub-catalytic sites. However significant differ-
ences are found in the kinetic aspects: the second, rate-limiting hydrolytic reaction 
step follows a non-hyperbolic behaviour in the case of M × M, whereas it has a 
Michaelian kinetics in M = M. The presence of a non-hyperbolic behaviour is a 
distinctive feature of the M × M isomer, because monomeric BS-RNase also dis-
plays a Michaelian kinetics [6].

A deeper investigation of the reaction kinetics revealed a mixed coop-
erativity for M × M, i.e. negative cooperativity at low substrate concentration 
(<1 mM) and positive cooperativity at high substrate concentration (>30 mM). 
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This result has been explained by postulating the presence of an allosteric site 
in addition to the two catalytic sites which, as we will describe in detail below, 
are mostly contributed by residues belonging to both subunits. To explain the 
mixed  cooperativity between the sites, it has been suggested that the binding 
of the substrate at one site reduces the affinity for the second site and exposes 
others, weaker sites, to the binding. The subsequent saturation of the allosteric 
subsite(s), at a high substrate concentration, makes again available the second 
catalytic site and elicits a positive cooperativity.

Remarkably, since the first studies it was demonstrated that BS-RNase was very 
active also on double-stranded RNA and on DNA-RNA hybrids [1]. The catalytic 
function is a requisite for the special biological activities of BS-RNase, which 
behaves like antitumor, aspermatogenic and immunosuppressive agents [7]. Since 
their discovery, all these additional properties, and specifically the cytotoxicity for 
tumor cells, have been confirmed over and over not only in BS-RNase, but also in 
other natural ribonucleases isolated both from vertebrates and microbes [8]. In the 
case of mammalian proteins, it seems that bovine and human pancreatic enzymes 
acquire the antitumor activity upon dimerization, which can be induced by protein 

Fig. 7.1  The multiple forms of BS-RNase and their properties. The native enzyme is isolated as 
an equilibrium mixture of swapped (a), and unswapped (b), isoforms. The selective reduction of 
the interchain disulfides converts the swapped form into a non-covalent swapped dimer (c), and 
the unswapped one into two monomers (d), the non-covalent dimer is able to evade the binding 
by the Ribonuclease Inhibitor (e), while the monomeric derivative is inactivated (f)
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engineering [9] or by physico-chemical conditions [10]. Table 7.1 reports most of 
the BS-RNase derivatives and their main structural and functional features.

7.2.3  Antitumor Activity

The knowledge of the mechanism underlying the cytotoxic activity of BS-RNase, 
which is selective for tumor cells, can be helpful to engender this property in 
other, pancreatic-like proteins, and to exploit their potential as anti-tumor agents. 
Although the studies on BS-RNase cytotoxic mechanism are limited, some 
hypotheses have emerged and some features of BS-RNase, besides the catalytic 
activity, have been proved to be necessary for its capability to kill malignant tumor 
cells. These features, sketched in Fig. 7.2, can be summarized as follows: (a) 
selective binding to the surface of tumor cells; (b) internalization into the cyto-
sol and selective cleavage of the interchain disulfides; (c) RNA degradation by the 
form resistant to the RNase inhibitor (RI) binding, whilst (d) the monomeric deriv-
ative is inactivated by RI binding.

It seems that the enzyme concentrates on the surface of malignant cells, then 
it crosses the cell membrane and is packaged in endosomes. From the endosomes 
the protein reaches the Golgi, and then the cytosol, where it exerts its ribonu-
clease activity [11]. It is not clear how BS-RNase is transported from the Golgi 

Fig. 7.2  Schematic representation of the biological steps required for the antitumor activity of 
BS-RNase; a binding to the tumor cell membrane; b internalization into the cytosol and selective 
cleavage of the interchain disulfides; c RNA degradation by the swapped isoform, which is resist-
ant to the RI binding; d inactivation by RI binding of the monomeric derivative, formed upon 
reduction of the unswapped isoform
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to the cytosol and why it is able to kill only the malignant cells. The former 
hypothesis that antitumor action could be based on the ability of BS-RNase 
to interact at specific receptor sites on the tumor cell membrane [12] has been 
promptly confuted, because the enzyme binds cell surface and is internalized also 
by non-malignant cells, although it is not able to kill them [13]. This should be 
due to a different intracellular BS-RNase management in normal cells, where 
the cytotoxic protein displays no effects on RNA stability and on protein biosyn-
thesis. Nevertheless, the differences in membrane composition between malig-
nant and non-malignant cells could also play a crucial role. In fact, already in 
1994, it has been shown that BS-RNase is able to destabilize negatively charged 
membranes [14] and recent publications have provided proof-of-concept for 
the role of charges on the protein surface in the mechanism of antitumor activ-
ity of BS-RNase [15]. Given the higher negatively charge lipid content of the 
tumor cells with respect to non-malignant ones, and the high isoelectric point of 
BS-RNase, the interaction with the membrane tumor cells is driven essentially 
by electrostatic interactions. Several studies have suggested that BS-RNase 
approaches the negative charge cell membrane by its N-terminal face, which is 
the most cationic [15, 16]. The enhancement of the protein positive charge by 
chemical modification [17] or protein engineering [15] results in an increased 
cytotoxic activity. As mentioned before, the biochemical basis of the antitumor 
activity relies on the RNA degrading function, because chemically inactivated 
BS-RNase molecules are devoid of any antitumor activity. Moreover, the cyto-
sol of mammalian cells is very rich in a horseshoe-shaped protein which binds 
very tightly to monomeric ribonucleases [5], notably monomeric pancreatic type 
proteins, to preserve the integrity of the different RNA molecules necessary for 
the protein biosynthesis machinery. An outstanding property of BS-RNase is the 
capability to evade the binding of this molecule, hereafter referred as RI (RNase 
inhibitor), due to its structural features. The swapping of N-terminal helices 
allows indeed the M × M isomer to keep a dimeric structure and to evade RI 
binding even in the reducing cytosol environment, thus preserving the enzymatic 
activity and the capability to kill the tumor cells. This characteristic is directly 
related to its structure, as confirmed by mutagenesis studies showing that the 
cytotoxic activity of BS-RNase is correlated to the amount of swapped isoform 
[18].

7.2.4  Structural Features of the Different Forms

The structures of both M = M and M × M isoforms of BS-RNase have been exten-
sively studied in the last 30 years to find the structural basis of the special biological 
activities of the enzyme, in particular its strong cytotoxic activity towards malignant 
tumor cells, and potentially to develop drugs that can overcome tumor resistance 
and minimize toxic effects to normal cells. A complete list of X-ray structures of 
BS-RNase deposited in the Protein Data Bank is reported in Table 7.2.
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7.2.4.1  Swapped Isoform

The first structure of M × M isomer of BS-RNase was refined by Mazzarella and 
co-workers in 1983 [19]. This structure was the first one leading to the hypothesis 
of a mutual exchange of N-terminal hands between the two subunits of a dimeric 
protein. Unfortunately the low resolution of the X-ray data precluded a detailed 
description of this structural feature, that later on was observed also in another 
protein, the difteria toxin, and was indicated as “3D domain swapping” [20]. To 
date, about 300 3D domain swapped protein structures have been reported on PDB 
(for a Database: http://caps.ncbs.res.in/3dswap). With respect to all these proteins, 
however, BS-RNase retains still a singular feature: it is indeed the only protein 
whose un-swapped counterpart, i.e. M = M, is a dimer too, whereas in all other 
cases the unswapped form is a monomer.

A more detailed structure of the swapped dimer was published in 1993 [21]. 
This model confirmed the swapping of the N-terminal α-helices (residues 1–15 
of the two subunits) that are hinged on the main body of the enzyme through the 
peptide 16–22 (hinge peptide), the region that changes conformation in the two 
isomers. Moreover it provided more details on the geometry of the additional con-
straints constituted of two disulfide bridges formed by Cys31 and Cys32 linked 
to Cys32 and Cys31 of the other subunit, respectively. The two BS-RNase chains 
showed the typical bean-shaped fold of pancreatic-like ribonucleases. Because of 
the swapping of the N-terminal ends, each of the two active sites results formed 
from residues coming from both subunits, but the geometry stayed the same as in 
RNase A. Also the position of sulphate ions in the crystallized structure confirmed 
the great similarity with RNase A in terms of RNA binding.

In order to add information to the structural basis of interactions of pancre-
atic-like ribonucleases and to get information on the peculiar structure–activity 
relationship in BS-RNase, several structures of M × M in complex with substrate 
analogues have been published. In particular, in 1998 the structure of the complex 
of M × M with uridylyl (2′,5′) adenosine (2′,5′-UpA) was solved [22]. The overall 
structure of this complex is very similar to that of native swapped dimer. However, 
some differences at level of tertiary and quaternary structure are observed. Indeed, 
when compared to the native enzyme, the complex shows a slight variation of the 
intersubunit rearrangement. The position of the dinucleotide in the complex is very 
similar to that expected on the basis of the comparison with similar complexes of 
RNase A. In a following paper published by Mazzarella’s group [23] new insights 
on the allosteric regulation of BS-RNase came out. Indeed, the crystal structure 
of M × M in complex with uridylyl (2′,5′)guanosine (2′,5′-UpG) reveals the pres-
ence of 4 dinucleotide molecules: two are bound to the active site, as in RNase 
A [24], while the other two molecules are located outside the active site, the for-
mer on the surface of the protein, in a pocket generated by crystal packing, the 
latter at the interface between the 2 subunits of the swapped dimer. The binding 
of 2′,5′-UpG does not induce those modifications of the quaternary structure of 
the enzyme observed for the productive binding of 2′,5′-UpA [22]. The authors 
hypothesized that the interface site plays a role in the allosteric regulation 

http://caps.ncbs.res.in/3dswap
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exhibited by BS-RNase. As previously mentioned, biochemical studies had shown 
that the M × M isomer, differently from M = M, is endowed with a complicated 
regulatory mechanism [25]. The structural data suggest that the binding of the sub-
strate at the first catalytic site produces small but significant changes in the second 
active site of the enzyme (negative cooperativity). At higher substrate concentra-
tions, binding at the interface site also occurs. Since the interface is linked through 
Asn24 to the hinge peptide and interacts through Arg33 with the N-terminal 
α-helix (which contains the catalytically important His12), it can alter the bind-
ing properties of the active sites and induce a positive cooperativity. This find-
ing suggests that domain swapping may not merely be a mechanism that proteins 
adopt for the transition from a monomeric to oligomeric state but it can be used 
to achieve modulations in catalytic function. Another interesting aspect emerged 
from the comparison of the crystal structures of the ligand free M × M structure 
and its complex with 2-deoxycitidylyl(3′,5′)-2′-deoxyadenosine [26]. Comparing 
these structures with the ones formerly published, with and without substrate ana-
logues [21–23], the intrinsic flexibility of the protein was studied. Because the dif-
ferent orientations of the subunits and the subsequent modulation of quaternary 
structure are not only a result of ligand binding but are also observed comparing 
different ligand-free structures, the authors suggest that BS-RNase is an exam-
ple of population shift mechanism, which describes the ligand-binding process in 
terms of an equilibrium shift of pre-existing conformations to one that best fits 
incoming ligand [27].

A detailed structural information on the substrate binding modes can be helpful 
to design inhibitors of the enzyme able to switch on/off the activity of BS-RNase 
since, as already mentioned, the enzyme has not only a powerful antitumor activ-
ity but also several other special properties, like aspermatogeicity and immuno-
suppression. Recently, Leonidas and coworkers [28] have solved the structure of 
M × M isomer of BS-RNase in complex with 5 different oligonucleotides. The 
phosphonucleotide ligands used are competitive inhibitors of the enzyme. All of 
them bind the active site of BS-RNase and their structural mode of binding sug-
gests ways for further optimization through structure-assisted rational design.

7.2.4.2  Unswapped Isoform

The structure of the unswapped form (M = M), resolved at 2.2 Å resolution, was 
published in 2003 (pdb code 1R3 M) [29]. The overall structure of this isomer 
is superimposable to that of the swapped form. The geometry of the active sites 
in two homodimers is also comparable; for this reason, it is possible that the dif-
ferent catalytic activities of the two isomers could be connected to cooperativity 
effects. With respect to M×M, in the M = M isoform the hinge peptide is more 
flexible, and a more symmetric organization of the two subunits is observed. This 
finding has been attributed to an increased flexibility of the unswapped protein 
due to the lack of constraints between the two subunits. This increased flexibility 
could explain the lack of cooperativity [4, 30] in the unswapped protein (M = M 
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presents Michaelis–Menten kinetic), since small conformational variations in one 
subunit induced upon substrate binding can be easily dissipated before reaching 
the other subunit.

7.2.4.3  Monomeric Derivative

To complete the definition of the unswapped forms of BS-RNase, it is necessary 
to describe the structure of the monomer. This structure has been solved both by 
X-ray crystallography and NMR. First, the crystal structure of the monomeric 
derivative carbossimethylated at cysteine 31 and 32 and that of its complex with 
2′,5′-UpG were reported (pdb code 1N1X and 1N1Y) [31]. In both structures, 
the hinge peptide is fully disordered, as already suggested by preliminary solu-
tion NMR studies [32]. The tertiary structure is different from that found in the 
MxM dimer mainly in loop regions. A detailed investigation of the structural fea-
tures of monomeric BS-RNase in solution [33] was carried out in order to find 
the structural details which induce swapping of the N-terminal arms of BS-RNase. 
The solution structure determined by 3D heteronuclear NMR (pdb code 1QWQ), 
shows close similarity with that of RNase A in all regions of regular secondary 
structure. The results indicate a large difference in the backbone flexibility of the 
hinge peptide segment 16–22 of the two proteins, which could provide the molec-
ular basis to explain the ability of BS-RNase subunits to swap their N-terminal 
arms. Other differences are located in the loop 65–72 that is more flexible than 
the corresponding region of RNase A, maybe because of the mutation N67D that 
was introduced to avoid sample heterogeneity arising from the spontaneous deam-
idation of Asn67 [2]. Recently, a detailed study on the stability and dynamics of 
the monomeric form of BS-RNase [34] was published. The main aim of this work 
is to understand if the BS-RNase subunit has an intrinsic propensity to undergo 
a local unfolding and to be converted into an open monomer, according to the 
Eisenberg hypothesis [20].

Structural and relaxation data indicate that the monomer behaves like a com-
pact, globular protein, and the calculated correlation time allowed to exclude not 
only the presence of dimeric forms, but also of a partial opening of the protein. 
The high compactness of the BS-RNase monomeric structure is consistently sug-
gested by the analysis of the H/D exchange data and TEMPOL surface accessibil-
ity profiles, as secondary structure elements are all protected from the solvent [34]. 
On the whole, these data definitely confirm a close similarity between BS-RNase 
monomer and RNase A, suggesting also that there is no evidence of a pre-opening 
of the monomeric structure in solution. Moreover relaxation data confirm the pres-
ence of two main flexible regions, corresponding to the 16–22 and 65–72 loops; 
in addition, extra-mobility is found at the C-terminal region (112–115 loop and 
119–121 strand), i.e. in the region involved in the swapping of the C-terminal 
strand in RNase A [35]. A cis-trans isomerisation of proline at position 114 is 
involved in this process [36] but, despite the presence of a cis Pro in the same posi-
tion, the swapping of the C-terminal ends has never been observed in BS-RNase. 
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Actually, we hypothesize that in different and eventually more severe conditions, 
the swapping of the C-terminal region could be observed also in BS-RNase.

7.2.4.4  Non-covalent Swapped Dimer

A very crucial paper, aiming at elucidating the structure-cytotoxic activity rela-
tionship of BS-RNase, reported the crystal structure of the so-called swapped non 
covalent dimer (NCD, pdb code 1TQ9) [37]. In the reducing environment of the 
cytosol, the two disulfide bridges keeping together the two subunits in BS-RNase 
are expected to be reduced and, while in these conditions the M = M dimer dis-
sociates to the monomers, M × M is transformed in NCD. A detailed analysis of 
the structure of NCD reveals that its quaternary assembly prevents the interaction 
with the ribonuclease inhibitor and allows the enzyme to exert its cytotoxic activ-
ity. A fundamental role in determining this structural feature is played by Pro19 
and Leu28. Indeed, Pro19 side chain is buried in a cavity formed from Tyr25 and 
Gln101 of the other subunit, eventually this interaction reduces the flexibility of 
the hinge peptide and keeps the quaternary structure similar to that of M × M. 
On the other hand, the side chains of Leu28 of both subunits, located at the helix 
interface, have hydrophobic interactions that stabilize the intersubunit interface.

7.3  Design of Mutants by Homology Mutation Approach

As already mentioned, BS-RNase shares 80 % of residues with RNase A, includ-
ing the catalytic residues (Fig. 7.3a). RNase A and BS-RNase represent a suitable 
model system to identify the structural determinants which elicit the special bio-
logical functions of mammalian ribonucleases, with the long term aim of design-
ing proteins with improved antitumor activity.

7.3.1  From BS-RNase to RNase A

In this direction, several mutants of BS-RNase, in which residues of the enzyme 
where replaced with corresponding residues of RNase A, have been characterized, 
as reported in Fig 7.3b and Table 7.1. Considering that the two protein sequences 
differ for 23 residues, only a limited number of the possible substitutions have 
been evaluated. Among these, the effect of the mutations Pro19 → Ala (P19A) and 
Leu28 → Gln (L28Q) on the swapping propensity of the protein have been exten-
sively studied [38]. Combining several spectroscopic techniques, the structure and 
stability of monomeric forms of native and mutant proteins have been compared. 
Also, the swapping kinetics of the dimeric forms of variants and parent enzyme 
have been investigated. The similarity of kinetic behaviour between BS-RNase 
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and P19A seems to rule out the involvement of a cis–trans Pro19 isomerization 
as a crucial step in the swapping mechanism of BS-RNase. On the other hand, 
the mutation slightly improves the thermal stability of the mutant. The mutation 
of L28Q instead affects the swapping extent and kinetics. The two side chains of 
Leu28 stabilize with hydrophobic interactions the interface between the two subu-
nits and the swapping process is faster then in the mutant. These results seem to 
prove that the swapping propensity of the enzyme is not connected to a particular 
sequence of the hinge peptide but depends basically on residues located in other 
regions of the protein. A further proof that the hinge sequence does not interfere 
with the swapping propensity of BS-RNase came from the work by Picone et al. 
[39] where the crystal structures of the P19A mutant and that of the mutant in 
which the full hinge sequence of BS-RNase is replaced with the corresponding 
one of RNase A are reported. Both mutants again show equilibrium and kinetic 
parameters of the swapping similar to those of the parent protein. The X-ray struc-
tures of the M × M dimer of both mutants indicate a greater mobility of the hinge 
residues than in the parent protein, whereas the quaternary structure stays the same 
in all the proteins. The authors suggest that the results indirectly give credit to the 
hypothesis that the major role of P19 resides in directing the assembly of NCD, 
i.e. the species produced by selective reduction of the interchain disulfides, and 
considered responsible for the antitumor activity of BS-RNase.

Fig. 7.3  Mutants of BS-RNase obtained by homology mutation approach, guided by the 
sequence alignment of BS-RNase and RNase A a. Non-conserved residues are coloured in red. 
The mutated positions are reported in colour on the structure of the monomeric derivative shown 
in b, using the following colour-code: in purple the residues corresponding to mutants that have 
been also structurally characterized, in green those for which only biochemical data have been 
collected
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The importance of Leu28 and Pro19 for the stability of the NCD structure, 
suggested on the basis of the model refined by Sica et al. in [37], was confirmed 
by the structure of the mutant in which both residues were replaced by the cor-
responding ones of RNase A. Indeed, the crystal structures of the different forms 
of P19A/L28Q mutant (PALQ) proved that M × M and M = M dimers have the 
same structure of the native protein, but the quaternary structure of the non cova-
lent swapped dimer of PALQ (NCD-PALQ) is different from that of the parent 
protein [40]. This difference has a dramatic effect on the interactions of these 
forms with the protein inhibitor. Indeed, in the modelled complex with RI, NCD-
PALQ is nicely trapped from the inhibitor. This structural result is also in agree-
ment with the functional data, since the PALQ mutant has a cytotoxic activity 
lower than BS-RNase, thus confirming the importance of Pro19 and Leu28 for the 
special biological activity of the enzyme.

Also Arg80 has a stabilizing effect on the swapped form, as suggested by the 
X-ray structure of the native protein [21]. Indeed, it has been shown that in the 
BS-RNase mutant obtained by replacing Arg80 with Ser, and containing already 
the 16–22 hinge sequence of RNase A, the M × M:M = M equilibrium ratio is 
inverted to 1:2 [41]. The main effect of the substitution of Arg by Ser has been 
attributed to a decreased stability of the NCD form since both the kinetic and ther-
modynamic stabilities are reduced in the Ser80 variant with respect to the parent 
BS-RNase [42].

7.3.2  From RNase A to BS-RNase

Engineering the sequences of RNase A with corresponding residues of BS-RNase 
has been another way to identify the structural determinants which elicit the spe-
cial biological functions of mammalian ribonucleases. For example, cytotoxic 
mutants of RNase A were obtained by introducing Leu28, Cys31, Cys32 and 
Pro19 in the sequence of the pancreatic enzyme [43–45]. However, as cytotoxins 
these proteins are not as powerful as BS-RNase [43]. The crystal structure analysis 
of the non-covalent swapped form of LCC and PLCC mutants, complexed with 
the substrate analogue 2′-deoxycytidylyl(3′,5′)-2′-deoxyguanosine, has revealed 
that the dimers adopt an opened quaternary structure, with the two Leu residues 
fully exposed to the solvent [45]. This structure does not prevent the binding of 
RI, thus providing the molecular basis of the low cytotoxic activity. Similar results 
have been obtained for a third mutant of the pancreatic enzyme, engineered with 
the hinge peptide sequence of the seminal enzyme and the two cysteines in posi-
tion 31 and 32, but lacking the hydrophobic Leu residue in position 28. According 
to the authors, the comparison between these three structures and those previously 
reported for other ribonuclease swapped dimers strongly suggests that, in addition 
to Pro19 and Leu28, the presence of a glycine at the N-terminal end of the hinge 
peptide is also important to force the swapped form of RNase A dimer into the 
compact quaternary organization observed for NCD. These data were further and 
indirectly confirmed by another, related paper [44], which considered the effect on 
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the swapping propensity and cytotoxicity of RNase A mutants in which the full 
N-terminal hinge sequence was replaced with the one of BS-RNase together with 
the mutation S80R. All the proteins have a very poor cytotoxic activity, indepen-
dently of the swapping propensity, which can even reach the same extent as that 
in native BS-RNase. In addition, the BS-RNase and RNase A variants with Arg80 
have a slightly increased percentage of swapped form in comparison with the cor-
responding Ser80 variants, and also the dissociation rate of the corresponding 
NCD forms is decreased [42, 44]. These results suggest that Arg80 has a stabiliz-
ing effect on the swapped form, both under reducing and non-reducing conditions. 
Overall the data suggest that the swapping represents still an essential requisite 
for the cytotoxic activity, because it keeps the dimeric structure stable even in the 
reducing cytosolic environment, but other features are essential to design dimeric 
antitumor ribonucleases, including a strong positive potential at the N-terminal 
face and a quaternary structure able to evade the cytosolic ribonuclease inhibitor, 
with or without the interchain disulfide bridges.

7.4  Concluding Remarks, Challenges, Perspective 
and Future Directions

The results of about 30 years of studies on the structure–function relationship of 
BS-RNase have been briefly summarized. We have described our understanding of 
the special biological functions BS-RNase gained through structural biology anal-
yses. Collectively, the reviewed studies have shown that ribonucleolytic activity is 
required for BS-RNase cytotoxicity and that the swapped dimer is the form responsi-
ble for the BS-RNase antitumor activity. It has also been suggested that the structure 
of the non-covalent dimeric form, obtained by reduction of intersubunit disulfide 
bridges, plays a crucial role in evading RI, thus providing the structural features 
needed for the antitumor activity of BS-RNase M × M form. Only a few residues 
are critical for stabilizing NCD quaternary structure that allows the acquisition of 
cytotoxic activity. In particular, crucial roles are played by Pro19 and Leu28. These 
suppositions have been confirmed by systematic site-directed mutagenesis studies in 
which individual or combinations of BS-RNase residues have been replaced with the 
corresponding residues of RNase A [40]. Along this line, site-directed mutagenesis 
studies should be continued to further the understanding of antitumor properties of 
the protein and to develop ways to improve the stability of NCD. Recent data have 
also evidenced some other residues which contribute to the shape and stability of the 
reduced swapped dimer, such as Gly16 and Arg80, however further studies are nec-
essary in view of designing proteins with better cytotoxicity for tumor cells.

The engineering of BS-RNase should also be continued to gain more insight 
into the molecular mechanism of domain swapping. In this respect, it should be 
recalled that BS-RNase represents a unique example since it is the only known 
domain swapped protein existing in an equilibrium between unswapped dimeric 
and swapped dimeric form.
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Work on the key stations encountered by BS-RNase in its journey from outside 
the cell to the cytosol should be continued as well. The finding that basic charge 
on the protein surface is a determinant for the entrance of BS-RNase to malig-
nant cells and hence could be responsible, at least in part, for the biological action 
of BS-RNase, suggests a possible use of higher BS-RNase oligomers as therapeu-
tic agents. In this respect, it should be underlined that experimental evidence for the 
antitumor activity of BS-RNase tetramers and higher oligomers in vitro and in vivo 
has been reported very recently [46]. The potential biological activity of BS-RNase 
oligomers deserves further investigation, together with their structure and stabil-
ity. Furthermore, recent data suggested the possibility that cross-linked RNases also 
may acquire the antitumor activity through the formation of high molecular weight 
oligomeric species that are not inhibited by RI [47]. Although many other factors 
are also likely to be involved in controlling the cytotoxicity of RNases, these evi-
dences suggest that a cross-linked high-molecular weight BS-RNase could also 
exhibit enhanced cytotoxic activity. Another aspect for the future is to perform anti-
tumor tests on different cancer cell lines and to develop clinical trials. In this respect, 
it should be underlined that the discovery of the antitumor activity of BS-RNase, 
has been, in our opinion, largely underappreciated in the past. Although antitumor  
activity exerted by BS-RNase is comparable to that of Onconase, the mammalian pro-
tein has never been evaluated in human clinical trials, whereas the frog enzyme, which 
shows renal toxicity and a possible immunogenicity, has been and is currently tested 
in diverse Phases of human clinical trials for the treatment of numerous solid tumors.

In conclusion, although studies on BS-RNase have started about 30 years ago, 
there is definitively plenty of room for new experiments to be developed.
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Abstract In this chapter, we review the discovery of MAP30, a novel multi-
functional antiviral and anti-tumor plant protein, and elucidation of its medici-
nal properties. MAP30, Momordica Antiviral Protein 30 kD, is isolated from the 
medicinal plant Momordica charantia. Biochemical and biophysical studies have 
yielded important insights into the structure, function and mechanism of MAP30. 
Column chromatography by ionic exchange, affinity binding and size fractionation 
were applied for the isolation and purification of MAP30. Protein and nucleo-
tide sequencing were used to elucidate the structure of this protein and its gene. 
The gene encoding MAP30 was cloned and expressed by recombinant technology. 
Structure activity mapping was performed using 3D-structure determination, 
bioinformatics and molecular modeling, together with bioactivity confirmation. 
Results from these studies demonstrate how cutting-edge modern approaches can 
be applied to discover medicinal activities from natural products and to define 
their molecular structure, biological function, and mechanisms of action.
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8.1  Introduction

Over 75 % of the world population relies mainly on medicinal plants for health 
care [1]. The global market for traditional medicines was estimated at US $83 bil-
lion annually in 2008 [1]. In the United States, botanical extracts and dietary  
supplements are regarded as part of complementary and alternative medicine (CAM) 
because they are not presently considered an integral part of conventional medicine 
[2–6]. CAM is neither routinely available in U.S. hospitals nor taught at U.S. medical 
schools. However, data from medical surveys reveal that the use of natural products 
and CAM in therapy has increased substantially in the U.S. [4]. Currently, more than 
50 % of the US general population uses CAM for healthcare, including herbs, vitamins 
and other dietary supplements [4–6]. Americans spend about $34 billion annually on 
CAM, according to the first national estimate of such out-of-pocket spending in more 
than a decade [7]. Many CAM therapies are centuries old, and ages of practical expe-
rience have led to today’s applications. Despite the widespread use of CAM, little is 
known about their structure, mechanism, efficacy and safety or toxicity. Thus, many 
CAM users are at risk for potential adverse effects, or unintended interactions with 
other CAM or with prescription medications. To enhance the role of CAM in modern 
health care, it is essential to use the latest technologies to identify biologically active 
components, to characterize their structure/function and to define their molecular mech-
anisms. Our laboratories have been engaged in natural product research in recent years. 
We use a broad spectrum of modern approaches to identify CAM products and to deter-
mine their structure/function, mechanism, efficacy and safety. We identified several lead 
CAM components against a variety of diseases, from HIV/AIDS to other viral infec-
tions, cancers, cardiovascular diseases, diabetes and obesity [8–40]. We determined the 
structure of these compounds, conducted structural-activity mapping and defined their 
molecular mechanisms [8–40]. We believe that results from these studies are useful in 
expanding the options of CAM products to modern medicine. In this chapter, we review 
the discovery of MAP30 and its medicinal activities.

8.2  CAM of MAP30 Plant: Momordica charantia

MAP30, or Momordica Antiviral Protein, 30 kD, is a protein we first described and 
named [15]. It is isolated from the mature fruit and seed of Momordica charantia, 
also known as bitter melon, or bitter gourd. This medicinal plant is indigenous to 
China. It has been used in China for centuries as medicinal and health food against 
cancer and viral infections as well as for immunopotentiating actions. Bitter melon 
is also widely grown in Africa, Southeast Asia, South America and the Southwestern 
regions of the United States. It has been used as CAM for various purposes in dif-
ferent regions including digestive disorders, dyspepsia and constipation in South 
America, anti-malaria, antiviral and anti-HIV in Africa, and anti-diabetes and anti-
obesity by American Indians. Our studies on the medicinal components of bit-
ter melon started from bioactivity discovery and verification, and progressed to 
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purification, characterization and standardization, to cloning and expression, 3D 
structure determination, structure activity mapping, bioinformatics and molecular 
modeling. Our results demonstrate how cutting-edge approaches can be applied to 
the discovery of medicinal activities of natural products, to elucidate their structures 
and functions, and to translate CAM into twenty-first century medicine.

8.3  Isolation, Purification and Characterization

We designed and developed an efficient procedure for the isolation and purifi-
cation of MAP30 [15, 18]. Briefly, this consists of four main steps which yield 
homogeneous protein with constant anti-viral and anti-tumor specific activity 
and no toxicity. Step 1 is extraction and fractionation. Step 2 is anionic exchange 
chromatography on DEAE-Sepharose. Step 3 is size fractionation on Sephadex 
G75 superfine. Step 4 is cationic exchange chromatography on CM 52 cellu-
lose. The size, homogeneity and subunit structure of MAP30 were determined by 
SDS-PAGE. A single band, with molecular weight corresponding to 30 kD, was 
obtained under both reducing and non-reducing conditions, indicating that the 
purified MAP30 exists as a single chain polypeptide (Fig. 8.1). Recently, prepara-
tions of pure MAP30 have been reported by others [41, 42].

8.4  Medicinal Activities of MAP30

8.4.1  Anti-Viral Activity

Anti-HIV-1. MAP30 inhibits not only de novo infection by HIV-1 and cell-to-cell 
transmission of the virus but also blocks viral replication in already infected cells [15]. 
Anti-HIV activity was examined in terms of viral infection and replication by syncytial 
formation and HIV-p24 expression, respectively. MAP30 is potent against HIV-1 with 
an EC50 on the order of 0.2–0.3 nM [15]. However, it is not toxic to uninfected tar-
get cells, or to intact animals or humans [15, 18–21, 25]. Furthermore, MAP30 is not 
toxic to human spermatozoa [24], suggesting that MAP30 may be developed into useful 

Fig. 8.1  Purification 
of MAP30. Momordica 
charantia, the source of 
MAP30 (Left). SDS-PAGE 
shows purified MAP30 
(Right). Lanes: S molecular 
weight standards, M purified 
MAP30
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non-spermicidal protective agent against the transmission of HIV-1 and other sexually 
transmitted diseases. It can also be used in sperm washes for in vitro fertilization.

Anti-HSV and Anti-HHV8. MAP30 is active against Herpes Simplex Viruses 
(HSV) [26, 27] and Human Herpes Virus 8 (HHV8) [28]. MAP30 inhibits the infec-
tion and replication of HSV-1, HSV-2, and ACV-resistant strains. It also inhibits the 
proliferation of AIDS-related primary effusion lymphoma (PEL) BC-2 cells [28]. 
These cells are latently infected with Kaposi’s sarcoma-associated herpes virus 
(KSHV), also known as human herpes virus 8 (HHV8). MAP30 is equally effective 
in BC-2 cells with or without induction by 12-O-tetradecanoylphorbol-13-acetate 
(TPA), indicating that it is effective against the HHV8-infected KS tumor cells in 
both the latent and lytic states. Northern blot and RT-PCR analyses indicate that 
MAP30 inhibits the expression of viral genes vCD, vIL-6, and v-FLIP [28].

8.4.2  Anti-Tumor Activity

Results from NCI. MAP30 was tested by the Cancer Drug Discovery and 
Development Program of the National Cancer Institute (NCI) against a panel 
of 58 human tumor cell lines representing nine cancer types [21]. Potent inhibi-
tion was detected with brain (SF539, EC50 0.01 μg/ml), breast (MDA-MB-231, 
EC50 0.01 μg/ml; HS578T, 0.05–0.07 μg/ml), melanoma (MALME-3M, EC50 
0.01–0.02 μg/ml) and renal (ACHN, EC50 0.05–0.07 μg/ml) tumor cell lines.

Preclinical studies-in vivo animal efficacy. The anti-cancer activity of MAP30 
against estrogen-independent and highly metastatic human breast tumor MDA-MB-231 
was studied in vitro and in vivo [21, 22]. MAP30 showed dose-dependent inhibition on 
the proliferation of the tumor cells with an EC50 of 0.035 nM (21). In vivo anti-tumor 
activity was studied using MDA-MB-231 xenografts in SCID mice [22]. The mice 
developed tumors and extensive metastases, began to die after day 35 and all mice suc-
cumbed to tumors by day 45. Treatment with MAP30 at 10 μg per injection every other 
day for a total 10 injections increased the survival of tumor bearing mice to 64 days. 
In addition, over 25 % of the SCID mice remained disease-free for over 100 days. No 
toxicity was observed after MAP30 treatment. These results indicate that MAP30 may 
be therapeutically useful against breast carcinomas. MAP30 has also been reported to 
promote apoptosis of liver cancer cells both in vitro and in vivo [41].

8.5  Cloning and Recombinant Expression

We cloned the MAP30 gene and expressed the recombinant protein in bacteria 
[19], as well as in edible cucurbit plants [20]. Recombinant MAP30 is as active as 
naturally occurring MAP30 in medicinal activities. The MAP30 gene consists of 
1044 base pairs, and encodes 286 amino acids with a leader sequence of 23 amino 
acids. The mature protein consists of 263 amino acids with one N-glycosylation 
site (Asn-Val-Thr) at position 250, and no cysteine residues [19].
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8.6  Structural–Functional Mapping, Bioinformatics  
and Modeling

We determined the solution and crystal structures of MAP30 [29, 30]. To define 
the structural basis of MAP30 activities, we conducted bioinformatic analysis by 
searching for MAP30 homologues in the non-redundant protein sequence data-
base. A total of 150 reasonable homologies were generated. Each sequence was 
aligned with MAP30. In so doing, it became evident that Tyr91 (Y91) and Asp124 
(D124) are uniquely conserved only in MAP30 and GAP31, Gelonium Anti-HIV 
Protein 31 kD, an antiviral protein from Gelonium multiflorum, whereas they are 
mutated in all other ribosome-inactivating proteins (RIPs). Structural-activity 
mapping and modeling of HIV-LTR DNA binding are shown in Fig. 8.2.

8.7  Molecular Mechanism of Actions

MAP30 exhibits multiple actions, including DNA topological inactivation [27, 29], 
DNA Glycoslyase/Apurinic lyase (DGAL) [31] and RIP [21] activities. DNA top-
ological inactivation and DGAL are critical for anti-viral and anti-tumor actions 
[29, 31]. MAP 30 binds to the HIV-LTR, and converts supercoiled HIV-LTR to 
relaxed and linear forms, rendering the DNA topologically inactive as substrate 
for HIV integrase [27, 29, 31]. The DGAL activity is distinct from RIP activity. 

Fig. 8.2  Structural-activity mapping and modeling of MAP30. a represents the 3D surface 
structure of MAP30 showing active cleft and multiple action sites. RNA N-glycosidase site 
(RIP, Green), DNA Glycoslyase/Apurinic lyase site (DGAL, Red) and Mn2+ coordination site 
(E89 and D43, Magenta). b Modeling the binding of a HIV-LTR DNA fragment into the binding 
groove of MAP30. Green represents residues whose chemical shifts were most sensitive to the 
addition of the LTR DNA. Magenta represents Mn2+ coordinated by D43 and E89
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It depurinates viral and tumor DNA, removes 5′adenine and renders the DNA 
unsuitable for integration into host genome. RIP acts on 28S rRNA of eukaryotic 
ribosome, cleaves the N-glycosidic bond between a ribose and adenine or guanine 
at positions A4324 or G4323 in the GAGA loop, inactivates 60S ribosome and 
inhibits the elongation step in protein biosynthesis. RIP activity is distinct from 
anti-HIV/tumor activity, as MAP30 and GAP31 inhibit HIV-1, other viruses and 
tumors at concentrations that show little effect on ribosome function [15, 17, 21, 
26–28]. These observations indicate that mechanisms unrelated to ribosome inacti-
vation, contribute to MAP30 anti-HIV/anti-tumor activities.

To define molecular events in viral pathogenesis and to identify host cell targets, 
we conducted cDNA microarrays to profile gene expression modulated by HIV-1 
infection and MAP30 treatment. HIV-1 infection up-regulates the expression of heat 
shock proteins hsp27, hsp90 in the stress pathway; p53 binding protein MDM2, 
while it down-regulates apoptosis regulators Bax, GADD45, CD95 and caspases 
3, 6, 10 in the apoptotic pathway, Cyclin B1, D2, egr-1 in cell cycle pathway 
and cytokines IL-2, Il-6 and IL-1α. Treatment with MAP30 is capable of revers-
ing HIV-1 infection-associated changes. Treatment of HIV-1 infected cells with 
MAP30 also up-regulates the expression of activating transcription factor 2 (ATF2), 
IκBa and NFκB. No changes were noted in the expression of housekeeping genes 
GAPDH, PPIA, RPL13A or β-actin.

8.8  Conclusion and Perspectives

MAP30, an antiviral and anti-tumor protein isolated from the medicinal plant 
Momordica charantia, is a multi-functional agent with high therapeutic index. It 
differentiates itself from other single-chain RIPs, including α-, β- and γ-MMCs 
from the same plant, because of its unique conserved amino acid sequence, dis-
tinct molecular mechanisms, specific viral and cellular targets, lack of toxicity and 
high bioavailability [15, 18–36]. Our discovery of MAP30 and elucidation of its 
molecular, biochemical, and structural-activity features demonstrate how modern 
technology can be applied to investigate medicinal components of natural prod-
ucts. Future challenges include pharmacokinetic and dynamic evaluations for 
clinical applications. In view of its high efficacy and low toxicity, the structure-
activity relationship of MAP30 would be a useful model for other RIPs to improve 
their therapeutic potential by increasing plasma half life, and decreasing immu-
nogenicity. To achieve these goals, rational structural modifications, and chemical 
cross-linkings may be applied. In addition, nanomaterial packing may be used for 
targeted delivery and controlled release [42].

It is estimated that about one-third of the prescription drugs in the U.S. con-
tain plant components, and more than 120 important prescription drugs are derived 
from plants. Most of these were developed because of their use in traditional  
medicine. According to recent World Health Organization studies, over 30 % 
of the world’s plant species have, at one time or another, been used for medical 
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proposes. Thus, of the 250,000 recorded higher plant species on Earth, more than 
80,000 species are medicinal. Of the 80,000 medicinal plants, only 120 have been 
developed into useful drugs. It is thus clear that there is a wealth of potential medi-
cines in our plants that are waiting to be discovered.
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Abstract Ribosome-inactivating proteins (RIPs) are 28 S rRNA N-glycosidases 
isolated mainly from plants that irreversibly inactivate ribosomes, thereby impairing 
protein synthesis. In recent years, polynucleotide:adenosine N-glycosidase activity 
and induction of apoptosis have been reported and may have a particular significance. 
There are two classes of RIPs: type 1 RIPs, consisting of single-chain proteins, and 
type 2 RIPs, consisting of an A chain with RIP properties covalently linked to a B 
chain with lectin properties. Type 2 RIPs may be very toxic or non toxic, whereas 
type 1 RIPs are always non-toxic. Due to the diverse activities of RIPs, research has 
been conducted to investigate their use as antiviral and antitumor agents or as the 
toxic part of conjugates. Conjugates consist of a targeting portion such as an anti-
body, a lectin or a growth factor linked to a toxic portion. RIPs have been used as 
the toxic portion in conjugates that have been tested in several experimental therapies 
against various malignancies. Although some important disadvantages still need to be 
improved, recent clinical trials encourage the use of these conjugates as efficacious 
agents in the treatment of cancer and other diseases.

9.1  Introduction

Ribosome-inactivating proteins (RIPs) have been initially studied as proteins 
widely distributed in plants that inhibit protein synthesis in mammalian cell-free 
systems [1, 2]. However, work done in recent years revealed that RIPs can also be 
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found in algae, fungi and bacteria [3, 4]. It has been reported that RIPs can also 
inhibit protein synthesis in other animal and fungi cell-free systems, and some 
of them can inhibit protein synthesis in plants and bacteria [3]. They also display 
other important biological activities. Among them, the polynucleotide:adenosine 
glycosidase activity [5] and the ability to induce apoptosis in several types of ani-
mal cells [6] could play a significant role, perhaps more important than that of pro-
tein synthesis inhibition. Despite all the work done in the field of RIPs, evidence is 
not yet available for a convincing role played by RIPs in plants. They seem to play 
different roles in different species, so antiviral, antifungal, storage, programmed 
senescence, antifeedant, stress protection and development regulation roles have 
been proposed for these proteins [3]. Stirpe and Barbieri [1] have proposed to clas-
sify these proteins into two types: type 1 RIPs, consisting of single-chain proteins, 
and type 2 RIPs, consisting of an A (active) chain with RIP properties covalently 
linked to a B (binding) chain with lectin properties. The latter RIPs can enter cells 
more easily because the B chain allows the binding to sugar-containing cell surface 
receptors, and for this reason they could be potent toxins. However as discussed 
later, recently a surprising variety of RIP and related lectin structures have been 
found. For example, the type 2 RIPs from Sambucus are less toxic to animals than 
the type 1 RIPs from Saponaria [7]. Alternatively, four-chain type 2 RIPs [7, 8] 
and type 1 RIPs with an inner removable peptide [9] also have been reported.

Because of their diverse activities, RIPs either alone or as part of conjugates 
are good candidates for developing selective antiviral and anticancer agents. 
Conjugates consist of a targeting portion such as an antibody, a lectin or a growth 
factor linked to a toxic portion. RIPs have been used as the toxic portion in several 
conjugates that have been tested in experimental therapies against various malig-
nancies. In agriculture, RIPs have been shown to increase resistance against virus 
and other parasites in transgenic plants [3].

9.2  Distribution

RIPs have been found mainly in flowering plants (angiosperms) and, to a lesser 
extent, in fungi, algae and bacteria (reviewed in [3]). To date, type 1 RIPs have been 
isolated from at least 70 species of plants of both monocotyledons and dicotyle-
dons. They are distributed among all flowering plant families without a pattern per-
mitting their location in a particular taxon. However, the highest number of RIPs 
is present in a small number of families, namely Caryophyllaceae, Cucurbitaceae, 
Euphorbiaceae, Phytolacaceae and Poaceae. RIPs have been found in all types of 
plant tissues. Some species contain type 1 RIPs in only one tissue of the plant and 
others contain RIPs in several parts of the plant. However, the fact that no RIPs 
have been found in a particular species, family or tissue does not mean that they do 
not contain them since the amount of RIP could be too low to be isolated or even 
detected. The detection method usually consists in assaying the inhibition of protein 
synthesis in a cell-free system such as a rabbit reticulocytes lysate. The presence 
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of inhibitors has been detected in greater than 70 plants but it has not been pos-
sible to determine if the protein synthesis inhibition is due to a RIP or to another 
inhibitor such as an RNase or a protease. Finally, the presence of RIPs depends on 
different factors like senescence, virus infection, development and stress [3]. Type 
2 RIPs are less widespread but they have been isolated from at least 20 species of 
plants belonging to 10 different families. At least five species (Sambucus ebulus, 
Sambucus nigra, Cinnamomum camphora, Momordica charantia and Iris hol-
landica) contain both type 1 and type 2 RIPs.

RIPs are also present in bacteria [4], fungi [10] and algae [11] but to date the 
presence of these proteins seems to be limited to a few species. All these findings 
favour the hypothesis that RIPs are broadly distributed and therefore could play an 
important biological role in the RIP-producer organism.

9.3  Enzymatic and Biological Activities

9.3.1  rRNA N-glycosidase

Initially RIPs were studied as the most potent inhibitors of protein synthesis in 
mammalian cell-free systems [1, 2]. They have been shown to inactivate the 60S 
subunit of mammalian ribosomes in a catalytic and irreversible manner. The inacti-
vated ribosomes are not able to carry out the elongation cycle in protein synthesis. 
Later it was also reported that RIPs inactivate ribosomes from other animal species 
and that some of them could also inactivate ribosomes from plants and bacteria 
[3]. The mechanism of protein synthesis inhibition was elucidated by Endo and 
Tsurugi [12]. They found that RIPs are 28S rRNA N-glycosidases (EC 3.2.2.22) 
that cleave the N-glycosidic bond between the adenine No. 4324 from the 28S 
rRNA and its ribose in the 60S subunit of rat ribosomes (or the equivalent ade-
nine in sensitive ribosomes from other organisms) [3]. This adenine is located in 
the α-sarcin–ricin loop (SRL) that is crucial for anchoring the elongation factor G 
or the elongation factor 2 on the ribosome during mRNA–tRNA translocation in 
prokaryotes and eukaryotes respectively [13].

Most type 1 and type 2 RIPs depurinate ribosomes at one site (the adenine 
4324), whereas other RIPs such as saporins, PAP-R and trichokirin depurinate the 
ribosomal RNA at multiple sites [14]. However, the depurinating activity seems to 
be greater on the adenine 4324 than at other sites [14].

9.3.2  Polynucleotide: Adenosine Glycosidase

Recently other substrates for RIPs have been reported [5]. Some RIPs release ade-
nines from viral genomic RNAs of MS 2, TMV and AMCV [5]. Many RIPs can 
also depurinate polyadenylic acid. Most RIPs release adenines from rRNA and all 
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of them extensively depurinate herring sperm DNA [5]. Thus, Barbieri has pro-
posed the name of polynucleotide: adenosine glycosidases for these proteins [5].

Some RIPs remove adenine from the poly(ADP-ribosyl)ated poly(ADP-ribose) 
polymerase (PARP), which is involved in DNA repair and apoptosis [15]. This 
damage to activated PARP may have a role in the inhibition of DNA repair by 
RIPs, which seems to be independent of the inhibition of protein synthesis [16].

9.3.3  Apoptosis

In addition to their N-glycosidase activity on nucleic acids, both type 1 and type 
2 RIPs are also capable of inducing cell death by apoptosis [17]. RIP-treated cells 
exhibit the morphological and biochemical events associated with apoptosis. 
Emerging evidence suggests that induction of apoptosis does not directly correlate 
with the protein synthesis inhibition [18]. RIPs trigger apoptosis in different cell 
types via different mechanisms. Despite a large number of studies on RIP-induced 
apoptosis, the exact mechanism by which these toxins induce apoptosis is not very 
clear. Generally, the apoptosis induced by RIPs involves the caspase dependent 
mitochondrial pathway leading to loss of mitochondrial membrane potential, rapid 
release of cytochrome c, activation of caspase-9 and an increase in the production 
of reactive oxygen species (ROS) in cells [17]. However, the death receptor-medi-
ated apoptosis pathway also seems to be involved in the killing of cells by some 
RIPs [6, 17].

9.3.4  Other Activities

Other activities associated with some RIPs are chitinase activity, topological activ-
ity on DNA, HIV integrase inhibitory activity, superoxide dismutase activity, 
DNase activity, and lipase activity (reviewed in [3]). Some of them may have a 
significant role as has been proposed for the lipase activity in ricin toxicity or the 
HIV integrase inhibitory activity in the antiviral properties of some type 1 RIPs.

9.4  Structure

Figure 9.1 summarizes the different structures of RIPs and related lectins. Type 
2 RIPs may be dimeric (such as ricin) or tetrameric. In the latter case the two 
A-B dimers may be linked by their A chains (Ricinus communis or Viscum album 
agglutinins) or by their B-chains (Sambucus tetrameric type 2 RIPs). In this case 
the B-chain 1 alpha site does not bind sugar-containing compounds [8]. Type 2 
RIP related lectins are proteins which do not show enzymic activity and show only 
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lectin activity. The structure of these lectins has a striking homology with that of 
the B chain of type 2 RIPs. In fact they are encoded by a truncated type 2 RIP 
gene which has lost almost all the sequence coding for the A chain. They can 
be monomeric (one single B-chain) or dimeric (two B-chains held together by a 
disulphide bridge). In this case a new cysteine appeared which is responsible for 
the dimerization of the two polypeptide chains through a disulphide bond. The dif-
ferent B chains vary with respect to sugar specificity. Type 2 RIPs from Ricinus, 
Abrus or Adenia are specific for galactose containing sugars and are very toxic. 
Type 2 RIPs and related lectins from Sambucus are much less toxic and may be 
specific for galactose, sialic acid or unable to bind sugars [8].

The structure of ebulin l (a heterodimeric type 2 RIP presents in S. ebulus 
leaves) is shown in Fig. 9.2. In the A chain, ebulin l has roughly the same posi-
tioning of key active site residues as type 1 RIPs and other type 2 RIPs such as 
ricin, abrin or volkensin [19]. Tyr 77 and 116, Arg 127, Glu 163, Arg 166 and Trp 
197 are highly conserved in both type 1 and type 2 RIPs. Additionally all type 
2 RIPs conserve the Cys 249 of ebulin l A chain that links it to the B chain by a 
disulphide bond. This Cys is absent in type 1 RIPs such as saporin or PAP. Some 
tetrameric type 2 RIPs (i.e., R. communis agglutinin) present a seven amino acid 
loop with an additional Cys (located in a position corresponding to Gly148 and 
149 in ebulin l) that allows the formation of a disulphide bridge with another A 
chain [8]. The overall fold of the ebulin B chain is also very similar to that of type 
2 RIP B-chains and lectins and is composed of two beta trefoil domains (I and II) 
with sugar-binding ability [19]. The domain I presents the 1 alpha sugar binding 
site (Trp 39, Asp 24, Gln 37, Asn 46 and Gln 47) and the domain II the 2 gamma 
sugar binding site (Asp 235, Phe 249, Asn 256 and Gln 257). These aminoac-
ids are also well conserved in the B chain of other type 2 RIPs and lectins but 
the sugar-binding ability of the different B chains varies considerably. Tyr29 and 

Fig. 9.1  Graphical 
representation of RIPs and 
related lectins. Type 1 RIPs 
consist of single-chain 
catalytic proteins whereas 
type 2 RIPs consist of 
catalytic(s) or A chain(s) 
(coloured in red) linked 
to binding or B chain(s) 
(coloured in cyan) by 
disulphide bond(s) (coloured 
in orange). The sugar binding 
subdomains 1 alpha and 2 
gamma are coloured in blue. 
Pure lectins may have one 
or two B chains linked by a 
disulphide bond. The arrow 
indicates the C-terminal end
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Arg 45 are substituted by Cys in some tetrameric type 2 RIPs and dimeric lec-
tins, respectively, thus allowing the formation of an additional disulphide bridge 
between B chains [8].

9.5  Toxicity and Intracellular Pathway of Type 1  
and 2 RIPs

As previously indicated, type 1 RIPs are single-chain toxins (A-chain) 
with N-glycosidase activity while type 2 RIPs consist of an A-chain with 
N-glycosidase activity and a galactoside binding lectin (B chain) linked together 
by a disulphide bond. Type 1 RIPs have a high cell-free translation inhibitory 
potency but a low cytotoxicity (Table 9.1). Because of the absence of a B chain, 
type 1 RIPs, such as saporin, poorly enter into cells, consequently causing low 
toxicity to cells and animals. However, the presence of the B chain is not suf-
ficient to confer a high level of cytotoxicity on all type 2 RIPs. Based on their 
toxicity to mammals, type 2 RIPs has been divided into two groups: the toxic 
and nontoxic type 2 RIPs. The former group include ricin, abrin, viscumin and 

Fig. 9.2  Three-dimensional model of the type 2 RIP ebulin l (PDB ID: 1HWP). The A (red) and 
B (cyan) chains and the disulphide bridge linking both chains are indicated. The active site and 
sugar-binding sites are represented in CPK (balls). The residues in ebulin l that change in type 1 
RIPs, tetrameric RIPs and dimeric lectins are represented in balls and sticks



1339 Ribosome Inactivating Proteins from Plants

volkesin, which are among the most potent plant toxins. In contrast, nigrin b, ebu-
lin l, sieboldin b and R. communis agglutinin belonging to the latter group show 
little or no toxicity in intact cells and higher animals (Table 9.1). Their lack of 
toxicity has been attributed in part to a defective B chain with reduced affinity for 
the galactosides present at the surface of plasma membrane proteins and to a dif-
ferent intracellular routing and processing of the toxin [8].

The cell surface receptors differ from one RIP to another. However they share 
the need to enter the cytosol to exert their toxicity. The molecular mechanisms 
involved in intracellular traffic of RIPs have been studied extensively for toxic 
type 2 RIPs, especially for ricin, which has been taken as a model of highly toxic 
RIPs. Ricin enters target mammalian cells by receptor-mediated endocytosis and 
is transported to endosomes. From here part is recycled back to the cell surface, 
another part is transported to the lysosomes and degraded and only a small fraction 
is eventually translocated to the cytosol (Fig. 9.3). Only 5 % of the endocytosed 
toxin is transported to the trans-Golgi network [20] and then backward through the 
Golgi apparatus to the endoplasmic reticulum (ER). In ER the catalytic A chain is 
reductively separated from the cell-binding B chain. The A chain is then retrotrans-
located to the cytosol by utilizing the ER-associated degradation pathway (ERAD) 
usually followed by misfolded proteins, which in the cytosol are polyubiquitinated 
and degraded by the proteasome. Once in the cytosol ricin A-chain escapes, in 
part, proteasomal degradation probably due to its low content in lysine residues. 
Once in the cytosol the enzymatic A chain inactivates the ribosomes [21].

Ricin toxicity is sensitive to brefeldin A and to low temperature. In contrast 
to ricin, the non toxic type 2 RIPs nigrin b and ebulin l follow a pathway that is 

Table 9.1  Toxicity of type 1 and type 2 RIPs

Rabbit lysate  
IC50 (nM)a

HeLa cells  
IC50 (nM)

Mouse  
LD50 (mg/kg)

Type 1 RIPs
Saporin 0.037 2,300 4
PAP 0.037 33,000 2.6
Gelonin 0.4 34,000 40
Type 2 RIPs
Ebulin l 0.15 64.3 2
Nigrin b 0.03 27.6 12
Ricinus communis agglutinin 0.046 n.d >0.033
Sieboldin b 0.015 11.8 >1.6
Abrin 0.5 0.0037 0.00056
Ricin 0.1 0.00067 0.003
Viscumin 3.5 0.008 0.0024
Volkensin 0.37 0.0003 0.00138

The table shows the effects of type 1 and type 2 (either toxic or non-toxic) RIPs on protein syn-
thesis by a cell-free system derived from rabbit reticulocytes lysates and their toxicity to intact 
HeLa cells and mice. The data were obtained from Refs. [1, 2, 8]
 aReduced toxin (only in type 2 RIPs): the toxin was pre-incubated with a reducing agent (such as 
2-mercaptoethanol or dithiothreitol) before testing activity
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insensitive to brefeldin A and to temperatures below 37 °C indicating that trans-
port from endosomes to the Golgi complex is not required for nigrin b and ebulin 
l A-chain translocation [8]. In fact, nigrin b was found to enter cells like ricin, but 
was more rapidly and extensively degraded, and when excreted by HeLa cells the 
nigrin b-derived material was completely inactive [22]. Thus, cell protein synthe-
sis inhibition by nigrin b seems to be a consequence of the spontaneous transloca-
tion of nigrin b from the endosome when the extracellular concentration of RIP is 
high (Fig. 9.3).

Fig. 9.3  Intracellular trafficking of ricin, nigrin b and saporin. Ricin binds to glycoproteins of 
the plasma membrane and internalizes into the cell. Only a small number of protein molecules are 
transported first to the Golgi network and then to the endoplasmic reticulum (ER). In the endo-
plasmic reticulum, the disulphide bridge is reduced and the A chain translocates to the cytosol 
by the endoplasmic reticulum-associated degradation (ERAD) pathway. In the cytosol, the A 
chain inactivates the ribosomes, inhibiting protein synthesis and causing cell death. This path-
way is sensitive to low temperature and brefeldin A. Nigrin b can bind to different glycoproteins 
on the plasma membrane and internalizes into the cell. From endosomes, protein molecules are 
mostly transported to lysosomes for degradation. However, at much higher extracellular concen-
tration, the saturation of the endosome with nigrin b can lead to a spontaneous release of nigrin b 
into the cytosol, causing ribosome inactivation. This pathway is not sensitive to low temperature 
and brefeldin A. Saporin binds in part to low-density lipoprotein receptor-related proteins and is 
internalized into the cell. Saporin cytotoxicity cannot be blocked by brefeldin A, indicating that 
the protein reaches the cytosol following a yet unknown intracellular route that does not involve 
transport to the Golgi. The orange circles represent the A chain of the three RIPs. Ricin B-chain is 
represented by green circles and nigrin b B-chain by blue circles
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Less is known about the pathway followed by type 1 RIPs, which could vary, 
because of their different interaction with cells due to the lack of the lectin chain 
that facilitates binding to intact cells. However, studies done with saporin have 
shown a clear role for cell surface receptors belonging to the low density lipopro-
tein related receptor family in mediating saporin internalization in different cell 
lines [23]. Also, saporin cytotoxicity cannot be blocked by brefeldin A indicating 
that the protein reaches the cytosol following an intracellular route that does not 
include transport to the Golgi [23] (Fig. 9.3).

9.6  Use of RIPs in Experimental Therapy

Due to the diverse activities of RIPs, extensive research has been conducted to 
investigate their use as antiviral and antitumor agents. The most promising appli-
cations of RIPs in experimental medicine, especially in anticancer therapy, are 
related to their use as components of immunotoxins, conjugates or recombinant 
chimeras in which the enzymatic RIPs are linked to tumor targeting ligands or 
antibodies that mediate their binding and internalization by malignant cells.

On the down side, because of their cytotoxic nature, type 2 RIPs present a sig-
nificant public health concern due to their potential use as bioterrorism agents. 
Ricin, for example, is a potent cytotoxin, easy to purify in large amounts, easy to 
handle and stable. For this reason extensive efforts have been made to develop a 
safe antidote or vaccine against this toxin [24].

9.6.1  Use of Unconjugated RIPs in Experimental Therapy

Interest in type 2 RIPs as anticancer agents began as early as 1970, when it was 
shown that ricin and abrin were more toxic to tumor cells than to normal cells 
[25]. Mistletoe extracts, based on their presumed immunostimulatory and antineo-
plastic effects, have been used in the complementary treatment of cancer patients, 
for more than 80 years. The active compound of these extracts is the type 2 RIP 
viscumin (MLs) which possess apoptosis-inducing effects on many types of can-
cers [26, 27]. Recently a recombinantly engineered rViscumin has been developed 
for application in cancer treatment and is being tested in phase I/II clinical studies 
[28]. Another type 2 RIP from Ximenia americana, termed riproximin, which is 
the active component of the plant material used in African traditional medicine to 
treat some forms of cancer, has shown potent antitumor activity in a rat metastasis 
model [29]. Therefore, it seems that type 2 RIPs such as viscumin, abrin or ricin 
bear apoptosis-inducing activities toward cancer cells by targeting different stages 
of apoptotic pathways [26].

Plants from Cucurbitaceae family, mainly belonging to the genus Trichosanthes 
and Momordica, have a long history of being used in old traditional Chinese 
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medicine. Trichosanthin is a type 1 RIP purified from T. kirilowii that has been 
known for around 30 years. Trichosanthin is known to possess a broad spectrum of 
biological and pharmacological activities, including abortifacient which terminates 
early pregnancy, anti-tumor, immunomodulatory, nuclease, and anti-human immu-
nodeficiency virus activities. Recently, trichosanthin has been found to induce 
apoptosis, enhance the action of chemokines and inhibit HIV-1 integrase [30]. 
Also of interest as a medicinal candidate, alpha-momorcharin, a type 1 RIP, puri-
fied from M. charantia has demonstrated strong anti-tumor growth activity and 
anti-HIV function besides abortifacient activity [31] (see Chap. 2 in this book). In 
addition, recombinant luffin, a type 1 RIP from Luffa cylindrica, displays in vitro 
cytotoxicity against various tumor cell lines [32].

9.6.2  Use of RIPs for the Construction of Immunotoxins

Another application of RIPs is the linking of them to monoclonal antibodies or 
their fragments to obtain immunotoxins that are specifically toxic to target cells 
[33–36]. The antibody (or antibody fragment) [37] binds specifically to an antigen 
on the surface of the cell to be killed and the immunotoxin internalizes through 
endocytosis following the antigen intracellular pathway. Finally the toxin translo-
cates to the cytosol and kills the cell by inhibiting protein synthesis or inducing 
apoptosis.

These kinds of therapeutic agents were first postulated by the German immu-
nologist Paul Ehrlich in 1897 who envisaged them as “magic bullets” [38]. 
However, they did not become a reality until the development of the monoclonal 
antibody, protein purification and protein cross-linking technologies. In fact the 
first immunotoxin containing a RIP was reported by Youle and Neville in 1980 
[39]. It consisted of a monoclonal antibody directed against the murine T cells Thy 
1.2 antigen, covalently linked to ricin using the crosslinking agent m-maleimido-
benzoyl-N-hydroxysuecinimide ester (MBS). The immunotoxin showed cell type 
specificity when the unwanted binding via the B chain was blocked with lactose. 
Unfortunately, the necessary use of lactose limited its use to ex vivo therapy [40].

Immunotoxins have been constructed with selected potent microbial and plant 
proteins. Among microbial proteins, Pseudomonas exotoxin or diphtheria toxin 
have been used, and among plant proteins, both type 1 and type 2 RIPs have been 
used.

Since the construction of the first immunotoxin, which was prepared by chemi-
cally linking the whole molecule of an antibody to the toxin, several kinds of 
these chimeras have been designed in order to improve several important aspects 
such as specificity, efficacy, in vivo stability, immunogenicity and unwanted side 
effects. From a strategic point of view, several types of immunotoxins have been 
designed [1]: direct immunotoxins, indirect immunotoxins (directed to a primary 
antibody) and bispecific antibodies (directed to the toxin and the target simulta-
neously). In order to prevent unwanted side effects immunotoxins have been 

http://dx.doi.org/10.1007/978-94-007-6214-5_2
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constructed with antibody fragments such as Fab’ (obtained by pepsin digestion 
and mild reduction), Fab (obtained by papain digestion), Fv (containing only 
the two antibody variable domains, VH and VL, linked by a disulphide bridge) 
and scFv (single-chain variable fragment, containing the two antibody variable 
domains connected with a short linker peptide).

The choice of the crosslinker agent is also very important. Efforts have been 
made in order to optimize the efficient release of the toxic moiety when the  
target is reached. This question has been excellently reviewed recently by Dosio  
et al. [36]. The most used RIP for the construction of immunotoxins is ricin, but as 
discussed, it is extremely toxic. For this reason attempts have been made to reduce 
the non-specificity caused by the B-chain. Approaches are based on the blockage 
of the B-chain lectin binding ability [36] or the use of the deglycosylated ricin 
A-chain (the glycosylated ricin A-chain is toxic to macrophages and Kupffer cells) 
[36]. Another approach is to use type 1 RIPs instead of ricin. The most commonly 
used are saporin, PAP and gelonin [34]. Recombinant immunotoxins have also 
been designed consisting of single-chain variable fragments (scFv) genetically 
fused to a RIP such as gelonin [41].

Immunotoxins cause several undesirable side effects and toxicities. Some of 
these adverse effects are mild or moderate like fever, nausea, vomiting, diarrhoea, 
myalgia, edema and hypoalbuminemia. Other effects are severe and could pose a 
limitation to the therapeutic use of protein immunotoxins. An increased toxicity 
may result from immunogenicity as a result of the formation of human antimouse 
antibodies (HAMA) or anti-toxin-antibodies (HATA). These antibodies may pre-
vent repeated cycles of therapy. The development of immunotoxins containing 
humanized antibodies or choosing smaller antibody formats containing only the 
variable domains may in part resolve these problems. Many efforts are being made 
also to decrease immunogenicity of the toxin moiety.

The most common toxicity in patients treated with immunotoxins, in par-
ticular ricin A chain-based ones, is vascular leak syndrome (VLS) character-
ized by an increase in vascular permeability caused by the weak binding of the 
immunotoxin to normal endothelial cells. Another typical toxicity related to 
immunotoxin administration is hepatotoxicity that is attributed to the binding 
of basic residues on the targeting Fv to negatively charged hepatic cells. Renal 
toxicity is also observed following treatment with immunotoxins. Moreover, 
successful treatment of solid tumors faces several obstacles including poor pen-
etration into tumor masses and the immune response to the conjugate. Tumor 
progression is characterized by the formation of a neovasculature, which sup-
plies tumor cells with oxygen and nutrients. The formation of new blood vessels 
(angiogenesis) is necessary for the growth and metastatic spread of solid tumor. 
Immunoconjugates containing RIPs targeting the tumor neovasculature have 
been designed and some of them have considerable potential for use in cancer 
therapy [7].

Immunotoxins have been included in experimental therapies against various 
malignancies, often achieving promising results but also often causing severe side 
effects in patients. Among RIPs, ricin, saporin and gelonin have been widely used 
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to construct anti-cancer immunotoxins. The subject has been dealt with in a num-
ber of recent reviews [33–37] and for this reason only some selected examples are 
shown in Table 9.2.

Briefly, clinical trials with RIP-containing immunotoxins have been con-
ducted against hematologic malignancies and solid tumors. Clinical studies have 
been carried out using both blocked ricin and its A-chain (glycosylated or degly-
cosylated) linked to several monoclonal antibodies for the treatment of acute 
lymphoblastic leukemia, B cell non-Hodgkin’s lymphomas, Hodgkin’s disease, 
cutaneous T cell lymphomas, graft-versus-host disease, haploidentical stem cell 
transplantation and T cell non-Hodgkin’s lymphoma. Regarding solid tumors 
clinical applications of ricin-based immunotoxins include melanoma, colorec-
tal cancer, small cell lung cancer, leptomeningeal neoplasia and breast cancer. 
Additionally, type 1 RIPs such as PAP, saporin or gelonin have been used in 
immunotoxins tested in clinical trials in patients with acute lymphoblastic leukae-
mia, Hodgkin’s disease and myeloid malignancies.

9.6.3  Use of Other RIP Conjugates

Targeting can also be performed using tumor-specific ligands. Cancer cells over-
express cell-surface receptors including growth factor, transferrin and interleukin 
receptors. Several conjugates consisting of a tumor-specific ligand (cytokine, growth 
factor, transferrin or peptide hormone) coupled to a toxin by genetic fusion or by 
chemical ligation have been produced. The targeting protein or ligand binds to cell 

Table 9.2  Selected examples of clinically evaluated/under evaluation immunotoxins

Immunotoxin Target RIP Target diseases Phases

Combotox CD19/CD22 dgA NHL, ALL I
IMTOX-25 CD25 dgA HD, CTCL, GVHD,  

HSCT, melanoma
I,II

Anti-B4-bR CD19 Blocked ricin NHL II,III
F(ab’)2BsAb CD22 Saporin NHL I
BER-H2-Saporin CD30 Saporin HD I/II
Hum-195/rGel CD33 Gelonin AML, CML I
B43-PAP CD19 PAP ALL I
XomaZyme-Mel Melanoma Ricin A-chain Melanoma I,II,I/II
N901-bR CD56 Blocked ricin SCLC I,II
Anti-CEA-bR CEA Blocked ricin Colorectal cancer I/II

The data were obtained from the references cited in the text
Abbreviations ALL (acute lymphoblastic leukemia); AML (acute myelogenous leukemia); CEA 
(carcinoembryonic antigen); CML (chronic myelogenous leucemia); CTCL (cutaneous T cell 
lymphoma); dgA (deglycosylated ricin A-chain); GVHD (graft-versus-host disease); HD (Hodg-
kin’s disease); NHL (non-Hodgkin’s lymphoma); HSCT (haploidentical stem cell transplanta-
tion); SCLC (small cell lung cancer)
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surface receptors and are subsequently internalized by endocytosis, resulting in cell 
death. The toxin moiety requires internalization and translocation to the cytosol to 
achieve the cytotoxic effect by inactivating cytosolic protein synthesis and inducing 
apoptosis [35, 42].

The transferrin receptor, a cell membrane-associated glycoprotein involved in iron 
homeostasis and cell growth, has been explored as a target to deliver therapeutics 
into cancer cells due to its increased expression on malignant cells. Conjugates have 
been made using the plasma protein transferrin as a carrier fused to several RIPs such 
as ricin A-chain [43], saporin [43], nigrin b [7] and ebulin l [7]. These conjugates 
have demonstrated anti-tumor activity in several in vitro and in vivo models [43].

Epidermal growth factor receptor (EGFR) is overexpressed in many different types 
of solid tumors and is associated with metastasis and poor prognosis. Several anti-
cancer conjugates targeting the EFGR have been developed. Recombinant saporin 
has been linked to EGF both directly and via an adapter. Both conjugates were very 
effective in inhibiting an oral squamous cell carcinoma cell line. More importantly, 
the authors observe a significant reduction in the number of colonies formed [44].

Fibroblast growth factor receptors (FGFRs) are a family of at least 12 different 
proteins. Many solid tumors express receptors binding FGF2. FGF2-saporin was the 
first recombinant fusion chimera based on saporin expressed in E. coli shown to be 
highly selective and cytotoxic towards FGF2 receptor-expressing cells [45]. The con-
jugate also showed significant anti-proliferation activity when tested in animal mod-
els of human ovarian teratocarcinoma or melanomas in a combination therapy [46].

Another antitumor therapy approach involves the vascular endothelial growth 
factor (VEGF). VEGF-gelonin fusions contain a highly selective carrier, target-
ing tumor endothelial cells. This fusion protein is able to inhibit tumor growth and 
metastasis dissemination [47].

The therapeutic efficacy of natural ligand-toxin conjugates can be limited by 
the intracellular trafficking pathway followed by endogenous ligands. To improve 
the therapeutic efficacy of ligand-drug conjugates, research groups are developing 
new approaches for engineering the ligands to be more effective drug carriers [42].

Finally, the use of pure lectins for targeting has also been proposed [7]. 
Conjugates containing nigrin b as the toxic portion and the mucin-binding lectins 
SELld or SELfd as the targeting molecule, proved to be effective in killing COLO 
320 and HeLa cells. In contrast, the free lectins had a very small or no effect on 
cell viability. SELld and SELfd are type 2 RIPs-related dimeric lectins isolated 
from the leaves and fruits of Sambucus ebulus respectively. These results open the 
possibility of using pure lectins as targeting molecules for cancer therapy.

9.7  Conclusions and Perspectives

Since their discovery, RIPs have been the subject of extensive investigation due to 
their strong enzymatic activity and toxicity. These enzymes share common prop-
erties such as conserved active site residues and reaction mechanisms. RIPs are 



140 L. Citores et al.

N-glycosidases capable of inhibiting protein synthesis by depurinating rRNA. 
However, the diversity among RIPs and their activities toward different targets 
make it difficult to extrapolate results in attempting to characterize the biological 
role of RIPs in plants. Discovery of multiple enzymatic activities in some RIPs, 
which can depurinate not only ribosomal substrates but may also damage DNA 
or RNA of pathogens and host cells, makes the picture more complicated. RIPs 
are broadly distributed in plants; however there are no systematic screening stud-
ies to generalize their occurrence. Results from such studies might provide new 
information about the phylogenetic distribution, structure and functions of RIPs. 
Also solving the three-dimensional structure of more RIPs will facilitate the elu-
cidation of RIP structure–function relationships and will add valuable information 
regarding the structural homology of the RIPs. Plants produce RIPs that are able 
to kill mammalian cells once delivered to the cytosol. In mammalian cells, both 
type 1 and type 2 RIPs have been related to apoptosis. The mechanisms by which 
apoptosis is activated by a particular RIP may differ and may be independent of 
protein synthesis inhibition. Therefore, the process of RIP uptake and transport 
in cells needs more investigation in order to understand the mechanism by which 
RIPs lead to cell death. Knowing how they target cells will make it possible to use 
them to our advantage in medicine. RIPs have a potential as therapeutic agents if 
the toxicity can be specifically directed. RIP-containing conjugates have been used 
in many experimental strategies against cancer cells, often showing excellent clini-
cal activity, for example immunotoxins targeting hematological malignancies. A 
major limitation of immunotoxins is the development of neutralizing antibodies to 
both the toxic and the carrier portions of the conjugate together with the develop-
ment of VLS and hepatotoxicity. However, there have been significant advance-
ments in the design of new immunotoxins that reduce side effects on normal cells. 
From the progress over the past twenty years it is apparent that immunotoxins are 
having an increasing impact in experimental therapy.
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Abstract Toxin domains from plants or bacterial origin (such as Diphtheria 
toxin (DT) or Pseudomonas exotoxin A (PEA), which are endowed with ADP-
ribosylation activity of the Eukaryotic elongation factor-2) have been extensively 
exploited for research and therapeutic purposes. Denileukin diftitox is the first 
FDA approved recombinant fusion toxin between a truncated diphtheria toxin and 
human interleukin-2 for the treatment of cutaneous T cell lymphomas. Ribosome-
inactivating proteins (RIPs) are also a class of potent inhibitors of protein synthe-
sis that act differently, by catalytically depurinating an adenine residue (A4324 in 
rat) exposed in an universally conserved stem-loop region of 23/26/28S riboso-
mal RNA (rRNA), also known as the “α-sarcin loop”. This causes an irreversible 
block in protein synthesis, leading to apoptotic cell death of mammalian target 
cells. RIP-containing conjugates have been used in the therapy of cancer and 
other incurable diseases with potential promising results and failures. In the last 
decade, many research efforts have been dedicated to the development of more 
efficient and less immunogenic chimeric fusions. In this chapter we will mainly 
focus on plant RIPs with the aim to report some of the most promising biomedi-
cal applications currently under investigation and further discuss their future 
perspectives.
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10.1  Introduction

Ribosome-inactivating proteins (RIPs) belong to the N-glycosidase family of 
toxins (EC3.2.32.22) able to specifically and irreversibly inactivate the large 60S 
ribosomal subunits and thereby inhibit protein synthesis. Most plants and bacterial 
RIPs, such as Shiga and Shiga-like toxins from the bacteria Shigella dysenteriae 
and the Shigatoxigenic group of Escherichia coli (which include other enterohe-
morrhagic E.coli strains) in fact exert their toxic effects by depurinating a specific 
adenine base (A4324 in the rat 28S ribosomal rRNA) located in the universally 
conserved GAGA-tetraloop, also known as the α-sarcin/ricin loop, present in 
23/26/28S rRNA (Fig. 10.1). This results in the inability of the ribosome to bind 
elongation factor 2, thus irreversibly blocks translation [1, 2]. RIPs are widely dis-
tributed in nature but are found predominantly in plants, bacteria and fungi. Since 
plants cannot run away from their predators, some have developed defense sys-
tems based on toxin accumulation in leaves, seeds and other tissues where RIPs 

Fig. 10.1  RIPs act on a conserved loop in 23/25/28S rRNA. Alignment of 23/25/28S rRNA 
sequences containing the GAGA conserved tetraloop targeted by RIPs (in yellow) (a). Three- 

dimensional structure of the rat tetraloop; the GAGA bases and the targets of RIPs and α-sarcin 
are indicated. b Depurination of the adenine A4324 by RIPs irreversibly blocks the ribosomal 
activity (c)
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may represent effective weapons plants used to ensure the maintenance of the 
species. Most RIP-expressing plants present multigene families as in the case of 
saporins [3], PAP [4] or ricin gene family [5], that seem to be under a clear selec-
tive gene pressure [6]. Indeed, all the isoforms of saporin are coded by a small 
gene family [7] with limited sequence variations, allowing to suppose a duplica-
tion of a common ancestor gene. Plant RIPs have been classified into three main 
types: Type I is composed of a single polypeptide chain of approximately 30 kDa, 
Type II is a heterodimer consisting of an A chain, functionally equivalent to the 
Type I polypeptide (Fig. 10.2) [8], linked to a B subunit which is endowed with 
lectin-binding properties [9] while Type III are synthesized as inactive precursors 
(ProRIPs) that require proteolytic processing events to form an active RIP and 
are not in use for therapeutic purposes. Different enzymatic activities besides the 
N-glycosidase one have been ascribed to the RIPs from plants [10], although they 
are still controversial. Indeed, the deoxyribonuclease activity attributed to ricin 
was clearly demonstrated to depend upon a nuclear contamination, [11] similarly 
to the one previously reported for saporin [12].

The ricin AB dimer is the prototype plant Type II RIP whose biochemical 
features, catalytic activity, biosynthetic pathway, and intracellular transport in intox-
icated cells have been studied in greatest details so far [13, 14]. Ricin is among the 
most potent poisons known in nature showing potency in the low picomolar range 
thanks to its galactose-B-lectin domain that binds to cell surface exposed glycans 
and mediates toxin entry into most mammalian cells. Once endocytosed, the ricin 
heterodimer is able to be retrogradelly transported along the secretory route where 
in the endoplasmic reticulum the SS bridge linking A to B domain is reductively 
broken [15], leaving free unfolded A chain to undergo retrotranslocation into the 
cytosol where it rapidly refolds to inactivate target ribosomes. Conversely, type I 
RIPs have been demonstrated to follow different intoxication routes [16–18].

The most promising ways to exploit plant RIPs as weapons is to mimic ricin 
action either by designing molecules in which the toxic RIP domain(s) are linked 
to selective tumor targeting domains or directed against the desired cellular targets 
via ligand domains or simply by directly delivering complexed DNAs, as suicide 
genes for cancer gene therapy approaches.

10.2  Biochemical and Structural Characteristics  
of Plant RIPs

Many plant species (at least 50 plant species belonging to 17 different families, 
among them Cucurbitaceae, Euphorbiaceae, Poaceae, and families belonging to 
the superorder Caryophyllales) produce RIPs (for a more detailed description, 
please refer here to Chap. 11 by Ferreras and collaborators), although they are not 
found in many others. Type I RIPs usually show a high content in basic amino 
acids (almost 10 % Lysine in saporin) that confers to these toxins a high IP (>9) 
[19], greatly differing from Type II RIPs that are instead neutral proteins, very 

http://dx.doi.org/10.1007/978-94-007-6214-5_11
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poor in lysines. These crucial differences may also reflect the different intoxica-
tion pathways followed by Type I and Type II RIPs in mammalian cells. The low 
lysine content of Ricin A chain (RTA) allows the toxin to avoid proteasomal deg-
radation, most likely by hampering efficient cytosolic ubiquitination [20]. The 
sequence identities between RTA and Type I RIPs (Fig. 10.2) are low and found 
to be respectively: Saporin 22 %, Gelonin 30 %, PAP 29 %, Thricosanthin 35 
%, Dianthin 19 %, Bouganin 29 %, Momordin 33 % and Momorcharin, 33 %. 
Several residues are highly conserved among RIPs, including amino acids found 
within the catalytic cleft and few others surrounding it are also highly conserved 
among Type I and Type II RIPs and belong to the “N-glycosidase signature” 
which includes Tyr80, Tyr123, and the key active site residues Glu177, Arg180, 
and Trp211 in RTA. However, as can be seen in the protein alignments between 
some Type I RIPs used for targeted therapies with the toxic A chain of ricin, amino 
acids and secondary structures may vary consistently [21]. Glu176 and Arg179 in 
saporin-6 (as Glu177 and Arg180 in RTA) are thought to be directly involved in 
catalysis. However, while a RTA Glu176 mutant was 20-fold less active than wild-
type A chain in inhibiting translation in a reticulocyte lysate, the Arg179 saporin 
mutant was 200-fold less active [22]. A complete loss of in vitro and in vivo 
saporin cytotoxicity can be achieved when Glu176 and Arg179 are both mutated 
to lysine and glutamine residues, respectively. This double mutant (termed KQ) is, 
indeed, devoid of all the detrimental effects associated with RIP expression in sev-
eral hosts [12, 23, 24]. Interestingly, mutation of Trp208 in saporin did not impair 
its in vitro enzymatic activity and cytotoxicity [22], but this same residue has 
been demonstrated to be crucial for the structural integrity of PAP [25]. Despite 
differences in amino acid sequences, the overall three-dimensional fold is well 
conserved among RIPs as estimated by the superimposition of the 3D structures 
of several Type I RIPs with the one of RTA (Fig. 10.3), which demonstrates that 
RTA and Type I RIPs all share a common “RIP fold” characterized by the pres-
ence of two major domains: an N-terminal domain, which is mainly beta-stranded, 
and a C-terminal domain that is predominantly alpha–helical. Although within the 
primary sequence comparisons certain tyrosine residues would appear conserved 
and aligned, saporin Y120 would instead appear to superimpose with F119 of PAP 
in 3D structures. (Fabbrini and Ippoliti unpublished observations). Insertions and 
deletions, as compared to PAP, momordin from Momordica charantia L. and RTA 
were found to lay mainly in random coil regions [26].

10.3  Heterologous Expression of RIPs and Chimeric 
Fusions

To avoid self-intoxication, most of the plants synthesize RIPs as pre-pro precursor 
proteins. Ricinus communis cells protect themselves from ricin activity, by pro-
ducing an inactive single chain precursor which is then transported to the storage 
vacuoles and activated into SS linked A and B chains [27]. To date bacterial, 
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Fig. 10.2  Amino acid sequence alignment of different type I RIPs compared to Ricin A chain 
(RTA). Conserved residues crucial for the catalytic activity are boxed: Tyr 83, Tyr123, Glu177, 
Arg180 and Trp211 in RTA
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yeast and model plant cells have been used to produce RIPs or RIP-based chi-
meric fusions. One common problem faced during the production of recombinant 
RIPs resides in their intrinsic toxicity toward the host ribosomes. Initial attempts 
to express recombinant Type I RIPs in E. coli were problematic, because, upon 
induction of RIPs, the bacterial growth rate was significantly impaired, as reported 
in the case of Mirabilis antiviral protein [28], PAP [29], as well as saporin [7]. 
Both in vitro depurination assays [2], with the observation that E. coli ribosomes 
were found depurinated in vivo [29], confirmed that host toxicity was due to 
RIP catalytic activity. Although the toxin expression can be tightly regulated by 
employing the E. coli strain BL21(λDE3)pLysS to get a satisfactory yield in PAP 
[29], in dianthin [30], and saporin (or saporin fusions) [21, 31–34] in some cases 
the protein may accumulate inside the cell as an insoluble fraction from which 
the full RIP activity is not easily recovered [35]. Endotoxin contamination [36] 
together with inefficient folding of certain secretory targeting domains appear as 
the main disadvantages of the bacterial expression systems, prompting the recent 
development of eukaryotic expression systems. The ATF-saporin fusion provides a 
typical example of a chimeric toxin difficult to express at high levels and in solu-
ble form in bacterial hosts. A model system for the production of the ATF-saporin 
chimera was developed consisting in RNA micro-injection of Xenopus laevis 
oocytes that were protected with neutralizing anti-saporin antibodies injected into 
the cytoplasm in order to preserve oocyte’s full translation capability [37].

In the last years, the methylotrophic yeast Pichia pastoris has been demon-
strated to be a suitable platform for the expression of recombinant proteins includ-
ing some fusion toxins, allowing protein post-translation modifications and a 
several-fold yield improvement in product with respect to bacteria [38]. Neville’s 
group has been one of the first pathfinders in the expression of recombinant 

Fig. 10.3  Three-dimensional 
structure of different Type 
I RIPs and ricin A chain 
(RTA). Superimposition of 
secondary structure elements 
of Saporin (red, PDB code 
1QI7), Gelonin (pink, 3KU0), 
PAP (magenta, 1GIK), 
Trichosanthin (cyan, 1QD2), 
Dianthin (yellow, 1RL0), 
Bouganin (grey, 3CTK), 
Momordin (orange, 1 MOM), 
Momorcharin (blue, 1AHA), 
RTA (green, 1J1 M)
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Diphtheria toxin-based immunotoxin fusions in P. pastoris: they found GS115 
strain particularly tolerant to this bacterial toxin [39] and could express several chi-
maeras successfully. P. pastoris has been exploited also to produce large amounts 
of secreted recombinant PAP showing same enzymatic activity of native PAP puri-
fied from Phytolacca americana L. Toxicity was likely prevented through rapid and 
efficient secretion of the toxin into the culture medium. [40]. Using different Pichia 
strains, (GS115 (His4)) was found more tolerant towards saporin and both active 
saporin as well as ATF-Saporin were successfully produced in P. pastoris following 
codon-usage optimization which greatly increased their expression levels [12]. This 
expression system could become a great resource in chimeric RIP’s expression due 
to its limited costs, ease of manipulation, ability to perform complex post-transla-
tional modifications, and high expression levels in high scale in fermentors.

Finally, another way to produce recombinant plant RIPs has been explored by 
the use of plant tobacco protoplasts. However, saporin precursor was found very 
toxic towards this expression system [24]. Interestingly, the native preproricin con-
struct could be expressed in tobacco protoplasts and its processing, glycosylation, 
and targeting to the vacuole occurred normally with no toxicity detected [41]. In 
contrast, the expression of an orphan secretory ricin toxic A chain (RTA) polypep-
tide resulted in the retro-translocation of RTA to the cytosol followed by inhibi-
tion of protein synthesis [41]. This suggesting once again that RIP toxicity could 
be detrimental also for the tobacco protoplast expression system. Indeed, among 
the various constructs expressed in transgenic tobacco plants, preprotrichosanthin 
was properly processed and the protein translation inhibitory activity of purified 
toxin was similar to native one only when the expressed precursor also included 
the C-terminal propeptide [42], suggesting in the latter an efficient segregation of 
this RIP.

10.4  IT-Therapeutic Potential and Applications

10.4.1  Toxins-Based Therapy of Hematological Tumors

Over one century ago, Paul Ehrlich elaborated the concept of “magic bullet”, a 
drug that selectively targets a pathogen/cellular target, thus being innocuous for 
the surrounding healthy tissues. This concept was to some extent realized by the 
discovery of monoclonal antibodies, providing antigen-specific binding affin-
ity [43]. The identification of specific antigens over-expressed at the surface of 
malignant cells, together with the development and the large-scale production of 
monoclonal antibodies, allowed the first generation of immunotoxins (ITs) to be 
created (Fig. 10.4). ITs are composed of a toxic domain chemically conjugated 
to an antibody or genetically fused to antibody fragment(s) which confer selec-
tive specificity to the IT target. More recently, ligand targeted toxins have also 
been developed, where a specific targeting ligand (usually a growth factor domain) 
replaces the antibody domains (Figure 10.4). ITs made of domains of the bacterial 
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Pseudomonas exotoxin A (PEA) and the diphtheria toxin (DT) together with the 
plant RIP ricin are the most studied toxins employed for therapeutic purposes [44], 
but several others are currently undergoing clinical evaluation, mostly in the con-
text of oncological diseases. Toxins are potent, natural weapons since their toxicity 
has been increased by natural selection over millions of years, such as only minute 
amounts of molecules are needed to exert devastating effects.

The first-generation of ricin ITs were made by blocking the binding activity of 
the toxin (sugars in the case of ricin B chain). Among drawbacks were their poor 
stability, lack of specificity and heterogeneous composition(s), determining high 
variability among batches. The second-generation ITs were prepared with toxins 
that lack non-specific binding domains, conjugated with intact antibody or with 
a fragment antigen binding (Fab). The Fab construct gives a more uniform and 
smaller product which also potentially enables greater tumor penetration. The 
third-generation ITs are wholly recombinant molecules transcribed from a single 
DNA: such single-chain IT incorporates single-chain variable fragment (scFv) of 
the antibody (Fig. 10.4) [45].

Hematologic tumors are good candidates for ITs and ligand toxin treatments: 
they show distinct cell lineages with stages of differentiation expressing well-
characterized surface target molecules, with the malignant cells being easily accessi-
ble by the ITs in the bloodstream [46]. One critical aspect in using mouse hybridoma 

Fig. 10.4  Plant RIPs have been employed to prepare immunotoxins (IT) and ligand targeted 
(LT) toxins. Schematic representation of the antibody and its fragments used in the IT prepara-
tion (a). First (I), second (II) and third (III) generation of plant RIP-based ITs. LT toxins have 
been developed in parallel (b). Several mature type I RIPs have been employed in place of RTA 
to generate II generation ITs. Fc: fragment crystallizable; Fab: fragment antigen-binding; scFv: 
single-chain variable fragment; VL: Variable fragment of antibody light chain; VH: Variable 
fragment of antibody heavy chain; CL: light chain variable domain; CH: heavy chain constant 
domain. Light chains are in yellow and heavy chains in blue
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derived antibodies for the IT construction is the recognition by the human immune 
system with induction of human anti-mouse antibody (HAMA) responses, resulting 
in short half-life, reduced efficacy, and in some cases increased toxicity in repeatedly 
treated patients [47].

Denileukin diftitox (Ontak) was the first IT-like drug approved by the Food 
and Drug Administration (FDA) for the treatment of cutaneous T cell lym-
phoma (CTCL). It is a genetic fusion between the catalytic domain of DT and 
the cytokine interleukin-2 (IL-2) [48]. In the pivotal phase III trial in 71 CTCL 
patients, a 30 % response rate was achieved, including 10 % complete remissions 
[49]. This approved recombinant fusion toxin represents a milestone in the cancer 
therapy field. IL-2 receptors have been targeted also by PEA and ricin based ITs. 
A single-chain IT including the Fv of an antibody to the CD25 subunit of the IL-2 
receptor was fused to a 38-kDa fragment of the PEA (PE38) and was administered 
to 35 patients with chemotherapy-resistant leukemia, lymphoma, and Hodgkin’s 
Disease (HD), resulting in a response rate of 40 % in the 20 patients receiving 
upper dose levels [50]. A phase I/II trial for treatment of CD25 positive CTCL 
and Chronic Lymphocytic Leukemia (CLL) were recently completed and others 
have now been initiated in adult T cell leukemia/lymphoma (ATL) and Hairy-
Cell Leukemia (HCL). Treatment with an IT containing the anti-CD25 antibody 
chemically conjugated to deglycosylated ricin A-chain (dgA) demonstrated a more 
slowly clearance from blood stream [51] and resulted in a response rate of 11 % in 
refractory HD patients in a phase I/II study [52]. A Phase II study evaluating the 
side effects and efficiency of anti-CD25 dgA treatment in patients with CTCL was 
recently completed while a phase II study of ATL is currently recruiting partici-
pants. DgA has been conjugated to several other monoclonal antibodies, namely, 
CD19 [53], CD22 [54] and CD30 [55] to be tested in phase I trials showing mod-
erate efficacy accompanied by systemic toxicity: vascular leak syndrome (VLS) 
was a common dose-related toxicity in these studies. Concerning Type I RIPs, an 
anti-CD19-PAP IT was tested in a phase I dose escalation study conducted on 17 
relapsed patients with B-lineage acute lymphoblastic leukemia (ALL), resulting in 
four complete remissions, one partial remission and in a rapid reductions in num-
bers of leukemic blasts in circulation in additional five patients [56]. Anti-CD30 
saporin IT was administrated to four patients with advanced refractory HD, result-
ing in a rapid and substantial reduction in tumor mass (50 % to >75 %) in three of 
them. Unfortunately, the clinical responses were transient (6–10 weeks) with anti-
bodies developed in all subjects [57].

In animal models, a 3-day treatment with nontoxic doses of the same IT 
induced complete remissions in 80 % of mice carrying anaplastic large-cell 
lymphoma, suggesting its possible role as adjuvant therapy in patients with 
CD30+ ALCL refractory to standard treatments [58]. Similar results were 
obtained by using IT containing anti-CD30 covalently linked to momordin or PAP 
and the sequential administration of two anti-CD30 ITs (momordin and saporin) 
was well tolerated and did not result in formation of antibodies cross-reacting 
with the two plant toxins [59]. Pursuing this strategy, combined administrations 
of ITs with different toxic or targeting moieties have been proposed. Treatment 
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with momordin, saporin and PAP conjugated to anti-CD22 monoclonal antibodies, 
alone or in combination, significantly extended the survival time of mice bearing 
transplanted Daudi (human Burkitt’s lymphoma) cells [60]. A combination of anti-
CD19, -CD22, and -CD38-saporin ITs (3BIT) cured severe combined immunode-
ficient mice injected with the human B cell lymphoma cell line Ramos, resulting 
in 100 % disease-free survivors at 300 days [61]. This approach could likely over-
come the problems arising from heterogeneity of target antigen expression that can 
limit the therapeutic efficacy of a single-IT therapy. To address this point, poly-
clonal antibodies, which recognize multiple antigens on a wide range of cells, thus 
reducing the escape of neoplastic clones during immunotherapy, have been used. 
Anti-thymocyte globulins (ATG), consisting of a mixture of polyclonal antibod-
ies specific for cell surface proteins, have been conjugated to saporin, showing 
a strong cytotoxic effect on five lymphoma- and leukemia-derived cell lines, as 
well as on activated lymphocytes while sparing non-hematological cell lines [62]. 
Saporin, in particular, has been extensively studied to construct anti-cancer conju-
gates because of its high enzymatic activity, stability and resistance to conjugation 
procedures, resulting in efficient killing of target cells [63].

Gelonin is one of the most promising plant toxins used to construct several 
recombinant ITs. rGel (recombinant Gelonin)/BlyS (B-lymphocyte stimulator) 
is a toxin-cytokine fusion protein used for selective killing of malignant B cells 
expressing receptors for B-cell-activating factor. In an immunodeficient trans-
plant model for human acute lymphoblastic leukemia it showed prolongs survival 
of ALL-bearing mice. The co-administration of AMD3100, a CXCR4 antagonist, 
with the aim to mobilize the leukemic cells protected in the bone marrow (BM) 
microenvironment, resulted in a significant reduction of the tumor load in the BM 
and complete eradication of ALL cells from the circulation [64].

A recent frontier in the in hemato-oncology approaches consists in the tar-
geted elimination of leukemia stem cells (LSC), exploiting selective expression of 
LSC-associated surface antigens. This approach allows the eradication of therapy-
resistant malignant cells with self-renewal capacity as well. Anti-CD123-PE38 
toxin was proven to be cytotoxic in leukemic cell lines and the efficacy of various 
CD123-targeted immunoconjugates is currently under investigation [65].

The overall results achieved so far in the treatment of hematological tumors 
suggest that RIP may have still a potential for being an useful tool in cancer ther-
apy, in addition to the traditional surgery, radio or chemotherapy, especially for 
relapsed patients.

10.4.2  Bone Marrow Purging

Conventional chemotherapeutics for acute myelogenous leukemia (AML) and 
acute lymphoblastic leukemia (ALL) results in 60–80 % remission, but unfor-
tunately patients are prone to relapse with around 18 months median survival 
time without heterologous bone marrow transplantation which can be applied 
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only to a subset of patients (about 40 %) finding HLA-matched donors [66]. 
Autologous bone marrow transplantation has been shown to be potentially effec-
tive, but hematopoietic recovery is slow and infectious or bleeding complications 
are also common. Another experimental approach is to use “toxin purging” in 
selected cases. A pioneering study showed an anti-CD5-saporin immunotoxin was 
employed to purge ex vivo bone marrow from a patient with T cell ALL in sec-
ond remission who was treated with high doses of chemotherapy and radiotherapy, 
however, 22 days after the autologous transplantation the disease relapsed in the 
bone marrow with the same phenotype as at the onset. Retrospective analysis of 
the transplanted marrow cells revealed a graft contamination of a small share of 
malignant T cells [67]. The complete eradication of the very aggressive and poten-
tially lethal cancer cells remains an open challenge to be addressed.

Over the years, different targets and toxins have been studied and proposed for 
the purging [68, 69]. As potential candidate for therapeutic use, an IT formed by 
gelonin conjugated to anti-CD33 antibody directed to an antigen presented in leu-
kemic blasts of most patients, but absent in the earliest progenitor bone marrow 
cells has been proven to effectively purge HL60 leukemia cells from an excess of 
normal bone marrow cells in vitro [70]. A phase I/II clinical study aimed to deter-
mine the optimal dose of gelonin based IT for stem cell purging in patients with 
acute myelogenous and leukemia myelodysplastic syndrome to allow for rapid 
engraftment with a lower relapse rate and to therefore improve the therapeutic 
outcomes has been recently terminated (NCT00043810). Briefly, autologous stem 
cells, that were used for the transplant, were collected from patients and treated in 
the laboratory with the anti-CD33-gelonin conjugate. This procedure eliminated 
most leukemia cells without damaging the normal stem cells. After chemotherapic 
treatment, patients received their previously stored stem cells through a blood 
transfusion. At present, an analogous phase II study is ongoing where a conju-
gate combining IL-2 and diphtheria toxin has been used for stem cells purging in 
peripheral T cell lymphoma patients (NCT00632827).

The cell-surface glycolipid CD77 is another potentially interesting target, as 
its expression is restricted to a subset of activated B cells and derived cancers, 
such as Burkitt’s lymphoma. CD77 is the natural ligand of the Shiga-like toxin-l 
which was proven to be very effective in animal model purging of bone marrows 
obtained from SCID mice, seeded with Burkitt’s lymphoma cells, leading to sub-
stantial increase in disease-free survival animals [71].

Efficiently purging stem cells or bone marrow can be considered a relevant step 
towards the achievement of a cure but this has necessarily to go through a great 
improvement in the detection techniques of residual malignant cells among the 
purged cells in order to avoid the relapses, as in the initial pioneering studies.

10.4.3  Toxin-Based Therapy of Autoimmune Disorders

Autoimmune diseases such as type 1 diabetes mellitus or multiple sclerosis 
origin from chronic organ-specific damage mediated by autoreactive T cells. 
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Self-perpetuating T cell responses make ineffective most of the therapies and may 
have pathologic consequences in allotransplantation leading to the rejection of the 
implanted organ. Since the long-term administration of immunosuppressive agents 
after transplantation displayed risks of side toxicity and infections [72, 73], toxin-
based approaches have been assayed. Almost 30 years ago, Rennie et al. showed 
that ricin conjugated to the autoantigen thyroglobulin specifically suppressed the 
auto-antibody response of lymphocytes from patients with Hashimoto’s thyroidi-
tis [74]. In the following three decades, various toxins have been used to coun-
teract the T-cell response in autoimmune disorders. Saporin conjugated to MHC 
class I tetramer has been proven to selectively kill antigen-specific CD8+ T cells 
in vitro [75]. A fusion protein consisting of gelonin and an acetylcholine receptor 
fragment prevented the onset symptoms of myasthenia gravis in a rat model [76]. 
RTA conjugated to anti-CD64, an antigen overexpressed in rheumatoid arthritis 
synovial macrophages, showed effective clearance of activated synovial inflamma-
tory macrophages in vitro [77]. Along the same line of research, the treatment of 
SCID mice engrafted with rheumatoid arthritis synovial tissue with a PEA based 
IT reduced the numbers of macrophages, activated fibroblast-like cells, endothe-
lial cells, and proliferating cells [78]. Recently, a panel of ITs made by fusion to 
the B cell motif c-myc epitope, as a model targeting sequence, has been tested  
ex vivo on native splenocytes [79]. Since the screened toxins so far showed variable 
responses, this novel approach could be expanded to plant RIPs, as well.

10.4.4  Toxins-Based Therapy of Solid Tumors

ITs have been mainly developed against lymphomas and leukemia, since they 
could be injected into the blood stream and would more easily find their path 
against target tumor cells. However, interesting results could be obtained in certain 
solid tumors, as well. Conjugates between plant RIPs and different growth factors 
whose receptors are overexpressed on the cell surface of malignant cells have been 
developed and tested in vitro and some in vivo.

Saporin linked to epidermal growth factor (EGF) has been assayed in mouse 
models of human breast carcinoma [80], adenocarcinoma [36] and cervical can-
cers [81] overexpressing EGF receptor (EGFR), leading in all cases to a consistent 
tumor growth reduction. Among them, a saporin fusion to epidermal growth fac-
tor via a cleavable adapter (SA2E) was investigated for its efficacy in inhibiting 
tumor growth and reduced side effects in vivo. Indeed, a lethal dose for BALB/c 
mice was three-times less for the adapter-containing toxin than for the adapter-free 
construct (SE) [36]. Furthermore, SE only reduced the average weight of induced 
tumors by 33 % whereas SA2E-treated mice exhibited a 71 % reduction show-
ing an almost complete suppression in 60 % of the cases. Finally, the combined 
application of non permeabilizing concentrations of triterpenoid natural saponins 
increased cytotoxicity of SA2E on murine tumor cells transfected with human 
EGFR by almost 20,000-fold [82]. A fusion protein of anti-EGFR single-chain 
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variable fragment and gelonin was assessed on EGFR-overexpressing non-small 
cell lung cancer-derived cell lines and xenografts in nude mice: the IT inhibited 
cell proliferation and induced a significant suppression of tumor growth [83].

Mice bearing human melanoma, teratocarcinoma or neuroblastoma cells were 
treated with basic fibroblast growth factor (bFGF) conjugated saporin. Significant 
tumor inhibition was seen after 1 month treatment and complete tumor regres-
sion was observed in 20 % of the neuroblastoma xenografts [84]. The same con-
jugate was also tested in murine melanoma leading to inhibition of tumor growth 
and metastatization and increased survival time [85]. The bFGF-saporin conjugate 
induced dramatic tumor reduction in nude mice bearing a prostatic carcinoma 
cell line [86]. Prostate cancer was also targeted by ITs: in mice bearing prostate 
carcinoma cells saporin was coupled to the prostate specific marker PSMA [87] 
and to anti-CUB domain-containing protein 1 [88], widely expressed in tumors. 
In the first case the IT inhibited metastasis, but not primary tumor; in the latter it 
significantly inhibited tumor growth. Mice bearing human pancreatic carcinoma 
cells treated with anti-carcinoembryonic antigen-related cell adhesion molecule 6  
(CEACAM6) antibody followed by secondary SAP-conjugated immunoglobu-
lin showed a marked reduction in mean tumor volume and in some cases tumor 
regression [89]. The receptor protein tyrosine phosphatase β (RPTPβ), primarily 
overexpressed in astrocytic tumors, facilitates tumor cell adhesion and migration 
through interactions with the extracellular matrix. SAP-conjugated antibodies 
were assayed in athymic nude mice bearing glioblastoma cells showing variable 
tumor growth delay [90].

A specific antibody (TP3) directed against a 80 kDa surface antigen with a 
unique expression pattern in osteosarcomas [91] has been conjugated to PAP and 
the resulting IT has been demonstrated to kill clonogenic human osteosarcoma 
cells in vitro and shows significant antitumor activity in a murine soft tissue sar-
coma model [92].

The administration of an IT formed by gelonin and a monoclonal antibody 
against inducible fibroblast growth factor, overexpressed in multiple solid tumor 
types relative to matched adjacent normal tissue, promoted long-term tumor 
growth suppression in nude mice bearing T-24 human bladder cancer cell xeno-
grafts [93].

Epithelial cell adhesion molecule (EpCAM) is overexpressed on the cell sur-
face of many tumors but shows relatively low levels of expression on normal epi-
thelia [94]. An IT comprised of an anti-EpCAM Fab fragment linked to bouganin 
selectively killed EpCAM-positive cell lines with a greater potency than many 
commonly used chemotherapeutic agents. in vivo efficacy was demonstrated 
using an EpCAM positive human ovarian carcinoma xenograft model in SCID 
mice: at highest doses, 12 out of 15 mice were found tumor free at the end of this 
study [95].

The less successful results obtained with solid tumor treatments using ITs as 
compared to hematological malignancies, are not only due to the poor penetra-
tion of the ITs within the tumor mass. Major concerns have been raised regarding 
use of plant toxins in oncologic patients with solid tumor masses since they may 
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require prolonged treatment regimens [45]. In fact, it must be underscored that IT 
approaches would seem to be better suited for fighting hematologic malignancies, 
especially because patients with such malignancies are often immunocompromised 
[45, 96], besides the different physiological/biologic barriers for local toxin con-
centration. In fact, treatment of solid tumors may present potential bottlenecks due 
to the high interstitial fluid pressure gradient within the tumor generated by the 
hastily formed vascular architecture that limits the diffusion of large macromol-
ecules, such as full-length antibodies conjugates within the tumoral mass. These 
problems could be in part counteracted by using smaller antibody formats (single 
chain variable fragments, scFv) in fully recombinant molecules, and indeed, the 
scFv toxin fusions have been recently termed the “modern” ITs [96]. Additionally, 
to bypass these hurdles, many strategies involving the use of selective adjuvants 
(e.g., saponins for the saporin chimaeras) or photochemical internalization (PCI) 
approaches have been investigated to improve toxin cytosolic delivery and thus, 
the anti-tumor efficacy of chimeric molecules [25, 82, 97]. Despite some concerns, 
still these approaches for solid tumors may provide an added value in association 
to classical anti-tumor therapies and specifically for cancers that may develop drug 
resistance to chemotherapy, as well as for targeting small size metastases which 
could be easily reached and destroyed by ITs or for the minimal residual therapy 
approaches after resection of a primary tumor mass.

A Plasminogen activator inhibitor-saporin conjugate was evaluated in a fibro-
sarcoma model in SCID mice and injected intra-tumorally, showing an effective 
antitumor response on mice with no systemic toxicity, revealing also the presence 
of necrotic foci at the tumor site following administration [98]. The intriguing 
observation was also made at the injection site of B16 melanomas when using the 
native wild-type saporin DNA complex. In fact, additionally, for some accessible 
tumors such as those in head or neck, in vivo delivery of genes encoding saporin 
or other Type I RIPs might also have great therapeutic potential. We have dem-
onstrated that the intra-tumoral delivery of as low as 50 ng of a plasmid DNA 
encoding cytosolic saporin in an animal model, bearing an aggressive tumor such 
as B16 melanoma, could significantly retard tumor growth [23]. These straight-
forward, easy and cost-effective cancer gene therapy approaches should deserve 
further investigations, namely using also other Type I RIP genes and accessible 
solid tumor models.

10.4.5  Targeting Neoangiogenesis

Neoangiogenesis is a key event in the promotion of cancer, that involves numerous 
soluble cytokines, growth factors and their receptors. Not only it is essential for 
tumor growth, but it is also implicated in the initial progression from a pre-malig-
nant lesion to a fully invasive cancer, and in the subsequent growth of dormant 
micrometastases into clinically detectable metastatic lesions [99]. The progressive 
identification of molecules playing a relevant role in this process has prompted the 
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development of a variety of new specific anti-cancer agents [100]. Several angio-
genic factors, such as MHC class II [101, 102], CD44 [103], NCAM [104] and 
VEGF [105, 106] have been proposed as therapeutic targets and some derived 
toxin based conjugates have been produced and tested in vitro and in vivo.

RIPs were used for the first time in tumor vascular targeting by Burrows and 
Thorpe who targeted MHC class II antigen, not expressed in vascular endothelial 
cells in normal mouse tissues, unless activated by IFN-γ. The injection of a ricin-
conjugated antibody against the MHC class II antigen caused complete occlusion 
of the tumor vasculature and dramatic regressions of large solid tumors. The treat-
ment did not completely eradicate the tumor, since a small population of malig-
nant cells at the tumor-host interface survived and proliferated to cause a relapse 
a week later. The addition of another RTA-based IT against MHC class I anti-
gen able to target the tumor cells themselves gave a synergistic effect, obtaining 
a lasting complete remission of the tumors [101]. Subsequent studies focused on 
endoglin, a proliferation-linked endothelial cell marker up-regulated on vascular 
endothelial cells in solid human tumors, demonstrated that an anti-endoglin-RTA 
IT was selectively toxic for the dividing endothelial cells [102]. The same target-
ing strategy was used in the treatment of breast tumor xenografts and an RTA-
based IT induced a complete tumor regression in the majority of the mice [107].

CD44 is an activation antigen on human endothelial cells which is up-regulated 
in the vasculature of tumors as a result of exposure to angiogenic factors. Specific 
anti-CD44 antibodies have been demonstrated to specifically deliver saporin to 
endothelial cells in vitro [103]. Moreover, the antibiotic with anti-tumoral activity 
neocarzinostatin conjugated to anti-CD44 monoclonal antibody (TES-23) showed 
a marked anti-tumor effects in rats bearing KMT-17 fibrosarcomas [108].

The neural cell adhesion molecule (NCAM), expressed during embryogenesis, 
is down-regulated during tissue differentiation but re-expressed during tumor asso-
ciated neoangiogenesis, as in case of renal carcinomas. Indeed, targeting NCAM 
with a saporin-conjugated synthetic peptide ligand, C3d, induced a cytotoxic 
effect on tumor derived endothelial cells (TEC) but not on normal ones [104]. The 
same research group exploited a mouse model of human tumor angiogenesis, in 
which TEC were injected in SCID mice and organized in vascular structures con-
nected with the mouse circulation to identify a cyclic peptides (BB1) showing spe-
cific binding to TEC and not to normal human endothelial cells or to murine tumor 
endothelial cells. Notably, BB1-saporin conjugate induced disruption of the TEC 
vessel network, without damaging any other murine organs [109].

Unlike antiangiogenic drugs that inhibit formation of new blood vessels, vas-
cular targeting agents (VTA) may occlude pre-existing blood vessels of tumors 
to cause tumor cell death through ischemia and extensive hemorrhagic necro-
sis. Among ligand-based VTAs, we may find vascular endothelial growth factor 
fusions (VEGF) to gelonin, ITs made of monoclonal antibodies to endoglin conju-
gated to ricin A, as described above as well as antibodies linked to cytokines, lipo-
somally encapsulated drugs or more recently the gene therapy approaches [110].

VEGF-gelonin is a highly selective carrier, targeting tumor endothelial cells, 
which show promising applications. VEGF-gelonin fusions are able to inhibit 
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tumor growth and metastasis dissemination, and recently, by a fed-batch culti-
vation method the investigators could achieve high cell densities, comparable to 
those obtained with the methylotrophic yeast strains (of about 40 OD/mL) with 
an overall production of a biologically active histidine-tagged VEGF-gelonin of 
around 40 mg/L as compared to 1.5 mg/L produced using conventional flask culti-
vation methods [111].

The VEGF receptors are overexpressed on the endothelium of tumor vascula-
ture but are almost undetectable in the adjacent normal tissue, making it an excel-
lent target. A gelonin fusion protein containing the lowest molecular weight VEGF 
isoform, (VEGF121) demonstrated a reduction in tumor volume down to 16 % of 
untreated controls in human melanoma (A-375) or human prostate (PC-3) xeno-
grafts. This fusion construct localized selectively to PC-3 tumor vessels caus-
ing thrombotic damage with extravasation of red blood cells into the tumor bed 
[105]. The recombinant fusion toxin was also used to treat mice bearing metastatic 
breast cancer cell lines. It targeted selectively the endothelium of the tumor ves-
sels and could cut in half both the number of colonies per lung and the size of the 
metastatic foci present within the lung [106]. Furthermore, vascularization stud-
ies demonstrated that VEGF-gelonin inhibits bFGF-stimulated neovascular growth 
[112], as well as, it could induce regression of retinal neovascularization [113]. 
Noteworthy, VEGF121-gelonin is being also under development for the treat-
ment of bone metastases, multiple solid tumors and ocular diseases including age-
related macular degeneration (AMD) and diabetic retinopathy. Preclinical animal 
studies using VEGF/rGel have been recently completed for both these ocular dis-
orders by the Clayton Biotechnologies company, owner of the US patent protect-
ing the targeting of ocular neovascularization.

A key hallmark of antitumor agents targeting neoangiogienesis is a 
concomitant disruption of the tumor mass coupled to the inhibition of metastatic 
spread through the inhibition of the new blood vessel formation. New techniques 
allowing direct visualization of this peculiar effect have been very recently 
employed making use of nanoparticles (NP). To monitor the efficacy of the anti-
angiogenic toxin-based therapy, VEGF-gelonin has been conjugated to manga-
nese ferrite (MnFe2O4) NPs and then used as a contrast agent [114]. Since NPs 
exhibit superparamagnetic behavior, they can be traced by magnetic resonance 
imaging (MRI). Mice bearing human bladder cancer xenografts were injected 
with VEGF-gelonin NPs and indeed, MRI could detect a strong signal in the 
intratumoral vessels [115].

Another successful approach was aimed to isolate peptides which specifically 
could home to tumor blood vessels and made use of in vivo selection of phage 
display libraries. Through this screening, two main peptide motifs were identified 
that targeted the phage particles into the tumors. One motif contained the sequence 
Arg-Gly-Asp (RGD), that can bind selectively to avb3 and avb5 integrins while 
the other sequence Asn-Gly-Arg (NGR) was identified as a cell adhesion motif 
[116]. Since these peptide motifs can recognize the endothelium of neoangio-
genic vessels, NGR and RGD have been tested to deliver a variety of chemothera-
peutic drugs, proapoptotic peptides, and cytokines to tumor blood vessels [117].  
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This targeting approach resulted more effective in combination with chemothera-
pic agents [118]. RGD/NGR-mediated vascular targeting may thus represent an 
additional and effective strategy to targeted delivery of RIPs against tumor vessels, 
to ablate feeding of the surrounding tumors.

10.4.6  Immunolesioning

Functional neuroanatomy research has long relied on the analysis of the effects by 
selective lesions to infer the function(s) of distinct neural structures. Type II RIPs 
ricin, abrin, modeccin and volkensin have been used to ablate neurons projecting 
through a particular nerve to investigate neuronal plasticity and neurotransmission 
mechanisms [119, 120]. An important limitation of this approach relies on it’s being 
based on retrograde axonal transport of the Type II toxins and included the una-
voidable and indiscriminate destruction of different cell types at the injection site. 
To circumvent this drawback, in the last decades, ITs conjugated to selected mon-
oclonal antibodies directed against neuronal-specific surface antigens have been 
exploited in order to selectively destroy well-defined sub-types of neurons. Saporin 
conjugated to the monoclonal antibody 192IgG against the nerve growth fac-
tor receptor was first employed to produce specific lesions of cholinergic neurons 
in rat basal forebrain with the aim to study the hippocampal and cerebral cortical 
cholinergic neurotransmission. Cholinergic cells in the basal forebrain abundantly 
express the p75NGFr and as such they are almost completely destroyed after intrac-
erebroventricular administrations of saporin [120, 121]. In addition, cholinergic 
depletion by 192IgG-saporin represented a good animal model of Alzheimer dis-
ease (AD) and has been utilized to evaluate the efficacy of radioligands for the 
functional imaging of AD brains [122]. Given that 192IgG is specific for rat NGF 
receptor being not active towards any other species, a similar IT, which contains 
a monoclonal antibody to the human receptor, has been shown to be as effective 
in primates [123]. 192IgG-saporin IT was also used to investigate the role of the 
cholinergic neurotransmission in the synaptic plasticity of visual cortex [124], in 
the behaviorally-mediated cortical map plasticity [125] and to define the sources 
of cholinergic basal forebrain input to primary auditory cortex [126]. In addi-
tion, selective depletion of cholinergic neurons in the nucleus basalis by 192IgG-
saporin, a valid model of sensorimotor gating deficits in the psychotic spectrum, 
has been used to test the cholinesterase inhibitor rivastigmine in immunolesioned 
rats [127]. Saporin-based IT for immunolesioning have been employed for study-
ing of other types of neurotransmission: an IT constructed using a monoclonal 
antibody against the enzyme dopamine beta-hydroxylase coupled via a disulfide 
bond to saporin selectively destroys noradrenergic neurons in rats after sys-
temic injection [128] and a saporin-containing IT directed to the dopamine trans-
porter produces significant loss of dopaminergic neurons in the substantia nigra 
and ventral tegmental area, reproducing the neural degeneration characteristics of 
the Parkinson’s disease [129]. Other plant RIPs have been also tested [130, 131]  
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in order to increase the cartridges available to better understand the CNS  
complexity, to generate animal models for the study of human neuronal pathologies 
and to test the efficacy of new therapeutic drugs.

A neuropeptide-toxin conjugate warrants a special consideration as it is aimed 
at selectively destroying neurons expressing the pain related receptor for sub-
stance P neuropeptide, best known as substance P-saporin (SP-SAP) and currently 
under preclinical investigation for human neuropathic pain therapy. Substance P 
is a 11-amino acid neuropeptide selectively internalized by neurons expressing 
the neurokinin-1 receptor (NK-1R), which is widely distributed in the brain and 
has been implicated in signaling nociception in the spinal cord and in the modu-
lation of cortical and striatal cell function [132]. Even if substance P is not the 
only player involved in nociception and its mechanism(s) of action have not yet 
been completely elucidated, SP-SAP has been demonstrated to selectively ablate 
NK-1R expressing spinal neurons in rats, resulting in a reduction of thermal 
hyperalgesia and mechanical allodynia, associated with persistent neuropathic 
and inflammatory pain states [133]. An important step forward was achieved by 
investigating the ability of the SP-SAP conjugate to diffuse along the radial axis 
of the spinal cord to reach the target dorsal horn neurons in higher species. The 
lumbar delivery of SP-SAP, but nor SAP alone in dogs resulted in a specific, dose-
dependent reduction in superficial NK-1R bearing lumbar neurons and dendrites. 
Remarkably, no adverse effects upon animal behavior over the 1–3-month survival 
time were identified; motor functions were not chronically disturbed; changes in 
blood pressure or heart rate were not detected, there was no progression of the 
injury or any evidence of additional loss of neurons or function. Furthermore, the 
pharmacokinetic studies indicated that SP-SAP is cleared relatively rapidly (clear-
ance of over 50 % of the SP-SAP occurring within 30–60 min.) [134]. These 
encouraging results led to an increased interest in SP-SAP for the treatment-of 
resistant pain status in humans. NIH has recently approved a Phase I trial granting 
$3 million award to “Advanced targeting Systems” to evaluate efficacy and safety 
of this novel pain molecular therapy (Targeting Trends Newsletter Q4, December 
2010). The mechanism of action of SP-SAP has been well characterized, a rarity 
in the pain therapeutics field: a small number of neuronal cells that process the 
pathological pain signals can be selectively removed causing a permanent relief 
whereby the normal acute pain response remains unaffected after the SP-SAP 
treatment.

10.4.7  Adverse Results and Improvement of Safety 
and Efficacy

Plant and bacterial toxins have been extensively studied for their potential use 
in cancer as immunotoxins becoming part of our current arsenal of anti-cancer 
weapons. Frustrations were alternated with successes and investigators learned 
from defeats to try correcting previous errors and improve the clinical protocols. 
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A major drawback when using murine targeting domains, as well as plant or 
bacterial toxins as therapeutic agents, is represented by their potential immuno-
genicity after repeated administrations.

ITs containing chimeric/humanized antibodies were developed since the ‘90s. 
Development of ITs containing fully humanized antibodies or antibody fragment 
lacking Fc portions may in part resolve immunogenicity problems by avoiding 
the induction of human anti-mouse antibodies (HAMA) directed to the Fc murine 
fragments in treated patients [135–137]. Humanization of the variable antibody 
domains produces a further decrease in immunogenicity [138]. The latter involve 
grafting loops from both heavy and light variable domains parental antibody into a 
human acceptor antibody. Fully human antibodies were successfully created either 
recombinantly by phage display techniques or by the selection of variable regions 
of human origin [139] and can now be also produced as monoclonal antibodies 
in human immunoglobulin transgenic mice [140]. For instance, an IT formed by 
recombinant gelonin and a fully humanized version of anti-CD33 demonstrated 
low immunogenicity in a Phase 1 trial and dose limiting toxicity was not encoun-
tered after repeated administrations [141].

The presence of a bacterial or plant toxin can trigger the formation of neutraliz-
ing antibodies, hindering their efficacy. On one hand, for patients with B- or T cell 
malignancies, formation of neutralizing antibodies may be less frequent essentially 
because of their immuno-suppressed state, on the other hand, in patients with solid 
tumors, antibody responses are frequently detected as early as a few days after 
the first treatment regimen, thus preventing re-administration of the ITs [50, 142]. 
This is a critical issue to successful treatment of cancers, which limits the number 
of therapeutic administrations and may be crucial in the treatment of solid tumors, 
compromising the clinical efficacy [142–144]. Many efforts are being made to 
decrease immunogenicity of the toxin moiety; one possibility explored is masking 
of the therapeutic molecules by use of high-molecular-weight polyethylenglycol 
(PEG) derivatization techniques which shield antigenic determinants detection by 
the immune system. One major challenge in pegylation techniques is to avoid also 
the masking of the active sites that are essential for drug efficacy [145]. Indeed, 
PEGylated Type I RIPs, gelonin [146], trichosanthin [147] and momorcharin [148] 
as well as RTA [149] showed a consistent reduction of immunogenicity with an 
increased stability, but also suffered a significant decrease in activity. Likewise, 
coupling trichosanthin to dextrans was demonstrated to significantly decrease both 
IgG and IgE responses with concurrently halving the activity of the toxin [150].

Among most promising strategies to overcome these limitations, several were 
used for modifying Pseudomonas aeruginosa exotoxin A (PEA) and concerned 
the identification and substitution of epitopes recognized by the human immune 
system, without compromising the catalytic activity [151, 152]. Impressive results 
were obtained by Onda and coworkers, who identified the seven major immuno-
genic B cell epitopes in a truncated form PE38 and obtained a new anti-CD22 
immunotoxin (HA22–8X) which resulted significantly less immunogenic in mice, 
yet retaining full cytotoxic and anti-tumor activities [151, 152]. PEA based bispe-
cific anti CD22 and anti CD19 IT construct carrying an efficient ER-retrieval 
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motif Lys-Asp-Glu-Leu (KDEL) instead of the “physiological” C-terminus 
present in PE, interestingly, showed reduced neutralizing anti-toxin antibodies by 
about 80 % with no apparent loss in in vitro or in vivo activity in mouse models 
[153]. Moreover, the conversion of two structurally adjacent residues mutated to 
cysteines introduced a disulfide bond, resulting in a remarkable increase in thermal 
stability and an enhanced resistance to trypsin degradation of an anti-CD22 PE38 
IT, which retained full anti-tumor activity, while exhibiting significantly lower 
immunogenicity in mice [154].

In this regard, it is of primary importance checking the stability of the biological 
material to be administrated by a careful and safe preparation. It is worth to men-
tion the Phase I study using “Combotox”, a mixture of anti-CD19 and anti-CD22 
RTA-based ITs, where unfortunately two deaths occurred following drug treatment, 
due to unexpected toxicity presumably derived by undetected protein aggregation 
[53]. This seriously adverse event reminds us that every precaution must be taken 
to ensure the stability of these therapeutic molecules. RTA is aggregation-prone 
being protein precipitation very likely caused by exposure of hydrophobic surfaces 
on RTA when used in the absence of its natural B-chain partner: the removal of the 
RTA C-terminal sequence led to much less precipitation under physiological condi-
tions, but also to a concomitant reduction in RIP activity [155].

Another dangerous side-effect observed during IT clinical administration 
regards the unspecific binding of the toxin domains to the vascular endothelial 
cells, causing the so-called “vascular leak syndrome” (VLS), a side effect charac-
terized by interstitial edema, hypoalbuminemia, weight gain, and in most severe 
cases, pulmonary edema and hypotension. The mechanism(s) causing VLS is 
not completely understood, but it appears that a consensus sequence “X-Asp-Y” 
(X = Leu, Ile, Gly or Val; Y = Val, Leu or Ser) present in RTA and in several Type 
I RIPs, also found in IL-2, binds to integrin receptors, inducing vascular damage 
to human endothelial cells [156–158]. Notably, this motif is common to viral dis-
integrins, which disrupt the function of integrin receptors [159]. To carry on clini-
cal studies with RTA-based ITs, a panel of RTA mutants was produced and the 
Asn97 to Ala substitution in a region flanking the VLS-responsible motif exhibited 
a significant less vascular damage in mice models and consequently the mutated 
IT could be injected as CD22 conjugate in a five-fold higher concentration, as 
compared to the parental IT [160].

Plant Type I RIPs have been engineered to limit their antigenicity, as well: to 
define minimum size of saporin active variants, Colombatti’s group prepared a 
series of mutated proteins with deletions at the N-terminus or at the C-terminus. 
An N-terminal (sapΔ1–20) deletion mutant of saporin displayed defective catalytic 
activity, drastically reduced cytotoxicity while a C-terminal (sapΔ239–253) dele-
tion mutant showed instead only a moderate reduction in cytotoxic activity [161]. 
However, C-terminal domain deletions of trichosanthin which contains a putative 
antigenic site resulted, unfortunately, in a loss of the RIP activity in the truncated 
protein by about 10-fold [162]. By computer modeling, another group identi-
fied two potential antigenic sites which could instead reduce the immunogenic-
ity of trichosanthin, maintaining the same activity of the natural protein [163].  
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Bouganin has been also mutated to remove the major T cell epitopes: a fusion 
construct containing an anti-epithelial cell adhesion molecule (EpCAM) Fab moi-
ety with the epitope-depleted bouganin (VB6-845) was successfully tested on 
EpCAM-positive human tumor xenograft model in SCID mice [95]. Additional 
preclinical studies were carried out on rats and monkeys where in the latter 
VB6-845 was well tolerated and only minimally immunogenic [164].

A comprehensive series of pharmacology and toxicology studies have been 
conducted using VB6-845, including a phase I trial in patients bearing advanced 
squamous cell carcinomas of the head and neck. The results of this phase I trial 
showed that VB6-845 could reduce or stabilize tumors in 71 % of patients with a 
maximum tolerated dose of 280 mg of IT, administered daily for 5 days. The IT 
was well tolerated with pain as adverse effects, due to the intratumoral injections 
and reversibly elevated liver enzymes. These promising results warrant further 
clinical development of this plant RIP-based IT [165, 166]. Further studies aimed 
at limiting the IT immunogenicity, modifying the toxin domain or the antibody 
epitopes are expected to prompt the development of novel molecules, safe enough 
to allow repeated cycles of administrations and thus increasing their therapeutic 
potential.

10.4.8  Gene Delivery Approaches

More recently with respect to the development of protein based ITs or conjugates, 
DNA based suicide therapies have been developed. Gene therapy has been inves-
tigated as an alternative or complementary strategy to overcome the limitations 
of conventional anticancer therapy or the approaches relying on gene-directed 
enzyme prodrug therapy.

The plasmid DNA holds many positive aspects compared to proteins: it avoids 
costly and time-consuming production and purification even at large scale; it does 
not cause the side effects like immune system response or vascular leak syndrome, 
even after repeated administrations; low doses are active since very few molecules 
of the toxin generated in the tumor cells are sufficient to kill them; tumor cells do 
not develop resistance to the drug. Furthermore, acting in a cell cycle independent 
way, toxin genes can target quiescent and rapidly dividing tumor cells. This prop-
erty makes them suited both to contrast aggressively growing tumors (e.g., mela-
noma) and for other tumor types with slower progression (e.g., prostate tumors). 
Working at DNA level, allows the direct screening of a wide variety of different 
constructs, employing diverse promoters and transcription regulatory elements, as 
well as exploring different delivery approaches [167, 168]. In the case of systemic 
delivery, to prevent detrimental expression of toxin in inappropriate tissues, DNA 
constructs could easily be improved with tissue and/or tumor specific promoters 
[169–171]. In addition, pharmacologically controlled gene expression could be 
ensured using inducible promoters such as the Tet-on [172] or mifepristone [173] 
system.
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Two major gene delivery agents have been developed: either recombinant dis-
armed viruses or non-viral vectors, namely DNA-complexes. Both approaches 
have some advantages and limitations, but as long as an ideal vector for all-
purposes is not available, the choice of the delivery vector should be determined 
by the requirements of the specific disease to be treated [174]. Replication-
defective viruses, where non-essential viral genes were partly replaced by the ther-
apeutic genes, represent the first generation of viral vectors earlier applied in gene 
therapy approaches [175]. Their promises as therapeutic agents are limited by their 
side effects such as toxicity and immunogenicity, their broad tropism as well as 
the cost of large-scale formulations. Although viral vectors could be modified to 
remove immunogenic components, these revised viruses are often difficult to pro-
duce in high titer. Given the importance of viral vectors for gene therapy of certain 
tumors, many efforts have been performed to improve their safety and efficiency 
[176, 177].

Non-viral vectors are a promising alternative as they offer improved safety 
profiles compared to the viruses counterparts, are much less expensive to produce, 
but suffer from significantly lower transfection efficiency than viruses, severely 
limiting their utility [178]. Cationic liposomes and cationic polymers represent the 
most commonly used non-viral gene delivery methods in transfection protocols of 
different cell lines, animal models and patients submitted to gene therapy clinical 
trials [179].

To date, a restricted panel of toxins has been used in cancer suicide gene 
therapy; DT is one of the best-studied therapeutic agents and it is a landmark for 
the toxin gene therapy. DT has been reported to be delivered through viral and 
non-viral vectors; to be effective in many cellular and animal models [180] and 
to be currently under investigation in clinical trials. Recently, two phase I/II clini-
cal trials involving DT complexed with the synthetic polycation polyethylenimine 
(PEI) have been completed. The first aimed to assess the safety, tolerability, phar-
macokinetics and preliminary efficacy of the H19 tumor promoter driven DT 
administered intratumorally in patients with unresectable, locally advanced pan-
creatic cancer (NCT00711997). In the second, the same construct was adminis-
trated as intravesical infusions into the bladder of patients with superficial bladder 
cancer who have failed intravesical therapy with the FDA approved Bacille 
Calmette-Guérin (NCT00393809).

Retroviral vectors bearing RTA or PEA resulted highly toxic towards rat (C6) 
and human (U-373-MG) glioblastoma cells. Remarkably, the two toxins induced a 
total remission of C6-derived brain tumor in Wistar rats [168].

Direct injection of saporin encoding plasmid DNA complexed with cationic 
lipids has been demonstrated to be highly cytotoxic: as few as 10 ng of plasmid 
DNA carrying the gene encoding wt saporin were sufficient to drastically inhibit 
protein synthesis in vitro, whereas the gene for an inactive saporin KQ mutant had 
no effects. In addition, in the B16 mouse melanoma model, direct intratumoral 
injection of saporin gene DNA complexes significantly attenuated tumor growth, 
with an effect that was improved upon repeated administrations. To demonstrate 
that the antitumor effect was specifically owing to the intrinsic RIP activity of 
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the toxin, a plasmid encoding the catalytic inactive mutant SAP-KQ was shown 
to neither kill cultured cells, nor delay tumor growth in mice [23]. An intriguing 
observation we made was the presence of necrotic lesions at the injection site of 
B16 melanomas when using the native wild-type saporin DNA but not the KQ 
mutant, suggesting secondary effects could partly be due to bystander effects 
mediated by T-Killer cells.

The direct delivery approach using cationic lipids is in general applicable to 
accessible solid tumors, thus limiting the field of action to a few malignancies, 
for example, melanoma, head and neck tumors, mesotheliomas that, however, 
are sometimes resistant to conventional therapies or whose tumor-specific better 
defined surface marker antigens have not been identified yet. Thus, toxin-mediated 
gene therapy could be exploited in combination with surgery or classical radio- or 
chemotherapy to eradicate tumor mass.

Cationic liposomes therapeutical use was until now restricted to intratu-
moral administration, due to the considerable reduction in their delivery activ-
ity by serum components and to some observed toxicity following systemic 
administration [181]. To solve those problems, hydrophilic components, such 
as polyethylene glycol (PEG) which could mask the net positive charge of the 
complexes, have been added, increasing circulation time in blood stream and 
reducing liposome toxicity. In addition, the association of proteins, antibodies, 
peptides or other agents that could enhance the biological activity and speci-
ficity to target cells have been proposed [182]. In an original study performed 
by Hoganson and collaborators, targeting of FGF-2 receptor-bearing cells was 
obtained including basic FGF either on a DNA complex encoding cytosolic 
saporin or, for comparison, with the one encoding herpes simplex virus thymi-
dine kinase gene (which remains, so far, the most widely used suicide gene in 
cancer gene therapy) able to efficiently kill target cells by activating the gan-
ciclovir prodrug. When the investigators compared FGF2-mediated delivery of 
a saporin optimized gene to thymidine kinase DNA (followed by ganciclovir 
treatment) in tumor target cells, a comparable decrease in cell numbers was 
observed, while the specificity of gene delivery could be demonstrated in com-
petition assays with free FGF2 [183].

In the last years, several new unconventional vectors, including bacteria, 
bacteriophages, virus-like particles, erythrocyte ghosts, and exosomes have been 
developed as carriers for the suicide gene therapy [184]. Among them, bacterial 
vectors have been the most extensively studied, given that anaerobic bacteria such 
as strains of Clostridia, Bifido bacteria and Salmonellae have the potential for ther-
apy of solid tumors, being able to selectively colonize the hypoxic areas of tumors 
and destroy the tumor cells [185]. Furthermore, in the absence of natural tropism, 
modification of bacteria surface proteins by conjugation to a cell-type specific 
ligand can also alter tissue specificity to suit the application [186]. The intrinsic 
toxicity of bacteria, especially arising following systemic administration, varies 
depending on the specific strain. In clinical gene transfer trials of direct intratu-
moral [187] and intravenous [188] injection of attenuated Salmonella bacteria, 
no significant side effects were observed. The potential of this system has already 



168 R. Vago et al.

been demonstrated with plasmids encoding prodrug convertases [189–191] and it 
is desirable that modified bacteria become an additional opportunity to selectively 
deliver RIPs to tumors, extending their applications.

Due to the unique properties of nano-scale matter, the diversity of available 
materials and infinite design schemes, nanoparticle-based delivery systems have 
also emerged as potential gene carriers [192]. These agents, which comprise poly-
meric and lipid systems, accumulate in solid tumors after intravenous administra-
tion, owing to an increased permeability of tumor blood vessels and a decreased 
rate of clearance within the tumor (the so-called Enhanced Permeability and 
Retention (EPR) effect) [193] could be further exploited for solid tumor targeting 
of therapeutic genes.

10.5  Conclusions and Perspectives

Over the past 30 years, RIPs have attracted great interest in the scientific commu-
nity for their therapeutic potential and have been extensively investigated in order 
to exploit them as potent and versatile weapons against cancers or other debili-
tating human diseases. In combination with antibodies or ligands to specifically 
target malignant or pathogenic cells, RIPs have been widely used in animal mod-
els with encouraging results and some chimeric constructs have already under-
gone clinical trials. Adverse effects may be limited by an increasing knowledge 
about RIP’s structure and mechanism of action, leading to protein optimization 
approaches and removal of potential antigenic epitopes. In parallel, the possibil-
ity to employ humanized antibody domains to limit adverse immune responses 
together with the improvement of heterologous expression systems allowing a 
cost-effective, high production in RIP containing chimeric fusions may contribute 
to advance the toxin-based therapies both in terms of efficacy and safety, mak-
ing them more suitable and eligible in the next future for clinical applications in 
patients, also in combination cancer therapies along with surgery, chemo or radio-
therapy. Of great importance will be the identification of early markers of the dis-
ease to increase the IT specificity and efficacy. In the last few years, methods have 
been developed to enhance the cytotoxicity of the ITs, by specifically acting on 
their internalization and delivery routes. Examples are, Photochemical internaliza-
tion approaches [97, 194] or the use of saponins as adjuvant co-treatment [25, 82, 
195] which have demonstrated to favor IT cytosolic escape, allowing the broaden-
ing of the therapeutic windows together with a simultaneous IT dose lowering.

Last but not least, advanced nano-platforms may offer a great opportunity for 
design and use of multi-functionalized nano carriers, where core material is com-
bined with encapsulated biologically active agents and targeting/surface proper-
ties. This will allow for strategies that not only enable targeted stimuli-responsive 
delivery, but also a simultaneous delivery of multiple pharmacological agents, 
aimed at enhancing overall therapeutic effects and overcoming drug resistance in 
cancer.
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To conclude, even if RIP-based chimeric constructs have not yet fulfilled the 
expectations, they may be a step less far from the Paul Ehrlich’s magic bullet, if all 
our efforts will synergize.
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Abstract There have been numerous reviews on the beneficial effects and health 
benefits of the soybean protease inhibitor  known as the Bowman-Birk Inhibitor  
(BBI) [1–15]. The early in vitro studies were so promising that in vivo studies were 
performed at a very early stage of BBI development. The results of animal carcino-
genicity studies were sufficiently promising that permission to perform BBI human 
trials was sought. It was planned that human trials using BBI would be performed 
with BBI Concentrate (BBIC), a soybean extract enriched in BBI. BBIC achieved 
Investigational New Drug  (IND) Status with the FDA in 1992, and human trials began 
at that time. There have been six INDs involving BBI human trial work for the fol-
lowing endpoints: cancer prevention (regression of a pre-malignant lesion known as 
oral leukoplakia), treatment of benign prostatic hyperplasia, prostate cancer detection 
and treatment (with measurements of prostate specific antigen levels and prostate vol-
ume, etc.), treatment of ulcerative colitis, gingivitis, or esophagitis (and/or alleviation 
of adverse side effects of lung cancer treatment), as described elsewhere [15]. There 
are numerous publications on the results from these trial areas [16–21]. In this “expert 
opinion”, the current status of BBI experimentation and human trials will be discussed.

11.1  Studies on the Beneficial Effects of BBI/BBIC

The Bowman-Birk inhibitor (BBI) is a soybean-derived protease inhibitor, which is 
known by the names of the scientists who identified and characterized it. BBI was 
initially discovered by Dr. Donald Bowman  in 1946 [22] and was subsequently 
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further characterized by Dr. Yehudith Birk  over the past several decades [23]. It has 
been evaluated by those in the Kennedy laboratory for well over three decades for its 
numerous health benefits, as reviewed in references [1–5]. Most of the publications 
about BBI relate to its potent anti-inflammatory and anticarcinogenic activities.

The known beneficial health effects of BBI/BBIC include: (1) anticarcinogenic 
and cancer preventive activities, (2) anti-inflammatory activities, (3) prevention of 
hair and weight loss in animals with cancer, (4) prevention of a radiation-induced 
birth defect (exencephaly), (5) increased life-span, (5) enhancement in cytotoxic-
ity of cis-platinum as a chemotherapeutic agent, and (6) actions as a radioprotec-
tive agent for normal cells in vitro (specific references for each of these effects are 
given in reference (15). Recent studies have indicated that BBI/BBIC can prevent 
muscle atrophy in animals exposed to simulated microgravity [24, 25] and in mdx 
mice, which represent an animal model of Duchenne muscular dystrophy  [26] and 
can have beneficial effects in animals with experimental autoimmune encephalo-
myelitis  (EAE), an animal model system for multiple sclerosis  [27–30], as well 
as in animals with experimental neuritis, an animal model system for Guillain-
Barré syndrome  (Abdolmohamad Rostami, personal communication).

The results from the studies involving animal models of multiple sclerosis  and 
muscular dystrophy have been particularly striking, but human trials of BBI in patients 
with these diseases are not possible at this time because there is no current supplier 
of BBI/BBIC for human clinical trial work. Central Soya, Inc (Ft. Wayne, Indiana). 
Manufactured BBIC for decades for use in cells, animals and human trials, but Central 
Soya, Inc. ceased to exist in the recent past when the business was taken over by Solae 
(As of May 1, 2012, DuPont assumed full ownership of Solae, which was previously 
a joint venture between DuPont and Bunge). As Solae was not interested in produc-
ing a drug product, they were no longer able to supply BBI/BBIC for use in human 
trial work. At this point, we have begun to search for a new company to manufacture 
BBI/BBIC as an IND drug that could be used in human trials focused on the ability 
of BBI to prevent/mitigate the adverse health effects associated with muscle atrophy 
occurring in aging populations or those with non-weightbearing disorders (e.g. persons 
with spinal cord injury, etc.), or patients with multiple sclerosis  or muscular dystrophy.
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Abstract Serine proteinases play important roles in many physiological processes 
and in consequence, when unbalanced, are responsible for numerous severe dis-
eases. The most predominant mechanism of their control is the ubiquitous pres-
ence of their inhibitors. On the basis of their inhibition mode, serine proteinase 
inhibitors are classified into canonical (standard mechanism) inhibitors, serpins 
and non-canonical inhibitors. The best studied are inhibitors assigned to the first 
group. At least 18 canonical inhibitor families have been recognized. Inhibitors 
isolated from the seeds of Cucurbitaceae are small (around 30 amino acid resi-
dues), containing three disulfide brides. Some of them are characterized by 
a cyclic polypeptide backbone. Head-to-tail cyclization is also present in the  
smallest (14 amino acid residues) trypsin inhibitor isolated from sunflower seeds. 
All these potent inhibitors display well-defined, rigid structures and, unlike most 
proteins, are also resistant to denaturizing agents. Modifications introduced 
into the molecules of these low-molecular-mass inhibitors are well tolerated,  
retaining their tertiary structure and inhibitory activity. They are able to cross cell 
membranes and are the first examples of cyclic cell-penetrating peptides. Recent 
results obtained on plant peptidic inhibitors and discussed in this mini-review have 
proved that they are promising molecules for drug design.

Chapter 12
Peptidic Inhibitors of Serine Proteinases of 
Plant Origin

Krzysztof Rolka, Adam Lesner, Anna Łęgowska and Magdalena Wysocka
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A. Łęgowska 
e-mail: legowska@chem.univ.gda.pl

M. Wysocka 
e-mail: mwysocka@chem.univ.gda.pl



188 K. Rolka et al.

12.1  Introduction

Proteolysis is probably the most widespread mechanism of biological regulation. 
By controlling protein synthesis, turnover and activity, it is involved in fundamen-
tal physiological processes including cell differentiation, growth and signaling, 
apoptosis, fertilization, blood coagulation, immune response and digestion. Yet, 
uncontrolled proteolysis can be harmful for organisms, causing amongst others such 
diseases as emphysema, inflammation, cancer, neurodegenerative, immunological, 
and cardiovascular disorders. Proteolytic enzymes can be divided into at least seven 
families: serine, aspartic, cysteine, glutamic, metallo, asparagine and threonine pro-
teases. Serine proteases (SPs) are among the most widely studied proteins; they are 
widespread in nature and are involved in numerous and diverse physiological and 
pathological processes. Over 82 thousand sequences of SPs have been collected in 
the MEROPS database (http://merops.sanger.ac.uk/), whereas the second largest 
family is the family of metalloproteinases (over 75 thousands). SPs originate from 
extracellular matrix, mast cells, cytotoxic cells, and neutrophils. Some of the most 
studied SPs are those involved in blood coagulation. There are several mechanisms 
found in mammalian systems that strictly control the activities of proteases. Like 
other proteins, their ribosomal synthesis can be controlled at several stages, followed 
in many cases by post-translational modifications. Compartmentalization and the 
manner in which proteinases are released in the pericellular environment are addi-
tional important mechanisms for the regulation of their activity. Release and folding 
of the active enzyme from its inactive precursor is one of the predominant methods 
of protease control. A second method is effected by the ubiquitous presence of pro-
tease inhibitors. Naturally occurring inhibitors are proteins or peptides except in the 
case of non-proteinaceous ones isolated from microorganisms.

According to recent data brought together in the MEROPS database almost 
21 thousand inhibitor amino acid sequences have been identified. Based on 
their sequence homology, they have been grouped into 91 families and further 
assigned to 36 clans according to their similar tertiary structures. There are also 
a large number of small-molecule inhibitors, both naturally occurring and syn-
thetic. These peptidomiometics, or simply small organic molecules, are outside the 
scope of this mini-review. Since more than one third of identified proteases are 
serine proteinases, it is no surprise that their inhibitors (SPIs) also represent the 
largest group. They are found in all living organisms. In fact, the first described 
were trypsin inhibitors. In 1936 Kunitz and Northrop isolated and crystallized a 
bovine pancreatic trypsin inhibitor (BPTI). Later, Kunitz identified another, named 
STI, from soybean. In the meantime, another inhibitor, the Bowman-Birk inhibi-
tor (BBI), was identified from the same source and characterized. These proteins 
inhibited trypsin and at neutral pH formed stable complexes which were dissoci-
ated at low pH. Progress in bioanalytical techniques has confirmed earlier sugges-
tions that these inhibitors interact with enzymes in a substrate-like manner. They 
are probably the best studied proteins and their complexes with cognate enzymes 
are among the best known examples of protein—protein interactions. This was 

http://merops.sanger.ac.uk/
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also one of the reasons that knowledge about inhibitors of other proteolytic 
enzymes was, until the last decade, significantly less well advanced.

12.2  Inhibition Mode of Serine Proteinase Inhibitors

On the basis of their mechanism of action, SPIs are classified as: canonical  
(standard mechanism), serpins and non-canonical. Except for the last group, SPIs 
interact with target enzymes in a substrate-like manner. Canonical inhibitors are 
small proteins or peptides with molecular weights varying from 1.5 to 2.1 kD, 
corresponding to 14−200 amino acid residues. They are characterized by rather 
compact, thermally resistant structures, and although they possess different fold-
ing motives, they are usually stabilized by several disulfide bridges. These native 
structures are also stable in denaturizing agents. A common structural element in 
canonical inhibitors is a short fragment comprising less than 10 amino acid resi-
dues which is directly involved in interaction with cognate enzymes. This exposed 
fragment, named the “binding loop” or the “primary binding segment”, has an 
extended conformation with a similar anti-parallel β-strand. Bode and Huber 
[1] proposed to call it “canonical”. Some inhibitors contain a single binding 
loop, some others consist of multiple domains where such elements are located. 
Thus, such inhibitors interact with proteinases with stoichiometry other than 1:1. 
Alternatively, they are able to inhibit more than one enzyme simultaneously. It 
transpires that all standard mechanism inhibitors exhibit this canonical conforma-
tion of binding loop, and are therefore named “canonical inhibitors”. This mode 
of inhibition was studied in detail by the group of Laskowski [2]. Upon enzyme—
inhibitor interaction, a stable complex C is formed rapidly and then (unlike in 
substrates) very slowly dissociated into a free enzyme and modified inhibitor. As 
indicated by X-ray data, the majority of contacts with enzymes are made by the 
inhibitor binging loop [1] that fit into the active site of a cognate enzyme. The 
intermolecular contact area is relatively small, restricted to 6−9 nm2. In the mid-
dle of this loop is located a peptide bond P1-P1′ (reactive site). According to the 
Schechter and Berger nomenclature [3], P1-P1′ is the scissile peptide bond and 
both amino acid residues P1 and P1′ interact with the corresponding enzyme—S1 
and S1′- subsites, respectively. The hyper-exposed amino acid residue in position 
P1 interacts with the S1 cavity of the enzyme accounting for the largest part (up 
to 50 %) of the total association energy released during complex formation with 
the target enzyme. Therefore, P1 residue determines inhibitor specificity and is 
often referred to as the primary specificity residue. As in substrates, the reactive 
site P1-P1′ is selectively cleaved by proteinase yielded modified inhibitor. After 
sufficient incubation time, an equilibrium between intact and modified inhibitor 
is formed. The determined values of the hydrolysis constant (Khyd = [I]/[I*]) for 
most canonical inhibitors are, in neutral pH, close to unity. It is worth mentioning 
that in a number of 3D structures of proteinase-inhibitor complexes determined 
by X-ray crystallography the reactive site P1-P1′ remains intact. The mechanism 
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of inhibition of canonical inhibitors with cognate enzymes is shown in Fig. 12.1. 
One of the most eminent researchers in the field of serine proteinase inhibitors was 
undoubtedly Michael Laskowski Jr. who devoted his whole scientific life to the 
elucidation of this mode of inhibition. In recognition of his contribution, MEROPS 
suggests the adoption of the new name, the “Laskowski mechanism”, for what has 
been accepted as the standard mechanism.

The acronym “Serpin” (serine proteinase inhibitors) was introduced in the 
mid 1980s [4] to describe a superfamily of relatively large proteins (45–55 kD); 
some of them are serine and cysteine protease inhibitors, others play non-inhib-
itory functions. Despite a low sequence homology, they adopt a similar metasta-
ble conformation comprising three β-sheets, eight to nine α-helical segments and 
an exposed binding loop, also called the “reactive center loop” (RCL). This large 
family (I4) consists of over 2500 members, found in all kingdoms of organisms 
including 44 in humans. Serpins interact with target proteinases based on a unique 
mechanism that is described as the suicide substrate-like inhibition. Inhibition by 
serpins is irreversible. Proteinase is inactivated, kinetically trapped in the complex 
and can be cleared from the circulation by binding to members of the low density 
lipoprotein receptor family. Irreversibility is also reinforced by the induced proteo-
lytic susceptibility of proteases in complex with serpins.

The first non-canonical inhibitor, hirudin, was isolated from the saliva of the medic-
inal leech in the 1950s and a decade later its primary structure was determined. This 
polypeptide, consisting of 65 amino acid residues, displays anticoagulant activity and 
is a very potent and specific thrombin inhibitor. Hirudin and its variants isolated from 
leech species share a common 3D structure, N-terminal globular domain cross-linked 
by three disulfide bridges and an acidic C-terminal fragment, which displays flexible 
high conformational freedom. Both structural elements are directly involved in the inter-
action with proteinase. Negatively charged C-terminal segment directs hirudin towards 
a positively charged thrombin exosite I (fibrinogen recognition exosite), followed by 
their tight binging. This induces conformational changes in the enzyme allowing the 
interaction of N-terminal tripeptide of the inhibitor with the thrombin active site. In con-
trast to canonical inhibitors, this fragment does not form an anti-parallel but rather a 
parallel β-sheet with side chains of a thrombin Ser24—Gly219 segment and a negatively 

Fig. 12.1  Enzyme—inhibitor interaction according to Laskowski Jr
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charged side chain of Asp189 located in the enzyme S1 subsite does not interact with the 
inhibitor. Another thrombin inhibitor isolated from leeches (Hirudinaria manillensis)—
named haemadin, although it does not share sequence homology with hirudin, displays 
a similar tertiary structure and similar mode of thrombin inhibition. This was the rea-
son that hirudin and haemadin were assigned to the same family (I14). Nevertheless, 
the analysis of its complex with thrombin revealed several differences. One is the direct 
contact of the positively charged guanidine group of inhibitor’s Arg2 with carboxylate 
of enzyme’s Asp189. This resembles the P1—S1 interaction of canonical inhibitors. The 
second is the interaction of the C-terminal segment not with exosite I but with exosite 
II. Several Cys-rich inhibitors including antistatin, therostatin, tessulin, bdellastatin, 
guamerin and the most potent thrombin inhibitor theromin were assigned to this fam-
ily (I15) and this is collectively called the antistatin family. These inhibitors display a 
common folding motif consisting of several repeats of N- and C-domains. On the basis 
of limited structural data, it is postulated that inhibitors of the I15 family interact with 
target enzymes in a canonical (substrate-like) manner with P1 position located in the 
C-domain, while (in at least some inhibitors) the highly acidic N-domain may interact 
with thrombin exosites. A more detailed mechanism of interaction between non-canoni-
cal inhibitors and proteinases has been presented in a recently published review [5].

12.3  Classification of the Canonical Serine Proteinase 
Inhibitors

Extensive studies on the isolation, characterization and determination of the 3D 
structures of inhibitors obeying a common, so-called standard mechanism (later 
named canonical) led to the conclusion that not all inhibitors are homologous. 
They were found in almost all tissues where they were looked for—animal, 
plant and microbial. Laskowski and Kato proposed grouping them into families. 
Originally, nine families were recognized, but information on three of them was 
rather marginal. Subsequently, with progress in the identification and characteriza-
tion of new canonical inhibitors more members of each family were found and, in 
addition, more families were added to the list. Finally, based on results obtained 
over the following two decades, Laskowski Jr’s group [2] recognized at least 16 
different families (Table 12.1). More recently, Rawlings et al. [6] proposed a new 
classification system for the protease inhibitors that allows them to be added to 
the MEROPS database. They introduced the term “inhibitor unit” which is a seg-
ment of the inhibitor containing a single reactive site. An inhibitor containing a 
single inhibitor unit is named a simple inhibitor, whereas one containing multi-
ple units is termed a compound inhibitor. Based on sequence homology, inhibi-
tors were grouped into 48 families (currently, there are 79 distinct families). In 
addition, inhibitors which display the same type of protein fold were assigned to 
the same clan. To date 39 clans have been recognized, and this means that some 
clans contain representatives of more than one family. In the case of the canonical 
inhibitors of serine proteinases 18 families have been recognized and grouped in 



192 K. Rolka et al.

14 clans. Table 12.1 presents a summary of the Laskowski and MEROPS classifi-
cations of these inhibitors. The size of these proteins varies from 14 to 200 amino 
acid residues. As shown in Table 12.1, canonical inhibitors are widely distributed 
in the plant kingdom. To date, at least eight families have been classified as being 
of plant origin. They are especially ubiquitous in tissues responsible for storage 
(seeds and drupes). It has been proved that the biosynthesis of inhibitors in plants 
is stimulated by infection or damage of vegetative tissue. Thus, they are important 
components of plant defense systems targeting exogenous proteinases.

12.4  Squash Family of Serine Proteinase Inhibitors

The first members of this family were isolated from squash (Cucurbita maxima) 
seeds and characterized at the beginning of the 1980s independently by Polanowski 
et al. from University of Wroclaw (Poland) and Hojima et al. from NIH, Bethesda 

Table 12.1  Families and clans of canonical serine proteinase inhibitors

Family Number

Clan Representative Entries/
sequences

PDB structuresAccording to 
Laskowski [2]

According to
MEROPS

Kazal I1 IA OMTKY 1,413 13
Kunitz (BPTI) I2 IB BPTI 1,448 16
Kunitz (STI), 

Arrowhead
I3 IC STI 231 10

Squash I7 IE CMTI-I 32 4
Ascaris I8 IE BTI 397 5
Marinostatin I10 Unassigned Marinostatin 23 0
Ecotin I11 IN Ecotin 107 1
BBI I12 IF BBI, SFTI-1 138 11
Potato I I13 IG PPI 131 3
Antistasin I15 IM Antistasin 36 3
SSI I16 IY S–SI 69 1
Chelonianin I17 IP SLPI 443 3
Rapeseed I18 JD MTI 18 2
Grasshopper I19 IW LMPI 14 2
Potato II I20 JO PPI-II 57 5
Bombyx subtilisin 

inhibitor
I40 Unassigned BSI 1 0

OMTKY turkey ovomucoid trypsin inhibitor; BPTI bovine pancreatic trypsin inhibitor; STI soy-
bean trypsin inhibitor; CMTI-I Cucurbita maxima trypsin inhibitor; BTI barley trypsin inhibitor; 
BBI Bowman-Birk inhibitor, SFTI-1 Sunflower trypsin inhibitor-1; S–SI Streptomyces subtlisin 
inhibitor, SLPI secretory leukocyte peptidase inhibitor; MTI mustard trypsin inhibitor-2; LMPI 
Locusta migratoria trypsin inhibitor; PPI potato peptidase inhibitor II; BSI Bombyx subtilisin 
inhibitor; VTI Veronica trypsin inhibitor
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(USA). These polypeptides inhibiting several serine proteinases (such as bovine 
β-trypsin, human Hageman factor XIIa and kallikreins) were named ITD I, ITD III 
and PHFI, respectively. It turned out that ITD III is identical to PHFI. Subsequently, 
more homologues inhibitors were isolated from Cucurbitaceae, and in 1985 
Wieczorek et al. [7] postulated that these low-molecular mass inhibitors could be 
assigned to a new family of serine proteinase inhibitors (I7). In addition, the Polish 
group introduced a new nomenclature using the scientific names of the plant which 
is consequently applied to all members of the squash family. Thus, the acronym 
ITD was replaced by CMTI (Cucurbita maxima trypsin inhibitor). To date over 40 
inhibitors assigned to this family have been identified in seeds of Cucurbitaceae. 
Their amino acid sequences, sources and years of discovery are summarized in 
Table 12.2. A unique feature of the discussed family of inhibitors is its unusually 
small size, compact structure and high resistance to denaturizing conditions. Squash 
inhibitors consisting of 28–34 amino acid residues and their structure are stabilized 
by three disulfide bridges. Two disulfide bridges form a ring that is threaded by a 
third one. Such a structural motive is called the cystine knot (CK) [8]. Interestingly, 
two members of the discussed family called MCoTI-I and MCoTI-II isolated from 
Momordica cochinchinensis possess an additional cyclic element—head-to-tail 
cyclization and are the first macrocyclic inhibitors of the squash family [9]. At pre-
sent over 160 such cyclic peptides found in nature are collectively named cyclotides 
[10]. They display a characteristic folding path where the cystine knot is embedded 
within a macrocyclic backbone, defining a motif referred to as a cyclic cystine knot 
(CCK). The topology of disulfide bridges, cystine knots and CCK motives is illus-
trated in Fig. 12.2.

12.4.1  Cystine Knot Inhibitors

In squash inhibitors, the P1-P1’ corresponds to positions 5 and 6 in CMTI inhibi-
tors. In substrate specificity P1 position Arg or Lys is present; therefore, they are 

Fig. 12.2  The cystine knot motifs
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potent inhibitors of trypsin and other serine proteinases with a negatively charged 
S1 subside. The exceptions are MCEI inhibitors with Leu5 which therefore inhibit 
elastase. Also, P1’ position is conservative and is occupied in all in squash inhibi-
tors by Ile residue.

The unusually small size of squash inhibitors as compared with other protein-
aceous serine proteinase inhibitors makes them readily accessible by means of 
chemical synthesis. In contrast to biological methods of synthesis where introduc-
tion into the protein molecule other than by proteinogenic amino acids is rather 
difficult, chemical methods allow practically all modifications to be achieved. 
CMTI-III and -I, the first members of the family were synthesized by us in the 
mid 1980s [11]. This definitely confirmed the correctness of their sequences. A 
few years later, the French group isolated, synthesized and determined solu-
tion structure [12] homologues EETI-II from seeds of Ecballium elaterium. The 
authors showed that deletion of its C-terminal dipeptide Ser29-Pro30 retained its 
inhibitory activity. Both CMTI-III and EETI-II (shortened 28 amino acid residue 
variant) were used for structure- activity-relationships. Since the first synthesis, we 
have synthesized over 60 analogues of CMTI/EETI analogues. The obvious modi-
fication introduced by several groups into the squash inhibitors was the substitu-
tion of Arg5 by aromatic or aliphatic amino acid residues. This yielded analogues 
with specific chymotrypsin and elastase inhibitory activity, respectively. On the 
other hand, we have shown that the requirements for P1 position are very strict. 
The introduction of Arg or Lys derivatives in this position dramatically lowered 
trypsin inhibitory activity. It is worth mentioning that derivatives differ from pro-
teiongenic amino acids by one methylene group in the side chains (l-homoargi-
nine or l-homolysine) introduced in the P1 position reducing the affinity of such 
analogues towards trypsin by 2–3 fold. We were also able to considerably sim-
plify the structure of CMTI. The analogue with a truncated N-terminal dipeptide, 
and C-terminal Gly and contains 7 amino acid residues replaced by Gly or Pro 
residues retaining high inhibitory activity. All three disulfide bridges are impor-
tant in maintaining the tertiary structure of squash inhibitors. On the other hand, 
we have recently shown [13] the substitution of each disulfide bridge by disele-
nide yielded potent trypsin inhibitors and more redox-resistant EETI-II analogues. 
Le-Nguyen et al. [14] reported the synthesis of hybrids of EETI-II and carboxy-
peptidase inhibitors. The rationale of their work was the fact that both peptides 
display the same fold as the cystine knot motive. It turned out that such an ana-
logue inhibited both proteases used. Analogues of EETI-II were also synthesized 
by Hilpert et al. [15]. They replaced an N-terminal heptapeptide in EETI-II by an 
optimized binding loop of the turkey ovomucoid inhibitor (OMTKY3). The hybrid 
inhibitor HEI-TOE I retained inhibitory activity against porcine pancreatic elastase 
with considerably higher proteolytic stability. Inhibitors of this family were also 
successfully obtained using biological methods. Sato et al. [16] obtained recom-
binants of CMTI-II by expression of its gene in silkworms, whereas Grzesiak et 
al. [17] expressed series of CMTI-I analogues modified within a binding loop in 
E. coli. Since plant inhibitors play an important role in defense systems against 
insects or micro-organism predators, Milner et al. [18] fused CMTI-1 to the coat 
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protein of potato potyvirus Y and bacterial β-glucuronidase in order to check 
whether such an insert could protect a protein against proteolysis. They showed 
that inhibitory activity was retained when the inhibitor was fused to the first pro-
tein only. All the above mentioned synthetic studies on squash inhibitors proved 
that their analogues with possible therapeutic applications can be accessible for 
both chemists and biochemists.

12.4.2  Cyclic Cystine Knot Inhibitors

It has already been mentioned that MCoTI-I/II are members of a family of mini-
proteins named cyclotides. Peptides displaying the CCK motive possess a diverse 
range of biological activities including antimicrobial, insecticidal and pesti-
cidal activity. Cyclotides represent attractive scaffolds for the design of peptide-
based drugs. This was the main reason that MCoTI-I/II became the most studied 
inhibitors of the squash family. Both were isolated from the seeds of the squash 
Momordica cochinchinensis in 2000, and in the following year the tertiary struc-
ture of MCoTI-II was determined. It was independently shown by two groups that 
its structure is similar to that of the other members of the squash family. Cysteine-
rich proteins are attractive models to study oxidative folding pathways. Bearing 
in mind that the discussed inhibitors contain 6 Cys residues, 15 different sets of 
disulfide bridges can be formed. It turned out that the pathways of oxidation fold-
ing of the reduced precursors of cyclic and acyclic squash inhibitors (EETI-II and 
MCoTI-II were studied) are similar, yielding the native species. In both cases, only 
one major intermediate with two native disulfide bridges was present [19].

In contrast to other inhibitors of the discussed family, MCoTIs contain mac-
rocycle formed by a polypeptide chain. Therefore, chemical synthesis of such 
inhibitors requires an additional step. One of the options is generation of a thi-
oester at the C-terminus of the fully protected precursor followed by removal of 
the side chain protecting groups and a ring-closing macrolactam formation by 
native chemical ligation. Oxidative refolding of homodetic peptides gives the 
desired inhibitor [20]. MCoTIs were also biosynthesized in E. coli cells using a 
biomimetic approach that involves the use of a modified protein splicing unit in 
combination with an in-cell intramolecular native chemical ligation reaction [21]. 
Briefly, a MCoTI-I linear precursor was inserted into a modified intein yielding 
Met-Cys dipeptide at the N-terminus. After the enzymatic removal of Met and 
generation of thiester at the C-terminus of the MCoTI precursor, native chemical 
ligation was used to accomplish the main chain cyclization. In the final step, oxi-
dative folding produced MCoTI. Finally, the inhibitor was purified on HPLC or 
using trypsin-immobilized Sepharose beads. A biochemical approach was applied 
to obtain the library of MCoTI-I analogues and affinity on trypsin-immobilized 
Sepharose beads was utilized to select active ones. Leatherbarrow’s group [22] 
reported on modification (including deletion of fragment 3–6) within the binding 
loop of MCoTI-II that gave potent inhibitors of physiologically important tryptase 
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and human leukocyte elastase (HLE). Substitution of Lys10 located in substrate 
specificity P1 position by Arg increased inhibitory activity towards the first 
enzyme, whereas the introduction in this position of Val or Ala gave analogues 
possessing potent inhibitory activity against HLE. Moreover, considering the fact 
that a shortened analogue (28 amino acid residues) preserved tryptase inhibitory 
activity without significantly altering the three-dimensional structure, this proved 
the impressive adaptability of this cyclotide scaffold. These results correlate well 
with high proteolytic stability in the stomach and in plasma of cyclic hybrid of 
MCoTI-II(6-21) and EETI-II(16-28) named McoEeTI [23]. It was pointed out that 
this inhibitor can be considered a novel pharmacophoric carrier for oral peptide 
drug delivery.

Perhaps the most promising feature of MCoTIs is their membrane permeabil-
ity. MCoTI-II biotin labeled at all three Lys residues was internalized into mac-
rophages RAW264.7 and breast cancer MCF-7 cells at a non-toxic concentration 
[24]. This was the first reported cyclic cell-penetrating peptide. In this first report 
Craik’s group has shown that translocation into cells is mediated through macro-
pinocytosis. By contrast, another cyclotide—kalata B1 analogue (with Thr16 
replaced by the biotin labeled Lys)—is not only significantly more toxic but is 
also not able to cross the cell membrane. This finding opens a new possibility to 
use MCoTI-II as a carrier of bioactive peptides to intracellular targets. The above 
mentioned internalization of MCoTI-II was analyzed in fixed cells. Recently, this 
process was studied on MCoTI-I in live HeLa cells by Camarero’s group [25]. 
Since this inhibitor contains one Lys residue only (corresponding to inhibitor P1 
position), its acylation by AlexaFluor488 N-hydroxysuccinimide yielded a mono-
labeled analogue. With the use of various endocytic markers and inhibitors, the 
authors proved the uptake of AF488-MCoTI-I in HeLa cells following multiple 
endocytic pathways. Moreover, a significant amount of MCoTI-I was found in 
lysosomes, and also in late endosomes or other types of acidic organelles. These 
results were confirmed very recently by Craik’s group who re-evaluated their stud-
ies; this time on live cells [26]. They observed that Alexa-labeled MCoT-II and 
also kalata B1 analogue (Thr20 replaced by labeled Lys) were present inside 
macrophages and breast cancer cells. The first peptide penetrated cells mainly by 
macropinocytosis, whereas the second did through direct membrane interaction. 
Interestingly, uptake in MCF-7 cells of the mono-labeled analogue of MCoT-II (at 
Lys10 only with the remaining two replaced by Ala) was increased by 20 % as 
compared with the native sequence.

12.5  Sunflower Trypsin Inhibitor 1 (SFTI-1)

Since its discovery in 1999, trypsin inhibitor isolated from sunflower seeds (SFTI-
1) has become the object of study for several groups. To date, SFTI-1 is the small-
est naturally occurring circular proteinase inhibitor. SFTI-1 is a member of the 
Bowman-Birk group of inhibitors (I12) retaining the nonapepide binding loop of 
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other inhibitors of this family, spanning the disulfide bridge. It consists of 14 amino 
acid residues and, in addition to the circular polypeptide chain, contains the sec-
ond cycle—the disulfide bridge formed by Cys residues. The P1-P1’ reactive site is 
located at Lys5-Ser6. Despite the fact that this is much smaller than other BBIs which 
are composed of 60–90 amino acids, SFTI-1 is the most potent trypsin inhibitor of 
this family. The elimination of one of the cycles retained inhibitory activity and the 
three dimensional structures of such analogues. Structure-activity-relationships 
studies on SFTI-1 have shown that substitution in the P1 position caused dramatic 
changes in specificity, opening the possibility to design inhibitors of physiologi-
cally important proteinases. Several groups have shown that modifications intro-
duced within the SFTI-1 reactive site and its vicinity led to potent physiologically 
important enzymes including: chymotrypsin, human neutrophil elastase, cathep-
sin G, matriptase, β-tryptase, proteinase K, and human kallikrein-related peptidase 
4. Nevertheless, none of the analogues displaced inhibitory activity higher than 
the wild inhibitor. This might indicate that the structure of SFTI-1 is already opti-
mized by nature. Most of the results obtained for SFTI-1 in the first decade of its 
study are already summarized in review papers [27, 28]; therefore, here we wish to 
discuss only those published recently. Pereira et al. [29] proposed the use of SFTI-1 
analogues with different specificity immobilized on Sepharose as tools to identify 
proteinases in biological samples. Authors covalently attached SFTI-1 analogues 
through hydrazone bonds formed by the hydrazine group of Sepharose and the alde-
hyde moiety of a side chain of N-terminal amino acid of the inhibitor. The aldehyde 
group was introduced by the oxidation of the hydroxyl group of additional Ser cou-
pled to N-termini of inhibitors. Such affinity resins display high capacity and stability 
under experimental conditions. An interesting issue discussed in recent papers was 
the cyclization mechanism of SFTI-1. Craik’s group [30] determined that in the case 
of SFTI-1, the ratio between intact and modified inhibitors reached 9:1, regardless of 
whether or not intact or modified inhibitor was incubated with trypsin. More recently, 
the same group studied cyclization and degradation of series SFTI-1 analogues with 
cleaved peptides bonds at Arg2, Lys5 [31]. In the case of substrates, proteolysis of a 
single peptide bond usually gives two products, whereas in these cyclic inhibitors a 
single product is formed and re-synthesis of cleaved bonds is observed. Interestingly, 
when an analogue lacking a disulfide bridge was incubated with an enzyme, two pep-
tide bonds were cleaved (after Arg2 and Lys5), tripeptide Arg-Abu-Lys was removed 
and peptide bond Arg2-Ser6 was formed yielding a 11 amino acid residue cyclic ana-
logue. This corresponds with our results on proteolysis of double-sequence of SFTI-1 
analogues. Following this mechanism, incubation of these analogues with trypsin or 
chymotrypsin yielded monocyclic SFTI-1 or [Phe5]SFTI-1, depending on the amino 
acid residue present in P1 position. We proposed to name this re-arrangement of the 
peptide chain peptide splicing [32].

Recently, Cascales et al. [26] reported that fluorescent Alexa-labeled SFTI-1 
penetrates MCF-7 cells and is located in endosomal compartments. The cellular 
uptake of SFTI-1 is comparable with that determined for Alexa-labeled MCoTI-II, 
but in contrast to the latter inhibitor, no affinity of SFTI-1 to phospholipids was 
observed. Taking into consideration that all three cyclic peptides tested (MCoTI, 
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kalata B1 and SFTI-1) enter cells, the authors proposed that they constitute a new 
family of cyclic cell-penetrating peptides. Moreover, in our recent work with the 
help of new fluorescent labels, we have shown that also monocyclic SFTI-1 ana-
logues (with disulfide bridge only) are able to enter cancer cells. The work is in 
progress, and only preliminary results have been published [28].

12.6  Biosynthesis of Plant Cyclic Peptides

Cyclic peptides discussed herein were found in the plant kingdom. All are com-
posed of proteinogenic amino acids. Their precursors are synthesized on ribo-
somes that undergo post-translational processing to generate cyclized inhibitors. 
It was observed that Asp or Asn is a conservative C-terminal residue present in 
cyclotides (including MCoTIs) and also in SFTI-1 precursors. This led to the sug-
gestion that an asparaginyl endoprotease is involved in head-to tail-cyclization 
in plants. According to the proposed mechanism, in the first step a peptide bond 
after Asp (or Asn) is cleaved, followed by the formation of the peptide bond with 
N-terminal residue. This mechanism is also supported by experiments showing 
in vitro cyclization of linear precursors. Although other cyclization mechanisms 
are not excluded (e.g. the peptide splicing discussed above) the one mediated by 
asparaginyl endoprotease seems to be the most accepted [33].

12.7  Conclusions and Future Perspectives

Inhibitors of serine proteinase isolated from the seeds of Cucurbitaceae and sunflow-
ers are a very exciting group of peptides. They are the smallest naturally occurring 
proteinase inhibitors composed of proteinogenic amino acids. They display well-
defined, compact structures stabilized by disulfide bridges. Some of them are char-
acterized by a head-to-tail cyclic backbone. These cyclic peptides are able to cross 
cell membranes. Unlike most peptides discussed here, low-molecular plant inhibitors 
are exceptionally resistant to denaturizing conditions and proteolysis. The observed 
rearrangement of the polypeptide chain (peptide splicing) upon incubation of some 
SFTI-1 analogues with serine proteinases is another feature worth considering 
for further studies. It might be possible to utilize such compounds for transfer and 
release inside the cell of certain peptidic or peptidomimetic drugs. All the informa-
tion discussed above makes these plant serine proteinase inhibitors valuable scaffolds 
for designing compounds with potential commercial possibilities for medical and 
agrochemical applications. The size of these inhibitors makes them readily accessible 
by chemical synthesis. In contrast to biological methods, the possible modifications 
introduced to the chemically synthesized compounds are almost unlimited.
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 28. Lesner A, Łęgowska A, Wysocka M, Rolka K (2011) Sunflower trypsin inhibitor 1 as a 
molecular scaffold for drug discovery. Curr Pharm Design 38:4308–4317

 29. Pereira HJV, Salgado MCO, Oliveira OB (2009) Immobilized analogues of sunflower trypsin 
inhibitor-1 constitute a versatile group of affinity sorbents for selective isolation of serine 
proteases. J Chrom B 877:2039–2044

 30. Marx UC, Korsinczky MJL, Schirra HJ, Jones A, Condie B, Otvos L et al (2003) Enzymatic 
cyclization of potent Bowman-Birk protease inhibitor, sunflower trypsin inhibitor-1, and 
solution structure of an acyclic precursor peptide. J Biol Chem 278:21782–21789

 31. Colgrave ML, Korsinczky MJL, Clark RJ, Foley F, Craik DJ (2010) Sunflower trypsin 
inhibitor-1 proteolytic studies on a trypsin inhibitor peptide and its analogs. Biopolymers 
94:665–672

 32. Łęgowska A, Lesner A, Bulak E, Jaśkiewicz A, Sieradzan A, Cydzik M et al (2010) 
Inhibitory activity of double-sequence analogues of trypsin inhibitor SFTI-1 from sunflower 
seeds: an example of peptide splicing. FEBS J 277:2351–2359

 33. Gillon AD, Saska I, Jennings CV, Guarino RF, Craik DJ, Anderson MA (2008) Biosynthesis 
of circular proteins in plants. Plant J 53:505–515

About Biography

Krzysztof Rolka  achieved in 1980 his MS in Chemistry at the University of Gdansk, Poland, 
and completed his PhD at the same University, in 1985. From 1985 to 1986 he worked at 
the Institute of Molecular Biology and Biophysics, Swiss Federal Institute (ETH) Zurich, 
Switzerland as a postdoctoral researcher. He returned to Gdansk in 1986 and was appointed 
as Assistant Professor in the Bioorganic Chemistry Department at the University of Gdansk. 
In 1991 he received his DSc. From 1991 to 1992 he worked as Lecturer at the School of 
Pharmacy, University of London. In 1992 he was appointed as Associate Professor at the 
Faculty of Chemistry, University of Gdansk and in 1996 he was appointed as a full Professor. 
He is co-author over 110 original papers and more than 150 conference papers. His research 
centres on peptide chemistry, combinatorial chemistry, structure–activity-relationships of serine 
proteinase inhibitors and chromo- and fluorogenic substrates.



204 K. Rolka et al.

Adam Lesner  achieved in 1994 his MS in Chemistry at University of Gdansk, Gdansk, Poland, 
and completed his PhD at the same University in 2001. From 2001 to 2004 worked in Virology 
Department of Columbia University NYC (USA) as a postdoctoral researcher. He returned 
to Gdansk in 2004 and was appointed as Assistant Professor in the Bioorganic Chemistry 
Department at the University of Gdansk. In 2009 he received his DSc. He is co-author of 40 
original papers and more than 50 conference papers. His major interest centers on peptide 
synthesis, combinatorial chemistry and proteolysis, along with substrates and inhibitors of 
selected proteases. Right now he is appointed as Associate Professor at University of Gdansk.

Anna Łęgowska  obtained her MS in 1984 at University of Gdansk, Gdansk, Poland, and 
completed her PhD at the same University, in 1993. From 1996 she has been working in the 
Bioorganic Chemistry Department at Faculty of Chemistry, University of Gdansk as Assistant 
Professor. In 1998 she spent 5 months in Menarini Ricerche S.P.A in Florence, Italy, where 
she completed postdoctoral fellowship. In 2011 she received her DSc. She is a co-author of 43 
original papers and more than 60 conference papers. Her main interests are peptide and peptoid 
synthesis, combinatorial chemistry, inhibitors of serine proteases. Right now she is appointed as 
Associate Professor at University of Gdansk.

Magdalena Wysocka  achieved her MS in 2001 at University of Gdansk, Gdansk, Poland, and 
completed her PhD at the same University, in 2008.  Right now she is appointed as Assistant 
Professor at Bioorganic Chemistry Dept., Faculty of Chemistry, University of Gdansk. She is 
co-author of over 20 original papers and more than 40 conference papers. Her major interests 
are combinatorial chemistry, protease mapping, peptide synthesis, along with substrates and 
inhibitors of selected proteases. 



205

Abstract Synthetic serine protease inhibitors, such as nafamostat mesilate, gabex-
ate mesilate and ulinastatin inhibit various kinds of plasma proteinases and are 
widely used for treatment of pancreatitis, disseminated intravascular coagula-
tion and as an anticoagulant for hemolysis. Several reports describe in preclinical 
cancer models that synthetic serine protease inhibitors induce apoptosis, prevent 
tumor invasion or metastasis, and sensitize chemotherapy by inhibiting NF-κB 
activity, proteinases such as urokinase-type plasminogen activator (u-PA) and 
matrix metalloproteinases (MMPs) and trypsin combined with protease-activated 
receptor-2 (PAR-2). Nafamostat mesilate, the first synthetic serine protease 
inhibitor that underwent clinical testing, has showed impressive anti-tumor effect  
and manageable toxicities in Phase I and II trials by combination chemotherapy 
of gemcitabine with nafamostat mesilate for unresectable pancreatic cancer. 
Synthetic serine protease inhibitors have minimal adverse effects and will have a 
potential to become a new therapeutic option for cancer patients. Below we dis-
cuss the rationale behind targeting the serine protease inhibitor for cancer therapy, 
and review the preclinical and clinical data.

13.1  Introduction

13.1.1  Serine Protease Inhibitor

Serine protease inhibitors inhibit serine proteases which are enzymes that cleave 
peptide bonds in proteins, in which serine serves as the nucleophilic amino acid 
at the active site [1] by acting as ‘suicide substrates’ and inactivating serine pro-
teases through the formation of a 1:1 complex [2]. Serine protease inhibitors can 
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be categorized into physiologic inhibitors that are naturally present in tissues and 
nonphysiologic inhibitors that are either produced by microorganisms or synthe-
sized chemically. Physiologic serine protease inhibitors belong to the superfamily 
of serpins, which include, for example, antithrombin III and plasminogen activator 
inhibitor [3]. Nonphysiologic synthetic serine protease inhibitors include nafamostat 
mesilate, gabexate mesilate and ulinastatin.

13.1.2  Synthetic Serine Protease Inhibitors

Nafamostat mesilate [4] is widely used for treatment of pancreatitis [5], dis-
seminated intravascular coagulation [6], and anticoagulation in hemodialysis [7] 
in Japan, and has only minimal adverse effects such as hyperkalemia or hypona-
tremia [8]. Gabexate mesilate [9] has been used for disseminated intravascular 
coagulation and acute pancreatitis in the clinical field in Japan and Korea [10]. 
Ulinastatin has been used in treatment of inflammatory diseases, including dissem-
inated intravascular coagulation, shock and pancreatitis [11].

13.2  Molecular Targets of Serine Protease Inhibitors

Tumor cell proliferation, invasion, metastasis and chemoresistance are regarded 
as multistep phenomena involving many pathways. There are several important 
molecular targets for anti-tumor effect regulated by serine protease inhibitors 
(Table 13.1).

Table 13.1  A list of synthetic serine protease inhibitors, mechanism of action and ongoing  
clinical trials

Drug Mechanism Clinical trials

NM NF-κB inhibitor for pancreatic and  
gastric cancer

Tumor-associated trypsinogen inhibitor 
into PAR-2 for pancreatic cancer

Phase 1 and 2 clinical trial in 
combination chemotherapy 
of gemcitabine with nafamo-
stat mesilate for unresectable 
pancreatic cancer at the Jikei 
University School of Medicine

GM NF-κB inhibitor for pancreatic cancer
u-PA and MMPs inhibitor for pancreatic 

and colon cancer
Tumor-associated trypsinogen inhibitor 

into PAR-2 for cholangiocarcinoma

None ongoing

Ulinastatin NF-κB inhibitor for breast cancer None ongoing

NM Nafamostat mesilate; GM Gabexate mesilate; PAR-2 protease-activated receptor-2; u-PA 
urokinase-type plasminogen activator; MMPs matrix metalloproteinases
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13.2.1  NF-κB

NF-κB transcription factor family plays an important role in the regulation of cell 
apoptosis, inflammation, and oncogenesis [12, 13]. Inhibition of NF-κB is con-
sidered as one of new treatment strategies for cancer patients [14, 15]. We have 
reported that nafamostat mesilate inhibits activation of NF-κB and induces apoptosis, 
prevents adhesion, invasion and peritoneal dissemination for pancreatic cancer in 
vitro and in vivo [16–18]. We also have reported in an experimental study that bet-
ter outcome of combination chemotherapy can be achieved with gemcitabine and 
nafamostat mesilate for pancreatic cancer and paclitaxel and nafamostat mesilate for 
gastric cancer in comparison with mono-drug therapy by inhibition of NF-κB acti-
vation induced by gemcitabine or paclitaxel [19, 20]. Also, we applied nafamostat 
mesilate, an NF-κB inhibitor, to clinical trials [21, 22] and gene therapy [23].

NF-κB is typically a heterodimer that consists of the p65 (RelA) and p50 pro-
teins. In an inactive form of NF-κB, proteins are sequestered in the cytoplasm with 
IκBα. Following IκBα phosphorylation by IκB kinase complex (IKK), NF-κB pro-
teins are released and translocated into the nucleus, where they activate transcription 
of target genes involved in inflammatory cytokines, adhesion molecules and anti-
apoptotic proteins. We have demonstrated that mechanism of nafamostat mesilate-
mediated NF-κB inhibition is blocking IKK-mediated phosphorylation of IκBα [16].

In another study, Takahashi et al. reported that gabexate mesilate inhibited 
TNF-α-induced NF-κB activation and enhanced apoptosis in human pancreatic 
cancer cell lines [24]. Also, Wang et al. reported that ulinastatin inhibited expres-
sion of NF-κB in breast carcinoma cells [25]. However, it is unclear how gabexate 
mesilate and ulinastatin inhibit activation and expression of NF-κB in cancer cells.

13.2.2  Proteinases

Proteolytic degradation of extracellular matrix (ECM) components is a pro-
cess essential to tumor invasion and metastasis. Many proteinases are capable of 
degrading ECM components of which two families of enzymes appear to be par-
ticularly important for ECM degradation, namely, the urokinase-type plasminogen 
activator (u-PA) and the matrix metalloproteinases (MMPs) [26]. Inhibitors of 
u-PA and MMPs can block these enzymes and subsequently inhibit invasion and 
metastasis [27, 28].

The u-PA is a serine protease that converts the zymogen plasminogen to active 
plasmin. Of the fibrinolytic components, thrombin, a serine protease, has been iden-
tified as an activator of pro-MMP-2 via a membrane-type 1-MMP-independent 
pathway [29]. Moreover, plasmin, a serine protease, converts pro-MMP-3 to activate 
MMP-3, which becomes a potent activator of MMP-9 [30]. Therefore, activation 
pathways of some MMPs are closely related to serine proteases.

Uchima et al. reported that gabexate mesilate prevented the invasive and liver 
metastatic potential of pancreatic cancer cells by antagonizing the activities of 
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u-PA and MMPs [31]. Wan et al. reported inhibition of MMPs gabexate mesilate 
reduced the invasion and metastasis of colon cancer cells [32].

Also, we showed that nafamostat mesilate reduced peritoneal metastasis in pan-
creatic cancer by inhibiting NF-κB activation, resulting in reduced expression of 
MMPs because MMPs are downstream target genes of NF-κB [18].

13.2.3  Trypsin and PAR-2

Trypsin, the activated form of trypsinogen, is a digestive enzyme produced by 
pancreatic acinar cells, and is one of serine proteases. This enzyme is expressed 
in a variety of cancer cell lines and cancer tissues [33]. Also, trypsin activates 
protease-activated receptor-2 (PAR-2), as one of the G protein-coupled receptors 
[34]. PAR-2 activation induces cell proliferation [35], and PAR-2 expression has 
been found in human solids tumors, such as gastric, colon and pancreatic cancer  
[35–37]. Therefore, several studies have suggested that trypsin plays an important 
role in proliferation and serves as a potent mitogen in PAR-2-positive cancer cells 
[37, 38]. Outa et al. reported that nafamostat mesilate inhibited growth and invasion 
of pancreatic cancer cells by blocking tumor-associated trypsinogen combined 
with PAR-2 [37]. Also, Nakanuma et al. reported that gabexate mesilate inhibited 
cell growth by inhibition of trypsin in PAR-2-positive intrahepatic cholangiocarcinoma 
cells [38].

13.3  Clinical Data

Although several reports have showed anti-tumor effect of serine protease inhibi-
tors in a variety of cancers, clinical trials are limited to ours [21, 22]. We applied 
our strategy to the clinical trials by combination chemotherapy of gemcitabine 
with nafamostat mesilate for unresectable pancreatic cancer In Phase I/II study. 
Our previous data showed that a dose of 1 × 10−6 M of nafamostat mesilate is 
necessary to inhibit apoptosis of pancreatic cancer cells [26]. As the acceptable 
maximum clinical dose of nafamostat mesilate could reach 1.8 × 10−7 M (under 
the condition of continuous infusion), this concentration of nafamostat mesilate is 
insufficient to inhibit NF-κB activation. Therefore, we started this clinical trials of 
i.v. gemcitabine combined with regional arterial infusion of nafamostat mesilate 
because continuous regional arterial infusion to achieve adequate concentration 
of nafamostat mesilate in the pancreas as compared with i.v. infusion. The eligi-
bility of this study is patients diagnosed as unresectable pancreatic cancer, aged 
between 20 and 80 years and exhibiting adequate bone marrow, renal and hepatic 
functions. The treatment schedule of this study is gemcitabine with intravenous 
administration at a f ixed dose of 1,000 mg/m2 for 30 min, and nafamostat mesilate 
was administered one hour before the infusion of gemcitabine via a port-catheter 
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system for 24 h through the common hepatic artery and celiac artery on days 1, 
8 and 15 of each 28-day cycle. This regimen was repeated at 28-day intervals. 
To determine the dose-limiting toxic effects (DLTs), a standard ‘3 + 3’ phase I 
dose-escalation protocol was used. The initial dose of nafamostat mesilate was 
2.4 mg/kg and was escalated in increments of 1.2 mg/kg until a dose of 4.8 mg/
kg was reached. The phase I study showed that none of the patients experienced 
DLTs, and nafamostat mesilate was well tolerated at doses up to 4.8 mg/kg [21]. 
Therefore, the recommended phase I dose of nafamostat mesilate in combination 
with gemcitabine was 4.8 mg/kg. The phase II included 35 patients and the median 
survival time was 10.0 months, while the response rate and disease control rate 
were 17.1 % and 88.6 %, respectively [22].

13.4  Conclusions

Synthetic serine protease inhibitors have anti-tumor effect in a broad spectrum of 
tumor cell lines, and in vivo xenograft models. As to the mechanism of their anti-
tumor effects, NF-κB activity, proteinases such as u-PA, MMPs and trypsin, and 
PAR-2 likely play important roles, but other factors seem to be involved. Since 
synthetic serine protease inhibitors are used clinically with minimal adverse 
effects in patients with poor performance status and organ dysfunction due to pan-
creatitis, disseminated intravascular coagulation or chronic renal failure. Synthetic 
serine protease inhibitors have a potential to become a new therapeutic option to 
augment the effect of chemotherapeutic agents for cancer patients.
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Abstract Protease inhibitors are important since the deregulation of proteolytic 
activities is tightly linked to different pathological conditions including severe 
inflammatory disorders and cancer. There are around 85 families of protease 
inhibitors according to the MEROPS database. In this article we have reviewed 
the medicinal applications of different types of protease inhibitors, in particular 
the serine protease inhibitors (exemplified as Kunitz type and Bowman-Birk type 
inhibitors) which are the most extensively studied. Although the main protease 
inhibitors cited here are of plant and animal origin, antibody and engineered pro-
tease inhibitors are also discussed, albeit lesser extensively. By binding to serine 
proteases or other targets, many protease inhibitors display a vast range of prop-
erties that are beneficial for humans. These include anti-fungal, anti-apoptotic, 
anti-inflammatory, anti-metastatic, anti-proliferative, and anti-HIV activities. The 
multipotency of such inhibitors has made them strong candidates for treating 
diseases and disorders. The current limitation mainly lies on whether these prop-
erties could be transferred from bench-top level to clinical trials and eventually 
employed as substitutes for existing drugs.

14.1  Introduction
Protease inhibitors are molecules that inhibit the activity of proteases. They are 
mainly found in plants such as legumes, potato and soybean, but are also found 
in animals and humans [1, 2]. Protease inhibitors display several characteristics: 

Chapter 14
A Landscape of the Health Benefits  
of Different Natural Protease Inhibitors

Ho Him Leung, Evandro Fei Fang and Tzi Bun Ng

E. F. Fang and T. B. Ng (eds.), Antitumor Potential and Other Emerging Medicinal  
Properties of Natural Compounds, DOI: 10.1007/978-94-007-6214-5_14,  
© Springer Science+Business Media Dordrecht 2013

H. H. Leung 
Department of Medicine, Imperial College London, London, UK

E. F. Fang (*) 
Laboratory of Molecular Gerontology, National Institute on Aging, National Institutes  
of Health, Baltimore, MD 21224, USA
e-mail: fange@mail.nih.gov; evandro.fang@nih.gov

E. F. Fang · T. B. Ng (*) 
Faculty of Medicine, School of Biomedical Sciences, The Chinese University of Hong Kong, 
Hong Kong, China
e-mail: b021770@mailserv.cuhk.edu.hk



214 H. H. Leung et al.

They are small in size, and typically utilize a large number of disulphide bonds to 
stabilize the inhibitory domains. In view of the significant relationship between 
different human diseases and the imbalance of proteases and protease inhibitors, 
much research has recently focused on the screening and development of thera-
peutic protease inhibitors from both natural and laboratory setting.

14.2  Classification and Modes of Inhibition  
of Protease Inhibitors

There are different methods of categorizing plant protease inhibitors. One of these 
is to classify them depending on the class of protease they inhibit, which include 
serine proteases, cysteine proteases, aspartic proteases and metallocarboxy- 
proteases [3–5]. Serine protease inhibitors are subdivided into canonical (standard 
mechanism) inhibitors, serpins and non-canonical inhibitors, on the basis of their 
inhibition mechanisms. Canonical inhibitors contain a rigid reactive-loop comple-
mentary to the substrate binding site of the protease. They are considered good 
inhibitors due to their low Km and Kcat values, representing a tight binding and 
slow rate of hydrolysis. The tight binding is achieved by maintaining a stable con-
formation of the reactive-site loop, facilitated by other secondary contacts between 
the inhibitor and the protease, whereas the slow hydrolysis rate is accomplished by 
hydrogen bonding and disulphide bonds which stabilize the complex and increase 
the activation energy barrier. Different from canonical inhibitors, non-canonical 
inhibitors such as potato carboxypeptidase inhibitors (CPI) and cystatin are less 
common and use a less common mechanism to inhibit protease [3]. In CPI, the 
rigid reactive-site loop is only present in the bound form, and it forms more sta-
ble interaction with the protease than the enzyme to prevent dissociation. Cystatin, 
on the other hand, does not contain any sites for the cysteine protease to cleave, 
and thus blocks the active site of the enzyme [3]. Please see Chap. 12 by Prof. 
Krzysztof Rolka for more information on classification and inhibition mechanism 
of serine protease inhibitors.

Among all protease inhibitors, Bowman-Birk and Kunitz inhibitors are the 
most well-studied group, and both belong to canonical serine protease inhibitors. 
Kunitz inhibitors are approximately 200 amino acid residues in size, and consist 
of 12 anti-parallel β-strands, linked by 13 loops [3]. The reactive-site binding loop 
is generally located at loop 5 but can be found in different locations, such as in 
loop 6 and loop 10 for Sagittaria sagittifolia [3]. The overall structure of Kunitz 
inhibitors is stabilized by disulphide bonds and hydrogen bonds. The number of 
disulphide bonds varies between species, but the most frequently observed disul-
phide bonds are found to bridge loop 3 and loop 6, and loop 10 to β-strand 9. 
Kunitz inhibitors can be further subdivided into three groups based on the num-
ber of disulphide bonds they contain. Those with more than 4 cysteine residues, 
forming 2 intra or intermolecular bondings, are grouped as group 1, Examples 
include Acacia confusa, Pithecellobium dulce and Acacia plumosa, which contain 

http://dx.doi.org/10.1007/978-94-007-6214-5_12
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1 intrachain disulphide bond within the α-helix chain and an interchain disulphide 
bond with the β-chain, or DMTI-I and DMTI-II from Dimorphandra mollis, which 
only contain 2 intrachain disulphide bonds. Group 2 inhibitors are those containing 
only 2–3 cysteine residues, and are only able to form one disulphide bond, such 
as Entada Scandens and Inga laurina trypsin inhibitors. Inhibitors with one or no 
cysteine residue, and therefore unable to form disulphide bridges, are classified as 
group 3, an example being Bauhinia bauhiniodes Kallikrein inhibitor [6, 7].

Bowman-Birk inhibitors (BBI) vary in size between species, containing 33 and 
133 amino acid residues. They are commonly found in monocotyledonous grass 
species and dicotyledonous legume species (including soybean) [8]. BBI found in 
grass family or legume species are slightly different. The former can be subdivided 
into two groups, depending on the number of active sites. The latter are small in size 
(6–9 kDa), and consist of two reactive loops which are able to inhibit two proteases 
independently [8]. The loops are highly conserved in sequence, which allows them 
to inhibit specific proteases. For example, loop 1 provides specificity for serine pro-
teases, whereas loop 2 is specific towards trypsin- or chymotrypsin-like proteases. 
Similar to Kunitz inhibitors, the seven disulphide bonds of soybean BBI (C9–C24, 
C14–C22, C8–C62, C12–C58, C36–C51, C32–C39, C41–C49) are fundamental in 
providing structural stability and tolerance towards extreme conditions. From the 
X-ray crystal structure, hydrophobic patches are observed, which allow BBI to self-
associate to form a dimer, trimer, tetramer and hexamer as well as monomer [8, 9].

As previously mentioned, many other protease inhibitors exist in the nature, 
such as Potato I and II inhibitors, sunflower trypsin inhibitor, and inhibitors from 
the cereal and rapseed families. Their three-dimensional structures have been 
determined, along with many others, including a novel Kazel-type trypsin inhibi-
tor from Agalychnis callidryas [1].

14.3  Medicinal Applications of Protease Inhibitors  
of Plant Origins

14.3.1  The Health Benefits of Kunitz-Type Protease Inhibitors

The Kunitz-type protease inhibitors have continued to be exploited because they 
elicit many responses that are beneficial to mankind, e.g. for combatting inflam-
mation and tumour progression, in addition to their natural physiological func-
tions. Bovine pancreatic trypsin inhibitor (BPTI) is one of the most extensively 
studied animal protease inhibitors. It is a monomeric protein with 58 amino 
acids connected by 3 disulphide bonds and containing one Kunitz-type protease 
inhibitory domain, is able to form a more stable and higher affinity complex with 
trypsin and different serine proteases in close proximity, which allows assays to 
be conducted under extreme conditions (Fig. 14.1) [10, 11]. This BPTI-trypsin 
detection system is found useful in several aspects, for example, in detection of 
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receptor targets of trypsin, in affinity chromatography and in identifying protein 
topography [10]. More recently, anti-inflammatory properties of BPTI have also 
been discovered. When activated by trypsin, protease-activated receptor 1 (PAR1) 
produces proinflammatory cytokines and chemokines as well as platelet-derived 
growth factor (PDGF). As BPTI binds and inhibits trypsin, PAR1 would subse-
quently be inhibited [12]. Although the use of BPTI to reduce the inflammatory 
response has undergone clinical trials and has been proven to be effective and safe, 

Fig. 14.1  Some representative Kunitz-type trypsin inhibitors. a Different Kunitz domains 
among Kunitz type protease inhibitors. Abbreviations: Bovine pancreatic trypsin inhibitor 
(BPTI), Hepatocyte growth factor activator (HGFA) inhibitor 1B (HAI-1), Tissue factor path-
way inhibitor (TFPI). Identification of conserved domains was executed in the NCBI website. 
b Ribbon diagram of the crystal structures of those Kunitz-type trypsin inhibitors. Crystal data 
were from RCSB protein data bank and visualized by the UCSF chimera software as used pre-
viously [34]: BPTI (PDB ID: 1BTH), bikunin (1BIK), HAI-1 (1YC0), TFPI Kunitz domain 1 
(1ZR0), TFPI Kunitz domain 2 (1TFX), TFPI Kunitz domain 3 (1IRH). The helix and strand 
are shown in red and green, respectively
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concerns have arisen over its association with the development of renal failure and 
anaphylaxis after repeated administration.

In contrast to BPTI, there are many other mammalian protease inhibitors 
that contain more than one Kunitz-type protease inhibitory domain. Bikunin 
(bis Kunitz inhibitor) contains two Kunitz-type protease inhibitory domains 
(Fig. 14.1), and is released from the precursor Inter-alpha Inhibitor (IaI) upon sub-
stitution of hyaluronan (HA) with chondroitin sulfate to form a complex with the 
heavy chain of IaI [13]. The Kunitz 1 domain located closer to the N-terminus is 
required to bind bikunin receptors or the link protein, whereas Kunitz 2 domain is 
a protease inhibitor domain responsible for binding proteases. In humans, bikunin 
is found predominantly in amniotic fluid, as well as in serum and urine [13]. The 
physiological function is not limited to inhibiting serine proteases, as reports 
have shown that bikunin, together with anti-cancer drugs, suppresses metastasis 
by inhibiting expression of urokinase-type plasminogen activator (uPA), achieved 
by negatively regulating the ERK1/2 phosphorylation or MAP kinase pathway 
upstream. Suzuki and his colleagues suggested this inhibition of metastasis is due 
to prevention of oligomerization of CD44, a key player in tumour progression. 
They proposed that when the bikunin binds to its receptor, it physically interacts 
with CD44 and prevents dimerization of CD44. As a result the monomeric CD44 
cannot form a complex with hyaluronan (HA), and therefore is not recognized by 
the cells [13]. In view of this, researchers hoped to apply this for anti-metastatic 
therapy, and the experiments have been performed on rodents which showed 
significant inhibition of metastasis two weeks after inoculation of tumor cells. 
Clinical trials have also been conducted, where a dose of 150 mg/day bikunin was 
used in addition to chemotherapy, and the results showed that it prolonged the sur-
vival of patients with advanced ovarian cancer [13].

Both hepatocyte growth factor (HGF) activator inhibitors (HAI) 1 and 2 con-
tain two Kunitz-type protease inhibitor domains (Fig. 14.1), with the first domain 
inhibiting HGF and the second domain inhibiting serine proteases. Tissue factor 
pathway inhibitor (TFPI) is another example of a serine protease inhibitor. It con-
tains three Kunitz-domains (Fig. 14.1). All of the Kunitz-domain containing pro-
tease inhibitors manifest anti-inflammatory activity. And in some cases, tumor 
progression is suppressed and other diseases are prevented.

In addition to Kunitz protease inhibitors from mammals, there are numerous 
medicinal Kunitz protease inhibitors purified from plants. Soybean is one of the 
main sources of nutrients in Asia with some cultivars being used as Chinese tradi-
tional medicine. In 2009 and 2011, our group identified the presence of protease 
inhibitors in Korean Black soybean and Chinese mini-black soybean by chromato-
graphic purification [14, 15]. By further determining the molecular weights (MW) 
and amino acid sequences, they were both classified as Kunitz type protease inhib-
itors (KTPI) with similar MW and homologous N-terminal sequences. Different 
from most of the protease inhibitors extracted from soybeans, there was no anti-
fungal activity detected. Instead, both Korean and Chinese mini- black soybean 
protease inhibitors displayed potent anti-tumour and HIV-1 reverse transcriptase 
inhibitory activities as evidenced by the low IC50 value (<10 μM) [14, 15]. To be 
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specific, Korean black soybean protease inhibitor suppressed the proliferation of 
breast cancer MCF-7 cells and hepatoma HepG2 cells, whereas Chinese min-black 
soybean protease inhibitor was able to inhibit proliferation of nasopharyngeal car-
cinoma cells CNE-2 and HNE-2 in addition to the previous two types of cancer 
cells. HIV-1 reverse transcriptase is an important factor as HIV replication relies 
on the viral RNA to be reverse transcribed into DNA that could enter into the host 
genome. Together with the tolerance of low pH values, these protease inhibitors 
are potential therapeutic agents for HIV infections and cancers.

The Bauhinia inhibitors are in the family of Kunitz inhibitors, but they differ 
both in structure and inhibitory specificity. Bauhinia bauhiniodes kallikrein inhibi-
tor (BbKI) and Bauhinia bauhinioides cruzipain inhibitor (BbCI) for example, do 
not contain any disulphide bridges. BbKI only has one cysteine residue whereas 
BbCI does not have any cysteine residue. Strikingly, these inhibitors are still able 
to hold a similar tertiary structure by interaction between Tyr125, H2O and Gly132 
[7]. In 2011, our group isolated B. purpurea trypsin inhibitor (BPLTI) from the 
seeds of B. purpurea L. by ion-exchange chromatography and size-exclusion. We 
named it BPLTI is to discriminate it from the common bovine pancreatic trypsin 
inhibitor, abbreviated as BPTI. BPLTI shows homology at the N-terminus with 
other members of the family, but when treated with increasing concentrations of 
DTT a gradual reduction of inhibitory activity was seen, signifying the presence 
and importance of disulphide bonds [16]. By interfering with different mechanisms 
(including formation of apoptotic bodies, stimulating chromatin condensation and 
mitochondrial depolarization), BPLTI successfully inhibited the proliferation of 
human carcinoma Hep G2 cells as well as other tumour cells to a lesser extent. 
Similar to many Kunitz domain-containing protease inhibitors, BPLTI has the abil-
ity to induce cytokine production. Cytokines regulated by BPLTI include IL-1beta, 
IL-2 and TNF-alpha [16]. IL-1 alone is involved in immunomodulation, inflam-
mation, wound healing, hematopoiesis, metabolism and the endocrine system, 
and together with IL-2, improve cellular immunity. B. pupurea and B. variegata 
are both common Bauhinia trees species found in Hong Kong. From the seeds of  
B. variegata, a Kunitz type trypsin inhibitor (BvvTI) was isolated. It has the ability 
to induce the same cytokines as BPLTI, but instead of Hep G2 cells, it is most effi-
cient against human nasopharyngeal carcinoma cell CNE-1 and can repress HIV-
1-RT activity as shown by decreased values of IC50 [17].

14.3.2  Bowman-Birk Inhibitors Constitute a Source  
of Promising Drugs

The name of Bowman-Birk inhibitor is meant to give honor to Bowman, who was 
the first to isolate this inhibitor from soybeans in 1946, and Birk, who character-
ized this inhibitor in 1961. BBI is the second most abundant soybean protease 
inhibitor. It is most commonly found in soybean, but also in other dicotyledon-
ous or monocotyledonous seeds. In the early years after its discovery, it was 
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considered as anti-nutrients by nutritionists due to the potential harmful effects 
when consumed in milligram quantities [18]. But more studies have shown that 
small amount levels (nM) of BBI can give significant health benefits, such as sup-
pression of X-ray induced transformation and slowing progression of some human 
diseases [18, 19].

BBI remains active under a wide range of pH values, implying that it survives 
the digestive processes occurring in the gastrointestinal tract (GIT). This allows 
the BBI to be absorbed and spread through the bloodstream and target different 
organs. To investigate the distribution of BBI, a study using rodents as a model was 
conducted. The animals were fed with labeled BBI, and it was found that 40–50 % 
of BBI was excreted in the feces, with the remainder distributed in different organs 
including esophagus, stomach, kidneys, liver and lungs, but not the brain. Once 
BBI reached an organ, it rapidly appeared in the corresponding epithelial cells [8]. 
Within 5 h, BBI traveled through the GIT to the colon tissue, feces or was taken 
up into the bloodstream [20]. The BBI found in feces or urine remained active and 
was still able to inhibit proteases, proving its resistance to pH and ability to survive 
in the digestive system.

BBI exhibits antitumor activities and other therapeutic effects against colorectal 
cancer (CRC), prostate cancer, oral leukoplakia, multiple sclerosis, and Duchenne 
muscular dystrophy (DMD). CRC is the second most common cancer that causes 
death, with roughly 100,000 new CRC cases per year. One of the methods for sup-
pressing CRC development is via dietary uptake of BBI. When dimethyhydrazine 
(DMH)-treated mice were fed with BBI, the frequency of colon tumours drops, 
without interfering with animal growth or causing physiological changes [8]. 
Furthermore, in vivo studies show that the colon tumour cell line LoVo and Caco2 
cells are suppressed in the presence of BBI, but when BBI is inactivated by chemi-
cal modification, the anti-proliferative activities are not expressed, hence proving 
the importance of BBI [8]. Prostate cancer is one of the high- mortality- rate can-
cers, and is liable to spread to other organs in the advanced stage. BBI exhibits 
different mechanisms that target prostate cancer cells: it has been shown to induce 
the expression of connexin 43 (Cx43) in prostate cancer LNCaP cells and in trans-
genic rats developing adenocarcinoma of the prostate (TRAP) which causes cell 
death [8]. The generation of reactive oxygen species was suppressed, whereas 
the tumour suppressor protein p53 (an important protein involved in DNA repair, 
inducing growth arrest and initiating apoptosis) was activated. The use of BBI as 
chemopreventive agent in other cancers and diseases has met with similar success, 
with oral leukoplakia already in the phase II clinical trial [21] and with the multi-
ple sclerosis showing signs of improvement [22].

Multiple sclerosis is an autoimmune disease in which the immune cells infil-
trate the central nervous system (CNS) and cause demyelination, and axonal and 
neuronal degeneration. An animal model of experimental autoimmune encepha-
lomyelitis (EAE) is used to unravel the mechanisms and provide insights into 
this disease. In the animal model, although BBI cannot stop the disease from  
developing, it is able to slow down the progression of EAE by retarding the 
inflammatory cells from infiltrating to the CNS [23]. This retardation is dependent 
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on the production of the anti-inflammatory cytokine IL-10. There are two roles of 
IL-10 regarding the retardation. First, it suppresses the antigen presentation ability 
of antigen presenting cells, and secondly, it inhibits the synthesis of proinflamma-
tory cytokines and chemokines. In addition to IL-10, the shift from Th1 and Th17 
to Treg also contributes to the protective effects of BBI.

For clinical studies, an orally available BBI concentrate (BBIC) was developed 
by Kennedy [18]. Other than BBI, BBIC also contains soybean cystatin, isofla-
vones, saponins and others. Duchenne muscular dystrophy (DMD) is a genetic 
disorder caused by the mutation of the gene in the X chromosome, and that pre-
dominantly affects males under the age of 5 [24]. As a result of mutation of the 
dystrophin gene, the protein dystrophin is suppressed. Due to the serious side 
effects caused by the conventional treatments, efforts to explore alternative thera-
pies without side effects continue. BBIC have been demonstrated to inhibit pro-
teases involved in the TGF-β1 and fibrosis signaling pathways via attenuation of 
Smad2/3, which are suspected to play a role in DMD. When dystrophic (mdx) 
mice were treated with BBIC, an improvement in tetanic force, increase in muscle 
mass and resistance in contraction-induced injury were observed, which together 
with reduction in fibrosis suggests a retardation in degeneration [25]. BBIC also 
attenuates the calpain activity which is increased in DMD patients and mdx mice. 
Calpain is involved in release of sarcomeric proteins which cause protein degrada-
tion and inhibits the Akt signaling pathway [25]. For the interesting story of BBIC, 
please refer to Chap. 11 by Prof. Ann R. Kennedy for details.

In 2010 and 2011, our group isolated two novel Bowman-Birk type trypsin 
inhibitors from the faba bean Vicia faba, termed VFTI-G1 and VFTI-E1, both with 
a molecular size of 15 kDa [26, 27]. They were both classified as Bowman-Birk 
type due to their small molecular size and homologous sequences at the N-terminus 
to other Bowman-Birk type inhibitors. VFTI-G1 exhibited a relatively weak trypsin 
inhibitory activity when compared with other trypsin inhibitors, and had no anti-
fungal activity at all, due to differences in structure and the ability to bind enzyme 
[27]. The trypsin inhibitory activity might contribute to the suppression of cancers, 
as trypsinogen (the zymogen of trypsin) was found to be overexpressed in different 
tumours. The specific antiproliferative activity towards HepG2 hepatoma cells and 
ability to inhibit HIV-1 reverse transcriptase activity provide important information, 
as the drug resistance of VFTI-E1 is the main limitation in treating AIDS. Different 
to other trypsin inhibitors, VFTI-E1 displays various mechanisms of anti-fungal 
activity including chitin deposition, modification of hyphal morphology, permeabi-
lization of the membrane and induction of a rapid reflux of cations [26].

14.3.3  Other Small Protease Inhibitors

Other than the Kunitz and Bowman-Birk protease inhibitors, there are many other 
protease inhibitors that are effective and are currently being used to treat dis-
eases. Neutrophil elastase (NE) is one of the targeted proteins for the treatment of 
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inflammatory disorders. Alpha-1 antitrypsin (A1AT) is an example of NE inhibi-
tors [28]. As well as suppressing NE, it contains anti-apoptotic and immunomod-
ulatory functions, which make it a promising therapeutic agent. The ability to 
suppress NE proves to be effective against cystic fibrosis (CF). However, the main 
drawback comes from the methionine residue it contains in the reactive site loops, 
which increases susceptibility to oxidative inactivation. Secretory leukocyte pro-
tease inhibitor (SLPI) is another protease inhibitor that is used for treating cystic 
fibrosis. In clinical trials, it was shown to be able to reduce the amount of neutro-
phil and neutrophil elastase, as well as modulating the level of pro-inflammatory 
cytokines [28]. Similar to other protease inhibitors, it has a small molecular weight 
and several properties, including triggering of anti-inflammatory response, inhibi-
tion of HIV replication and mediation of non-redundant functions necessary for 
normal wound healing [29].

Kazal-type proteinase inhibitors (KPIs) are serine proteinase inhibitors. 
Depending on the species, they can contain one or more Kazal inhibitory domains. 
The Kazal inhibitory domain is composed of around 50 amino acid residues, 
with vertebrate species possessing a larger domain than invertebrate species. The 
inhibitory domain is linked by 6 intra-disulphide bonds and inhibits proteinase by 
binding to the active site of the cognate proteins via its reactive site loop in a non-
covalent manner, with a high association constant. Although there is only one con-
tact position that is responsible for the specificity, 11 additional contact positions 
facilitate its binding and recognition. By mutation of the 11 contact positions, the 
Ki value is significantly reduced. Most recently, a novel Kazal-type trypsin inhibi-
tor was discovered from the skin of the red-eyed leaf frog Agalychnis callidryas 
[1]. This discovery of a new Kazal-type trypsin would prove useful as it displays 
various biological and physiological functions that could be used as pharmacologi-
cal tools. Kazal1 from Hydra magnipapillata prevents excessive autophagy, and 
when this protein is silenced, it quickly causes disorganization and death of gland 
cells. If the protein is not restored, death eventually results. Bacteriostatic activ-
ity against Bacillus subtilis in Penaeus monodon and bacteriocidal activity against 
Staphylococcus aureus in Hydra magnipapillata have been reported, suggesting a 
mechanism with which KPI takes part in the host defense.

14.4  Biological Protease Inhibitors

In addition to natural protease inhibitors, there is great interest in the development 
and application of biological protease inhibitors which may circumvent the low 
specificity of some natural protease inhibitors, as well as increase protein quantity 
and purity [28, 30]. Examples include antibodies for different proteases and engi-
neered protease inhibitors. Antibodies are one of the most prevailing biological 
agents, with 12 antibodies approved by US Food and Drug Administration, along 
with over 240 compounds under different stages of clinical trial [28, 30]. They can 
recognize target cells in an agonistic manner, for example, to promote apoptosis 
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in tumour cells, or binding to receptors in an antagonistic manner and inhibiting 
the pathway or signaling. Apart from recognizing receptors or cells, they can also 
bind to proteases directly and act as protease inhibitors. Occasionally, the anti-
body recognizes and blocks the active site of the target protein, thereby preventing 
the substrate from entering. More commonly, it is able to bind the protease and 
induce conformational changes of the active site, thereby inhibiting the activity by 
preventing the recognition of substrate. Alternatively, a group has shown that by 
binding the antibody mab1696 to the conserved homologous N-terminal region 
between HIV-1 and HIV-2 proteases, it prevents the dimerization of the protease, 
which is required for activity [31]. Other than potential for treating AIDS, another 
antibody E2 has been reported to bind to a serine protease matriptase (MT-SP1) 
near its active site. MT-SP1 is upregulated in the presence of several tumours and 
accounts for the proliferation of tumour cells. Upon binding of E2, it blocks the 
entrance of substrate to the protease and therefore inhibits its ability to activate 
PI3 K-AKT pathway [28]. Another example is Fsn0503, an antagonistic antibody 
against cathepsin S, which is a cysteine protease and involves in tumor invasion. 
Burden and colleagues found that Fsn0505 blocked colorectal tumour invasion and 
angiogenesis in both in vitro and in vivo experiments [32].

The use of protease inhibitors as novel therapeutic agents by engineering differ-
ent domains of inhibitors is considered to be an effective strategy, with the Kunitz 
domain being a promising candidate because of its low concentration requirement 
and its stability, which allows the structure to remain stable upon point mutation. 
An example of mutated Kunitz domains is the plasma kallikrein inhibitor DX-88 
(Dyax-Genzyme LLC), also known as ecallantide and DX-1000. Ecallantide has 
the ability to inhibit plasma kallikrein, hence reducing the vascular permeability 
and relieve the symptoms of hereditary angioderma (HAE), and even most attrac-
tive as therapeutic agent for breast cancer [28, 33]. Most inhibitors are selected 
by phage display, including DX-1000. They are able to inhibit plasmin to trigger 
the anti-tumour effects via blockage of a type IV collagenase activation. Similarly, 
the neutrophil elastase (NE) could be inhibited by a phage display-derived BPTI-
variant, and this inhibition brings about a lowering of the level of pro-inflammatory 
cytokine IL-8 and a reduction of NE activity in sputum [28].

14.5  Conclusion and Future Perspectives

In this review, we have explored the properties of different protease inhibitors with 
particular focus on the Bowman-Birk inhibitors and Kunitz type protease inhibitors. 
These bind to the serine protease with a canonical or non-canonical mechanism. 
By binding to serine proteases or other targets, they display a spectacular array of 
properties that are beneficial to humans encompassing anti-fungal, anti-apoptotic, 
anti-inflammatory, anti-metastatic, anti-proliferative, and anti-HIV activities. The 
multifarious activities of such inhibitors advocate their therapeutic application for 
diseases and disorders. The questions at the moment lie on whether the use of some 
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of these protease inhibitors is confined to the bench top level, and whether they 
have the ability to target a specific organ or display a broad systemic effect when 
ingested orally? To date, most experiments are conducted in vitro, hence there is a 
need to conduct trials in vivo. The anti-HIV and HIV-reverse transcriptase inhibi-
tory activities of protease inhibitors derived from soybean could be particularly 
useful. As soybean is a common food source and can be produced on a large scale 
at a relatively cheap price, soybean protease inhibitors could be used as a potential 
substitute for the current antiretroviral drugs.
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Abstract Autophagy is an evolutionarily conserved process, which enables the 
sequestration of intracytoplasmic long-lived proteins or damaged organelles in 
double-membraned autophagosomes followed by their degradation within the 
acidic lysosomal compartment. Autophagic failure at any step of the pathway per-
turbs cellular homeostasis with consequences for various pathologies, from cancer 
and infectious disorders to neurodegenerative diseases. Many neurodegenerative 
diseases are caused by gain-of-function mutations which favor the accumulation 
of intracytoplasmic aggregate-prone proteins. Thus, an effective strategy to clear 
the mutant proteins is to enhance autophagic flux. Here we highlight the recent 
progress in upregulating autophagy as a therapeutic approach in models of neuro-
degenerative diseases, which may guide further studies in the clinic.

15.1  Introduction

Autophagy is a highly conserved process that mediates the degradation of intra-
cytoplasmic proteins, protein complexes and organelles by capturing them in 
double-membraned vesicles, called autophagosomes. Autophagosomes move 
bidirectionally along microtubules with a bias towards the microtubule organizing 
center to eventually fuse with lysosomes forming autolysosomes, in which the car-
goes are degraded [1–3].

In mammalian cells, autophagosome generation is mediated by different ATG 
(autophagy) proteins. Some of these regulate autophagy by participating in two 
complexes (ULK1 and Vps34/Beclin1 complexes), while others regulate two 
ubiquitin-like reactions involved in the formation of Atg12-Atg5.Atg16 and lipi-
dated LC3-II [2]. MAP1LC3 (microtubule-associated protein 1 light chain 3), or 
simply LC3, is the only mammalian protein that specifically associates with the 
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autophagosomal membranes and therefore the level of LC3-II correlates with the 
number of autophagosomes [4].

The physiological relevance of autophagy is related to the maintenance of both 
cellular quality control and energy balance [5]. Basal levels of autophagy mediate 
the normal turnover of cytoplasmic components and the clearance of misfolded 
proteins, or damaged organelles. For instance, mice specifically deficient in key 
autophagy genes in neuronal cells develop neurodegeneration with progressive 
motor function deficiency, accompanied by the accumulation of intraneuronal 
aggregates [6, 7]. Likewise, autophagy is stimulated by stress conditions, such 
as starvation or oxidative stress, to break down macromolecules into basic com-
ponents required for biosynthetic processes, therefore restoring the nutrient 
balance [8, 9]. Newborn mice undergo a period of relative starvation before receiv-
ing energetic supplies through breastfeeding, and autophagy impairment at this 
stage prevents them from recycling nutrients, and causes early postnatal lethality 
[10]. In addition, autophagy protects against pro-apoptotic insults by upregulating 
mitophagy (degradation of mitochondria by autophagy) and consequently reduc-
ing ROS levels and caspase activation [11]. Apart from the roles of autophagy in 
cellular homeostasis in both basal and stress conditions, there are data in model 
organisms suggesting that it may have beneficial roles in lifespan extension, aging, 
senescence, immunity, and defense against pathogens [12–14].

Perturbations of the autophagic balance (excessive or insufficient autophagy) have 
been broadly associated with cancer, heart disease, gastrointestinal disorders, type 2 
diabetes and with neurodegenerative diseases [2, 15]. Many neurodegenerative dis-
eases are caused by gain-of-function mutations which make the target proteins aggre-
gate-prone and toxic [16]. As many of these proteins are found in the cytoplasm and 
are autophagy substrates, impaired autophagosome formation or degradation reduces 
their clearance and contributes to the onset and progression of the disease [17]. The 
clearance of mutant proteins, such as mutant huntingtin (Huntington’s disease, HD), 
mutant α-synuclein (Parkinson’s disease), mutant tau (frontotemporal dementia), or 
mutant ataxin 3 (spinocerebellar ataxia type 3, SCA3), is impaired when autophagy 
is inhibited, compared to their wild-type counterparts [17–19]. On the other hand, 
autophagy upregulation slows disease onset in cell, Drosophila and zebrafish models 
of conditions like Huntington’s disease and this is associated with enhanced clear-
ance of the mutant protein [17, 20–22]. These results demonstrate the importance of 
autophagy in continuously maintaining the homeostatic turnover of cytosolic pro-
teins and organelles in neurons.

15.2  Enhancing Autophagic Clearance of Aggregate-Prone 
Proteins by mTORC1 Inhibition

The evolutionary conserved serine/threonine protein kinase mTOR is a nega-
tive regulator of autophagy and drugs that inhibit its activity enhance autophagic 
flux [23]. mTOR participates in signaling pathways, which are responsible for 
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cell growth, proliferation, transcription, ribosome biogenesis and cytoskeleton 
organization, in two functional complexes: mTORC1 and mTORC2 [24, 25]. The 
mTORC1 complex containing the raptor subunit is regulated by various signals 
(amino acids, glucose, growth factors, energy status, and various stress factors) 
and impacts on autophagy. Rapamycin and starvation stabilize the raptor-mTOR 
association, inhibiting its kinase activity, and therefore enhance autophagy [26]. 
Recent studies showed that mTORC1 is not completely inhibited by rapamy-
cin due to its rapamycin-insensitive properties. Torin 1, a new inhibitor of both 
mTORC1 and mTORC2, has been reported to increase autophagy more potently 
than rapamycin due to the inhibition of both the rapamycin-sensitive and 
-insensitive functions of mTORC1 [27]. However, the autophagy-inducing effects 
of Torin 1 are mTORC2-independent.

Rapamycin was first shown to enhance mutant huntingtin clearance and 
to reduce its toxicity in cell, Drosophila and mouse models of HD [17, 21]. 
Furthermore, treatment with rapamycin reduced the toxicity and the levels of 
isolated polyglutamine expansions (which cause 10 neurodegenerative dis-
eases, including HD and SCA3), and both wild-type and mutant tau in cells and 
flies, suggesting that this strategy may have utility in a range of neurodegen-
erative conditions. Similarly, mutant forms of α-synuclein, which cause famil-
ial Parkinson’s disease (PD) are also removed more rapidly after autophagy 
induction [20–22] and subsequent work has shown that rapamycin reduces the 
accumulation of α-synuclein in mice [28]. Likewise, temsirolimus (a rapamy-
cin ester) reduced the number of aggregates and the levels of soluble mutant 
ataxin-3, another polyglutamine-expanded protein, in the brains of trans-
genic SCA3 mice and improved their motor performance [29]. In the context 
of Alzheimer’s disease (AD), rapamycin reduced the levels of amyloid-beta 
and ameliorated the cognitive deficits, therefore slowing or blocking the pro-
gress of the disease in transgenic and triple transgenic mouse models [30, 31].  
In an AD model, rapamycin was beneficial only when administrated prophy-
lactically, before the formation of plaques and tangles which are known to 
contribute to the neuronal impairment [30]. This contrasts with the SCA3 situ-
ation, where the temsirolimus treatment had great benefits when initiated after 
the onset of early signs of disease [29]. The benefits of autophagy upregula-
tion have also been seen in a form of motor neuron disease characterized by 
the accumulation of the nuclear protein TDP-43 in ubiquitin-positive inclusions 
[32], as well as in a mouse model of the prion disease Gerstmann-Straussler-
Scheinker [33].

The protective effects of the treatment with rapamycin appear to be autophagy-
dependent in Drosophila models of such diseases, since no amelioration was 
seen when the activities of different autophagy genes were reduced [20, 34]. 
Rapamycin administration in neurodegenerative diseases may also have additional 
positive effects, as it prolongs life-span and delays aging, as revealed in “normal” 
Drosophila and mice [14, 35]. Some of these benefits may also be associated with 
the anti-apoptotic effects of autophagy [11].
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15.3  mTOR Independent Therapeutic Strategies

Since mTORC1 inhibition by rapamycin affects many processes independently 
of autophagy and has side-effects like poor wound healing and immunosuppres-
sion, there have been efforts to identify safer ways of inducing autophagy for 
long-term treatment of neurodegenerative diseases. New classes of drugs that act 
independently of mTOR have been identified and characterized. For instance, 
intracellular inositol and inositol-1,4,5-triphosphate (IP3) levels are negative regu-
lators of autophagy and drugs like lithium, sodium valproate, and carbamazepine, 
which reduce inositol recycling or synthesis, enhance the clearance of autophagic 
 substrates [36, 37]. In transgenic mice overexpressing human mutant tau, treat-
ment with lithium increased autophagy and this was associated with a reduction in 
the motor abnormalities [38].

Other recent screens of FDA-approved drugs identified autophagy inducers 
including imidazoline receptor agonists, L-type Ca2+ channel antagonists and 
calpain inhibitors [36, 39]. The first class acts by decreasing the levels of cAMP 
and they were shown to enhance autophagy and increase the clearance of mutant 
huntingtin protein [39], raising the possibility for their use in the treatment of 
polyglutamine diseases. L-type Ca2+ channel antagonists (loperamide, verapamil, 
amiodarone, nitrendipine), K+ ATP channel openers (minoxidil), and calpain 
inhibitors (calpastatin, calpeptin) reduce intracellular Ca2+ levels and enhance 
autophagy, while increased levels of Ca2+ inhibit autophagic flux [39, 40]. Many 
of these compounds are already used in the clinic for the treatment of other dis-
eases (hypertension, cardiac arrhythmias) and have well characterized safety pro-
files, and thus may be valuable in diseases where autophagy induction is beneficial.

15.4  Additional mTOR Independent Drugs

A number of other mTOR-independent autophagy-inducing drugs have been iden-
tified for which the targets are less clear, or are currently unknown. One of those 
compounds is the disaccharide trehalose. It has been shown to induce autophagy 
and to enhance the clearance of mutant proteins both in vivo and in cell culture 
[36, 41]. In a mouse model of tauopathy with parkinsonism with both overex-
pressed human mutant tau protein and a parkin deletion, trehalose ameliorated the 
dropout of the dopaminergic neurons, reduced the numbers of phosphorylated tau 
positive neuritic plaques, improved motor function and increased life expectancy 
[42]. Trehalose was also beneficial in another tau transgenic mouse model [43].

Other screens in yeast and mammalian cells identified small molecule enhanc-
ers (SMERs) or inhibitors (SMIRs) of autophagy. Three SMERs (SMER10, 
SMER18, SMER28) were shown to positively regulate autophagosome syn-
thesis and to enhance the clearance of mutant huntingtin and A53T α-synuclein 
proteins in mammalian cells and Drosophila [44]. A number of other small mol-
ecule modulators of autophagy have been identified to enhance the clearance of 
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aggregate-prone proteins [36, 44–46], including latrepirdine, which enhances the 
clearance of α-synuclein and reduces its toxicity in both neuronal cells and mice 
brains [47].

15.5  Other Considerations

For many neurodegenerative diseases, upregulation of autophagy may be an attrac-
tive therapeutic strategy. However, diseases with impairment in the late-stages 
of autophagy (e.g. autophagosome-lysosome fusion) may not benefit from this 
therapy, since increasing autophagosome formation would not necessarily result in 
more substrate delivery to the lysosomes. Thus, the most likely successful therapy 
for some complex diseases may be to increase the autophagic flux by enhancing 
all autophagic steps. A novel target for drug development may be the modulation 
of TFEB activity, which impacts on both autophagosome formation and lysoso-
mal biogenesis by simply controlling its phosphorylation state [48]. Another strat-
egy may be to develop drugs targeting endogenous lysosomal protease inhibitors, 
as genetic depletion of cystatin B, a typical lysosomal cysteine protease inhibitor, 
rescues the AD phenotype in transgenic mice [49].

To date, many studies on rodent models of neurodegenerative diseases have 
confirmed the relevance of earlier results in various cell lines and primary neuron 
cultures (reviewed in Table 15.1). Therefore, this justifies continuous efforts to 
identify new and better autophagy-modulating drugs, some of which will hope-
fully move into the clinic.
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Abstract The mTOR inhibitor rapamycin has received growing attention due 
to its immunosuppresive, antineoplastic and lifespan extending properties. The  
discovery of the drug and its target has had widespread implications for our under-
standing of the underlying metabolic processes in the cell. Indeed, rapamycin has 
opened up a new field of potential pharmacological targets. In the following chapter  
I will briefly review the molecular target of rapamycin and the current clinical 
applications for this compound

16.1  Introduction

Rapamycin (aka. Sirolimus) is an antifungal compound synthesized by the bacterium 
Streptomyces hygroscopicus that was initially discovered in the soil on Easter Island 
(Fig. 16.1). This compound has received growing interest due to its potential treat-
ment of a long list of disorders. The drug was first characterized as an immunosup-
pressant and later shown to inhibit cellular proliferation. In this regard rapamycin 
was approved by the FDA in the late nineties for immunosuppression after organ 
transplantation. About a decade later a major breakthrough was achieved when it was 
shown that the drug had life extending properties in mammals even when fed late in 
life [1]. In this chapter I will attempt to describe the molecular target of rapamycin as 
well as the current and potential future applications for this drug in a clinical setting.

16.2  mTOR Pathway

16.2.1  mTOR

The target of rapamycin (TOR) was initially discovered in yeast, where the anti-
fungal activity of rapamycin was found to occur through inhibition of TOR1 
and 2. In mammals, it was later shown to inhibit the activity of the mechanistic 
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(previously known as mammalian) TOR (mTOR). MTOR is a member of the 
phosphoinositide-3-kinase related serine/threonine kinase (PIKK) family together 
with ataxia-telangiectasia mutated (ATM), ataxia and Rad-3 related (ATR), DNA-
dependent protein kinase—catalytic subunit (DNA-PKcs), suppressor of morpho-
genesis 1 (SMG1) and transformation/transcription domain-associated protein 
(TTRAP) (Fig. 16.2). Interestingly, all these proteins seem to be involved in 
the cellular adaptation to homeostatic alterations. In the case of ATM, ATR and 

Fig. 16.1  Molecular 
structure of rapamycin

Fig. 16.2  The PIKK family of kinases. Rapamycin facilitates the association of FKBP12 with 
mTOR at the FKBP12 binding domain (FBD) that is specific to mTOR. HEAT Huntingtin, Elon-
gation factor 3, A subunit of protein phosphatase 2A and TOR1. FAT FRAP, ATM and TTRAP. 
PRD Protein regulatory domain. FAT-C FAT C-terminal domain
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DNA-PKcs these proteins are among the early responders to DNA damage direct-
ing the recruitment of DNA metabolizing proteins while mTOR may be further 
downstream potentially orchestrating a broader long term response to damage. 
Indeed, ATM inhibits mTOR activity after oxidative stress by activating the endog-
enous mTOR inhibitor, TSC2 [2].

mTOR forms the catalytic core of two main complexes: mTOR complex 1 
and 2 (mTORC1 and mTORC2). A growing number of proteins are believed to 
participate in these complexes with LST8, DEPTOR, tti1 and tel2 acting in both 
complexes while the proteins raptor and PRAS40 are only found in mTORC1 
and rictor, protor1/2 and msin1 in mTORC2 [3]. Although there undoubtedly is 
crosstalk between these complexes, separate pathways have evolved that rely 
more heavily on one than the other and I will discuss this in more detail below. 
MTORC1 is the primary target of rapamycin although recent literature has shown 
possible mTORC2 dependent effects of this drug [4, 5]. Interestingly, the pharma-
cological inhibition does not happen directly through rapamycin but via binding of 
rapamycin to the protein FKBP12. This rapamycin-FKBP12-complex associates 
with the FRB-region on mTOR resulting in decreased kinase activity. Rapamycin 
does not seem to have an acute direct effect on mTORC2 although chronic stimu-
lation may lead to disassembly of this complex [6]. Indeed, a recent paper shows 
that the rather mysterious diabetogenic action of rapamycin is dependent on 
mTORC2 [4]. In the following I will describe the two main mTOR complexes and 
their downstream signaling pathways.

16.2.2  mTORC1

As previously stated mTORC1 consists of mTOR, LST8, DEPTOR, tti1, tel2, 
raptor and PRAS40. In the last decade it has become obvious that this com-
plex serves as a key player in the regulation of cellular metabolism in response 
to many endogenous and exogenous forms of stress. Indeed, alterations in 
mTORC1 activity have been shown after nutrient starvation, changes in the 
insulin/igf-1 axis, hypoxia, DNA damage, inflammation and others (Fig. 16.3). 
These stimuli alter the downstream targets of mTORC1 shifting the equilibrium 
from a catabolic state when mTOR is inhibited to an anabolic state upon acti-
vation. The most well studied target for mTORC1 is the translational machin-
ery where activation of mTORC1 leads to phosphorylation of two key proteins 
4E-BP1 and S6K1 and thereby initiation of translation and cell growth [3]. 
mTORC1 also stimulates lipid synthesis by phosphorylating lipin-1 leading to 
the activation of the master regulator of lipid synthesis SREBP-1 [7]. Further, 
mTORC1 stimulates HIF-1alpha thereby regulating mitochondrial and glycolytic 
energy metabolism [8]. Importantly, mTORC1 regulates autophagy by phospho-
rylating key proteins ULK-1 and ATG13 thereby inhibiting the initiation step of 
autophagy [9]. This role is particularly pertinent in light of the role of autophagy 
in aging. Caloric restriction is the only known behavioral alteration that can lead 
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to life span extension in a number of organisms and this effect is strictly depend-
ent on autophagy.

16.2.3  mTORC2

mTORC2 consists of the core proteins LST8, DEPTOR, tti1 and tel2 and the 
mTORC2 specific rictor, protor1/2 and msin1. Much less research has been con-
ducted regarding mTORC2 compared with mTORC1. One prominent downstream 
effector of mTORC2 is SGK-1. Stimulation of SGK-1 by mTORC2 leads to inhi-
bition of apoptosis and cell survival possibly through a Foxo3a dependent pathway 
[10]. mTORC2 has also been described to influence cytoarchitectural alterations 
that are particularly important in cell migration and tumor invasion. Interestingly, 
autophagy is intimately regulated by the association of autophagosome with the 
microtubule network and mTORC2 could therefore regulate autophagy through 
cytoskeletal changes. From a pharmacological standpoint mTORC2 is interesting 
since the diabetogenic effect of rapamycin is mediated through this pathway [4]. 
This may be due to increased unchecked gluconeogenesis leading to hyperglycemia 
and hyperinsulinemia as recently shown in a liver specific rictor knockout mouse [5].

Fig. 16.3  mTORC1 and mTORC2. The mTORC1 complex consists of mTOR, pras40, raptor, 
deptor, mLST8, tti1 and tel2. This complex acts as a switch between catabolism and anabolism. 
Rapamycin interacts with FKBP12 and inhibits mTORC1. mTORC2 consists of mTOR, rictor, 
protor1/2, mSin1, deptor, mLST8, tti1 and tel2. Activation of this complex by growth factors and 
possibly through ribosomal interactions leads to cell survival through inhibition of apoptosis
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16.3  Medicinal Applications of Rapamycin

16.3.1  Rapamycin in Immunosuppression

The earliest and most common pharmacological use of rapamycin is as an immune 
suppressant. Rapamycin strongly inhibits T cell proliferation by repressing acti-
vation of T cells upon association with an antigen presenting cell. In this sce-
nario, the Akt pathway is activated upon recognition of the antigen by the T-cell 
receptor leading to mTORC1 stimulation and initiation of cell growth and prolif-
eration [11]. Secondarily, rapamycin also regulates the antigen presenting cells 
by altering dendritic cell maturation, migration, antigen presentation and apop-
tosis [12]. Rapamycin was initially a promising drug in this regard since it had 
a better adverse effect profile than traditional immunosuppressing drugs such as 
Ciclosporin A and FK506 that showed marked nephrotoxicity. This was, inter-
estingly, not observed with rapamycin treatment. More recent data has, however, 
shown nephrotoxicity in the form of proteinuria as well as increased risk of early 
transplant rejection in patients treated primarily with rapamycin compared to cal-
cineurin inhibitors [13]. Now rapamycin is a first choice in treatment of transplant 
patients that have developed secondary malignancies due to immune suppression. 
Here rapamycin has shown excellent performance as a result of its antiprolifera-
tive effects. In addition to the use of rapamycin in immune suppression in trans-
plant patients the drug has received increasing attention in other disorders with 
hyperactivation of the immune system. Indeed, a large number of clinical trials are 
currently underway exploring the effect of rapamycin in systemic lupus erythema-
tosus, uveitis, pemphigus, oral lichen planus and others (www.clinicaltrials.gov).

16.3.2  Rapamycin in Cardiovascular Protection

Cardiovascular disease will remain the leading cause of death in America and the 
western world in the coming decades and therefore represent a substantial health-
care and economic burden [14]. Rapamycin has shown promising potential in 
attenuating atherosclerosis in mouse models although the efficacy of this drug in 
prevention of human atherosclerosis remains unknown [15, 16]. However, the anti-
proliferative actions of rapamycin have been used for many years in stent treat-
ment of thrombotic coronary artery disease. Here, the artery is balloon dilated and 
a stent is placed at the site of the atherosclerotic plaque to keep the artery from 
collapsing and to inhibit restenosis. One early observation in these otherwise suc-
cessful treatments was the tendency for overgrowth of the stent and later restenosis 
of the artery. Rapamycin has been used with great success in these stents by inhib-
iting the attachment and proliferation of cells to the stent and rapamycin eluding 
stents remain a first choice in many hospitals. Recently, very long term resteno-
sis have been suggested to be increased in rapamycin eluding stents [17] although 

http://www.clinicaltrials.gov
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another meta-analysis has cemented the anti-stenotic effect of rapamycin [18]. 
Rapamycin is now being investigated in peripheral artery disease with a number of 
clinical trials underway in this regards (www.clinicaltrials.gov). It is worth noting 
that one of the most significant risk factors of cardiovascular disease is diabetes 
and the diabetogenic effect of rapamycin may therefore hinder the systemic use 
of this drug. Development of rapamycin analogues that only target mTORC1 and 
potentially thereby avoiding this side effect may therefore be a promising future 
therapeutic avenue. Indeed, decreasing mTORC1 activation leads to increased 
insulin sensitivity in a mouse model [4].

16.3.3  Rapamycin in Proliferative Diseases

One of the main downstream effects of mTORC1 is stimulation of proliferation. 
Both S6K and 4E-BP1 phosphorylation are intimately involved in upregulation of 
translation, cell growth and initiation of cell divisions. In this regard rapamycin 
has shown excellent pharmacological properties for intervention in diseases with 
increased cell proliferation. The prime example of a proliferative disease is cancer 
where rapamycin may be effective in slowing down cell divisions. Indeed, rapa-
mycin has shown significant efficacy in the treatment of cancer in many mouse 
model and literally hundreds of clinical trials are now underway to explore this 
promising effect. In these diseases proliferation and inflammation may be two 
interconnected phenomena since it has been shown that TNF-alpha and oxida-
tive stress can induce cell cycle progression in model organisms and human cells. 
Notably, rapamycin will decrease both inflammation and oxidative stress through 
several pathways and may thereby attenuate both these pathological initiators. 
However, the use of rapamycin as a monotherapy has been disappointing so far. 
This is not surprising considering the idea that inhibition of mTOR by itself will 
not induce apoptosis but merely slow cell growth. As the tumor progresses, cells 
able to divide despite missing mTOR signaling will evolve and rapamycin will no 
longer be able to slow the cell growth.

16.3.4  Rapamycin in Neurodegenerative Disorders

Rapamycin has recently been suggested to be a promising pharmaceutical drug 
in several neurodegenerative disorders [19]. The underlying philosophy is the 
emerging realization that many neurodegenerative disorders show accumulation of  
protein aggregates, increased inflammation and neuronal apoptosis. Indeed, reen-
try of neurons into the cell cycle has been proposed as a possible pathway to apop-
tosis possible through mTOR activation [20]. However, only a few clinical trials 
have investigated the role of mTOR inhibitors in neurodegenerative disorders. 
Tuberous sclerosis complex (TSC) was early recognized as a possible rapamycin 
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treatable disease. This inherited disease is caused by mutations in TSC1 or 2 
leading to over-activation of mTOR through loss of rheb repression. In addition 
to autism like behavioral changes, learning disabilities and epilepsy, spontaneous 
tumorigenesis is a hallmark feature of this disease. Reflecting the hyperprolifera-
tive consequence of aberrant mTOR activation a recent study shows shrinkage of 
astrocytomas in response to rapamycin treatment in TSC [21]. In addition, rapa-
mycin has been shown to decrease seizure frequency and has consequently been 
added as a viable treatment option in recent guidelines [22] although results from 
an ongoing clinical trial are still pending. Other neurodegenerative disorders have 
been suggested to be treatable by rapamycin. Alzheimer’s disease is a common 
neurodegenerative disorder characterized by progressive dementia and accumula-
tion of beta amyloid and hyperphosphorylated tau protein in the brain of affected 
individuals. Interestingly, defects in autophagy have been shown to be part of the 
pathology. Indeed, stimulating autophagy by inhibiting mTOR attenuates the phe-
notype in several mouse models of this disease [23]. Parkinson’s disease is another 
common age related neurodegenerative disorder caused by progressive loss of 
dopaminergic neurons in the basal ganglia leading to motor dysfunction and later 
dementia. Here, defects in mitochondrial autophagy have been shown to underlie 
some cases of familial Parkinson’s disease [24, 25]. Accordingly, rapamycin atten-
uates neuronal death in models of Parkinson’s disease [26]. In addition to these 
pro-autophagic aspects of rapamycin the anti-inflammatory feature of this drug has 
been suggested to be useful in the treatment of multiple sclerosis. In this disease 
progressive autoimmune demyelination occurs in foci in the central nervous sys-
tem. Rapamycin has been shown to be able to reduce the microglial activation and 
decrease neuronal inflammation in model systems and is a promising compound in 
this disease [27]. Indeed, we have recently shown that rapamycin is able to reverse 
the mitochondrial phenotype of cells from patients suffering from the accelerated 
aging disorder Cockayne syndrome [28]. This disorder is neuropathologically 
characterized by inflammation and microglial activation and rapamycin may there-
fore be useful in patients suffering from this disease. Although clinical trials are 
still missing, rapamycin shows great potential as a neuroprotective compound in 
many diseases. We will surely know more in the coming years.

16.4  The Future of Rapamycin

The potential of rapamycin seems almost limitless. Nothing gold can, however, 
stay and several trials have shown disappointing results. These failures may be 
due to compensatory responses, mTORC2 inhibition or other of target effects. The 
field is, nevertheless, rapidly progressing and a number of new refined rapamycin 
analogues are now in clinical trials. There will undoubtedly be disappointments, 
but the immense interest in this group of drugs from major pharmaceutical com-
panies will certainly lead to new treatments for a number of incurable and hard to 
treat disorders.



246 M. Scheibye-Knudsen

Acknowledgments I would like to thank Dr. Vilhelm A. Bohr and Dr. Evandro Fei Fang for 
invaluable feedback and critically reading the manuscript. This research was supported entirely 
by the Intramural Research Program of the NIH, National Institute on Aging.

References

 1. Harrison DE, Strong R, Sharp ZD, Nelson JF, Astle CM, Flurkey K, Nadon NL, Wilkinson 
JE, Frenkel K, Carter CS et al (2009) Nature 460:392–395

 2. Alexander A, Cai SL, Kim J, Nanez A, Sahin M, MacLean KH, Inoki K, Guan KL, Shen J, 
Person MD et al (2010) Proc Natl Acad Sci U S A 107:4153–4158

 3. Laplante M, Sabatini DM (2012) Cell 149:274–293
 4. Lamming DW, Ye L, Katajisto P, Goncalves MD, Saitoh M, Stevens DM, Davis JG, Salmon 

AB, Richardson A, Ahima RS et al (2012) Science 335:1638–1643
 5. Hagiwara A, Cornu M, Cybulski N, Polak P, Betz C, Trapani F, Terracciano L, Heim MH, 

Ruegg MA, Hall MN (2012) Cell Metab 15:725–738
 6. Sarbassov DD, Ali SM, Sengupta S, Sheen JH, Hsu PP, Bagley AF, Markhard AL, Sabatini 

DM (2006) Mol Cell 22:159–168
 7. Peterson TR, Sengupta SS, Harris TE, Carmack AE, Kang SA, Balderas E, Guertin DA, 

Madden KL, Carpenter AE, Finck BN et al (2011) Cell 146:408–420
 8. Toschi A, Lee E, Gadir N, Ohh M, Foster DA (2008) J Biol Chem 283:34495–34499
 9. Chan EY (2009) Sci Signal 2:e51
 10. Brunet A, Park J, Tran H, Hu LS, Hemmings BA, Greenberg ME (2001) Mol Cell Biol 

21:952–965
 11. Chi H (2012) Nat Rev Immunol 12:325–338
 12. Thomson AW, Turnquist HR, Raimondi G (2009) Nat Rev Immunol 9:324–337
 13. Langone AJ, Helderman JH (2012) Chest 142:734–737
 14. Fleg JL, Aronow WS, Frishman WH (2011) Nat Rev Cardiol 8:13–28
 15. Castro C, Campistol JM, Sancho D, Sanchez-Madrid F, Casals E, Andres V (2004) 

Atherosclerosis 172:31–38
 16. Elloso MM, Azrolan N, Sehgal SN, Hsu PL, Phiel KL, Kopec CA, Basso MD, Adelman SJ 

(2003) Am J Transplant 3:562–569
 17. De LG, Dirksen MT, Spaulding C, Kelbaek H, Schalij M, Thuesen L, van der Hoeven B, 

Vink MA, Kaiser C, Musto C et al (2012) Arch Intern Med 172:611–621
 18. Palmerini T, Biondi-Zoccai G, Della RD, Stettler C, Sangiorgi D, D’Ascenzo F, Kimura T, 

Briguori C, Sabate M, Kim HS et al (2012) Lancet 379:1393–1402
 19. Bove J, Martinez-Vicente M, Vila M (2011) Nat Rev Neurosci 12:437–452
 20. Modi PK, Komaravelli N, Singh N, Sharma P (2012) Mol Biol Cell 23:3722–3730
 21. Krueger DA, Care MM, Holland K, Agricola K, Tudor C, Mangeshkar P, Wilson KA, Byars 

A, Sahmoud T, Franz DN (2010) N Engl J Med 363:1801–1811
 22. Curatolo P, Jozwiak S, Nabbout R (2012) Eur J Paediatr Neurol 16:582–586
 23. Cai Z, Zhao B, Li K, Zhang L, Li C, Quazi SH, Tan Y (2012) J Neurosci Res 

90:1105–1118
 24. Valente EM, Abou-Sleiman PM, Caputo V, Muqit MM, Harvey K, Gispert S, Ali Z, Del TD, 

Bentivoglio AR, Healy DG et al (2004) Science 304:1158–1160
 25. Vives-Bauza C, Zhou C, Huang Y, Cui M, de Vries RL, Kim J, May J, Tocilescu MA, Liu W, 

Ko HS et al (2010) Proc Natl Acad Sci U S A 107:378–383
 26. Malagelada C, Jin ZH, Jackson-Lewis V, Przedborski S, Greene LA (2010) J Neurosci 

30:1166–1175
 27. Dello RC, Lisi L, Feinstein DL, Navarra P (2012) Glia [Epub ahead of print]
 28. Scheibye-Knudsen M, Ramamoorthy M, Sykora P, Maynard S, Lin PC, Minor RK, Wilson 

DM, III, Cooper M, Spencer R, de CR et al (2012) J Exp Med 209:855–869



24716 Rapamycin: Current and Future Uses

Author Biography 

Dr. Morten Scheibye-Knudsen first brush with science was during his M.D. studies were he 
received a scholarship to investigate mitochondrial bioenergetics in the lab of Professor Bjørn 
Quistorff at the University of Copenhagen. After getting his M.D. from the University of 
Copenhagen he worked briefly as a physician in hospitals in Denmark and Greenland before 
joining the lab of Professor Will Bohr where he has been since 2008. Here he has authored and 
co-authored a number of papers and received a several highly competitive awards. His focus 
in this lab has been on mitochondrial function in relationship to aging and accelerated aging 
disorders. Here he has found a substantial component of mitochondrial dysfunction in the 
accelerated aging disorder Cockayne Syndrome. Using rapamycin he has shown the reversal 
of the bioenergetics dysfunction in Cockayne syndrome perhaps indicating the first treatment 
in this incurable disorder. In addition to his scientific endeavors he has shown considerable 
entrepreneurship and founded or cofounded several companies. One of them, Forsoegsperson.dk, 
is the most successful recruiter of volunteers for clinical trials in his home country Denmark.



249

Abstract At room temperature acetaldehyde (ethanal) is a flammable, colourless 
gas with a fruity odour. In 2009, the International Agency for Research on Cancer 
of the world health organisation classified acetaldehyde as a Class 1 toxin (human 
carcinogen) [2]. Acetaldehyde is an aldehyde that is highly reactive and toxic, 
causing damage at the cellular and genomic levels. The main source of the expo-
sure of the general public to this toxin is through consumption of alcohol. In vivo, 
ethanol is predominantly metabolised to acetaldehyde. However, there are many 
natural and manufactured sources of acetaldehyde and even those who are teetotal 
are exposed to this carcinogen. The development of cancer is a multifactorial pro-
cess in which acetaldehyde has an important role. However, exposure to acetalde-
hyde and therefore risk of the associated cancers is affected by a complex matrix 
of behavioural, dietary and genetic factors. Despite the widespread prevalence of 
acetaldehyde, exposure to the toxin can be limited. For example, potential public 
health measures to reduce acetaldehyde exposure include reduction of smoking and 
alcohol consumption. For such measures to be effective it is important to concur-
rently sensitise the general public to the potential adverse effects of acetaldehyde.

17.1  Introduction

It is estimated that over 30 % of cancer related mortality is attributable to diet [1]. 
Indeed; the carcinogenic effects of various different dietary constituents are being 
discovered all the time. Recent interest has focused on acetaldehyde. In 2009, 
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the International Agency for Research on Cancer (IARC) of the world health  
organisation (WHO) reclassified acetaldehyde from Class 2B (probable human car-
cinogen) to Class 1 (human carcinogen) [2]. This chapter reviews the evidence for 
this reclassification, discusses the pathogenesis of malignancies related to acetal-
dehyde and outlines possible methods to prevent cancers induced by acetaldehyde.

17.1.1  Acetaldehyde

Acetaldehyde (Fig. 17.1), which is also known as ethanal, is part of the aldehyde 
family of compounds. At room temperature acetaldehyde is a colourless gas with 
a fruity odour that is flammable and unstable in air. It is highly reactive and toxic, 
and causes damage at the cellular and genomic levels. The chemical properties of 
acetaldehyde are listed in Table 17.1.Sources aHSDB 2009, b ChemIDplus 2009

17.1.2  Sources of Exposure to Acetaldehyde

The public is exposed to acetaldehyde through ingestion, inhalation, and der-
mal contact with the many natural and manmade sources of this toxin. The 
main source of this exposure is through consumption of alcoholic beverages [3]. 
However, there are many other sources of acetaldehyde so even those who are 
teetotal are exposed. The main use of acetaldehyde is as an intermediate in the 
production of vinegar (acetic acid), pyridine and pyridine bases, peracetic acid 
(an antimicrobial for use on indoor hard surfaces), pentaerythritol [used in the 
preparation of many compounds such as the explosive pentaerythritol tetranitrate 
(PETN)], butylene glycol (used in the resolution of carbonyl compounds in gas 

Fig. 17.1  The chemical 
structures of acetaldehyde, 
ethanol and acetate. Figure 
adapted from Rajendram 
et al. [5] with permission 
from Elsevier

Table 17.1  The chemical properties of acetaldehyde (ethanal)

Property

Description Colourless liquid with a fruity aroma
Chemical formula CH3CHO
Class Aldehyde
Molecular weight 44.0
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chromatography), and chloral (sedative) [3]. Acetaldehyde is also used as a pre-
servative for fish and fruit and as a food flavouring that adds orange, apple, and 
buttery flavours [3]. Acetaldehyde is approved for use with phenolic resins in 
molded containers for contact with non-acidic foods [3].

Acetaldehyde is produced in most hydrocarbon oxidation reactions and is 
formed as an intermediate in the metabolism of most plants. It is found in trace 
amounts in many fruit and vegetable-based foods including apples, broccoli, 
coffee, grapefruit, grapes, lemons, mushrooms, onions, oranges, peaches, 
nectarines, pears, pineapples, raspberries, strawberries, cranberries, sour cherries, 
and mango. It has been detected in the essential oils of alfalfa, rosemary, balm, 
clary sage, daffodil, bitter orange, camphor, angelica, fennel, mustard, peppermint, 
and lychee, and in oak and tobacco leaves and cotton leaves and blossoms [3].

Acetaldehyde may be present in breast milk and dairy products, including 
cheese, yogurt, and milk [3]. Acetaldehyde has also been detected in cooked beef, 
chicken, and fish and is used as a synthetic flavouring ingredient in processed 
foods, especially margarine [3].

The United States Food and Drug Administration (FDA) state that acet-
aldehyde is safe for use as a flavouring agent and adjuvant. Acetaldehyde 
is often added to dairy products, baked goods, fruit juices, sweets, desserts, 
and soft drinks. Concentrations of acetaldehyde in food can be up to 0.047 % 
(470 mg/L) [3]. Unfortunately an acetaldehyde concentration as low as 100 μM 
(4.4 mg/L) can induce mutation of genetic material [4] and may therefore be 
carcinogenic.

Alcoholic beverages are the main source of the acetaldehyde to which the gen-
eral public is exposed. The ethanol in these beverages is metabolised to acetalde-
hyde in vivo [5]. As acetaldehyde forms in alcoholic beverages after exposure to 
air, alcoholic beverages (including wines, beer, and spirits) also frequently contain 
acetaldehyde as a volatile component [3].

17.2  Alcohol and Acetaldehyde

After caffeine, ethanol (Fig. 17.1) is the most commonly used recreational drug 
worldwide. ‘Alcohol’ is synonymous with ‘ethanol,’ and ‘drinking’ often describes 
the consumption of beverages containing ethanol [5].

Alcoholism is associated with an increased incidence of cancers of the head and 
neck, gastrointestinal tract, breast, and liver (Table 17.2) [6, 7]. As ethanol itself is 
not carcinogenic, the pathogenesis of this phenomenon is unclear. Various theories 
have been proposed to explain this indirect carcinogenic effect of ethanol [6, 8]:

•	 Ethanol induces enzymes which promote tumour formation
•	 Ethanol affects metabolism or absorption of antioxidants
•	 Ethanol affects the hormonal balance in the body
•	 Ethanol increases exposure to harmful oxidants
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•	 Ethanol suppresses the immune system
•	 Ethanol is mixed with other carcinogens in beverages
•	 Ethanol is a solvent for carcinogens

These theories can explain the systemic role of alcohol in carcinogenesis but not 
the local effects. For example, these theories do not explain the increased risk of 
oral and pharyngeal cancers associated with alcohol intake (see Table 17.2) [8, 9].

The acetaldehyde present naturally in alcoholic beverages arises as result of 
actions of yeasts and bacteria, and also by autooxidation. Both the local and sys-
temic carcinogenic effects of alcohol consumption could be caused by acetalde-
hyde. The concentration of acetaldehyde varies between alcoholic beverages; high 
concentrations of acetaldehyde are found in spirits, lower concentrations are found 
in beers. See Table 17.3 for examples of the acetaldehyde content of various alco-
holic beverages [10].

17.2.1  Metabolism of Ethanol to Acetaldehyde

The metabolism of ethanol to acetaldehyde can occur by one of three pathways 
(Fig. 17.2) [5]:

1. Alcohol dehydrogenase (ADH) in the cytosol
2. Microsomal ethanol oxidizing system (MEOS) in endoplasmic reticulum
3. Catalase in peroxisomes

Table 17.2  Increase in risk of cancer associated with 1 g of alcohol per day

Cancer type Increase in risk/g ethanol per day

Oral cavity and pharynx 0.0185
Larynx 0.0136
Oesophagus 0.0129
Colorectal cancer 0.0080
Breast 0.0071
Liver 0.0059

Adapted with permission from Macmillan Publishers Ltd on behalf of Cancer Research UK: 
British Journal of Cancer (Parkin DM. Cancers attributable to consumption of alcohol in the UK 
in 2010. Br J Cancer 2011; 105: S14–S18, copyright (2011) [9]

Table 17.3  Concentrations of acetaldehyde in various alcoholic beverages

Alcoholic Beverage Concentration (mM)

Calvados (French brandy) 40 % v/v ethanol 1.86
Shochu (Japanese liquor) 25 % v/v ethanol 1.16
Red wine 13 % v/v ethanol 0.25
Beer 5 % v/v ethanol 0.14

Adapted from: Yokoyama A, Tsutsumi E, Imazeki H, Suwa Y, Nakamura C, Mizukami T, 
Yokoyama T., Salivary Acetaldehyde Concentration According to Alcoholic Beverage Consumed 
and Aldehyde Dehydrogenase-2 Genotype. Alcohol Clin Exp Res 2008; 32: 1607–1614 [10]
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17.2.2  Alcohol Dehydrogenase

Alcohol dehydrogenase (ADH) is the main enzyme involved in the oxidation of 
ethanol to acetaldehyde [5]. It is a cytosolic enzyme that is mainly found in the 
liver. ADH is also present in the cells of the gastric mucosa and in various other 
tissues, including the lung. Alcohol dehydrogenase oxidises ethanol in the pres-
ence of NAD+ which is concomitantly converted to NADH. There are various pol-
ymorphisms of ADH and as a result individuals are classified as fast, intermediate 
or slow metabolisers of acetaldehyde (see section on genetic variation below). 
Some bacteria also possess ADH, which accounts for some of the oxidation of eth-
anol to acetaldehyde that occurs within the gastrointestinal tract [5].

17.2.3  Microsomal Ethanol Oxidising System

Cytochrome p450 2E1 (Cyp450 2E1) is another pathway which produces acet-
aldehyde from ethanol [5]. It metabolises approximately 20 % of ethanol [5]. This 
Cyp450 2E1 system is located in the endoplasmic reticulum microsomes of liver 
cells and it is involved in the oxidation of many compounds, including fatty acids, 
steroids, and exogenous drugs. Oxidation occurs via an electron transport chain: elec-
trons are transferred from the substrate to electron carriers, one of which is Cyp450. 
In this reaction NADPH is oxidised and 2 molecules of water are formed [5].

Fig. 17.2  The pathways of acetaldehyde production from ethanol metabolism. Figure adapted 
from Rajendram et al., [5] with permission from Elsevier
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In general, in those who do not misuse alcohol this microsomal ethanol oxi-
dising system (MEOS) is usually much less active than the cytosolic ADH 
enzyme pathway [5]. However, consumption of large volumes of ethanol satu-
rates the ADH enzyme pathway and increase Cyp450 2E1 activity. In addition, 
chronic alcohol consumption (over 40 g/day for at least a week) induces prolif-
eration of the smooth endoplasmic reticulum and upregulates this pathway [5]. 
Upregulation of this MEOS pathway is one of the mechanisms that increase 
tolerance to ethanol. Thereafter, the pathway down regulates after a few days of 
abstinence [5].

Importantly, upregulation of this pathway also increases generation of reactive 
oxygen species which can damage DNA and lead to tumour formation [11]. The 
activation of dietary and environmental carcinogens also increase.

17.2.4  Catalase

Most cell types possess the enzyme catalase within peroxisomes. This enzyme 
oxidises ethanol to acetaldehyde. Catalase activity is dependent on the production 
of hydrogen peroxide by other reactions and is inhibited by the products of 
ADH enzyme activity; therefore it is responsible for less than 2 % of ethanol 
oxidation [5]. This pathway would only have a minor role if any at all in alcohol-
acetaldehyde pathology.

17.3  Location of Ethanol, Acetaldehyde and Acetate 
Metabolism

17.3.1  Alcohol Metabolism

The main site of metabolism of ethanol is in the liver. However, extrahepatic 
metabolism also occurs in many tissues, including the gastrointestinal tract, and 
the lungs

17.3.1.1  Gastrointestinal Tract

In the gastrointestinal tract, ethanol oxidation is catalysed by mucosal enzymes 
and endogenous flora [5]. Importantly, this flora can also convert certain foods into 
alcohols. For example, glucose is fermented into ethanol, which is then rapidly oxi-
dised to acetaldehyde. This not only affects the gastrointestinal mucosa, but also 
the lining of oropharynx and larynx (via transport in saliva). Rats administered 
acetaldehyde at doses to achieve concentrations of 120 mM, developed hyperplas-
tic and hyperproliferative changes in the upper gastrointestinal tract mucosa [12].
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Two other important risk factors for the development of gastric cancer are 
Helicobacter pylori (H. pylori) infection and atrophic gastritis [13, 14]. Indeed, 
some strains of H. pylori have ADH activity and can produce acetaldehyde, so it is 
possible that this factor may play a role in carcinogenesis. Furthermore, in individ-
uals with achlorhydric atrophic gastritis bacteria or yeasts colonise the stomach. If 
there is excess bacterial or yeast proliferation, glucose may be fermented to pro-
duce ethanol, which can then be converted to acetaldehyde [15]. After consump-
tion of alcohol the intragastric acetaldehyde concentrations in these individuals are 
over 6 times higher than the concentrations in those without this condition [15].

17.3.1.2  Lung

Cytochrome p450 is present in the lungs and Cyp450 activity is increased by 
smoking [16]. In the presence of ethanol this will further increase production 
of acetaldehyde in the lungs. This may lead to damage to genetic material and 
tumour development (see section on smoking).

17.3.2  Acetaldehyde Metabolism

Aldehyde dehydrogenase (ALDH) catalyses the conversion of acetaldehyde to 
acetate (Fig. 17.1) [5]. It is accompanied by the reduction of NAD+. There are 
various isoenzymes of ALDH, the most important of which are ALDH2 (mito-
chondrial) which metabolises most of the acetaldehyde, and ALDH1 which 
is active in the cytosol. The presence of ALDH in tissues may reduce the toxic 
effects of acetaldehyde. Importantly, in alcoholics, when the oxidation of etha-
nol is increased by induction of MEOS, the activity of mitochondrial ALDH is 
reduced [5]. Hepatic acetaldehyde concentration therefore increases with chronic 
ethanol consumption; a finding reflected by the significant increase of acetalde-
hyde levels in hepatic venous blood. The carcinogenic potential of acetaldehyde 
may be increased in chronic alcoholics (Fig. 17.3).

Fig. 17.3  The pathways of acetate production from acetaldehyde. Figure adapted from Rajendram 
et al. [5] with permission from Elsevier
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17.3.3  Metabolism of Acetate

The fate of acetate derived from ethanol and acetaldehyde has not yet been fully 
elucidated [5]. However, some important principles have been established [5]:

1. The majority of absorbed ethanol is metabolized in the liver to acetaldehyde 
and then released as acetate. Acetate release from the liver increases 21 times 
after ethanol consumption [5].

2. Acetyl-CoA synthetase catalyses the conversion of acetate to acetyl-CoA. 
This reaction requires adenosine triphosphate (ATP) which is converted to 
adenosine monophosphate (AMP). The AMP is converted to adenosine in a 
reaction catalyzed by 5′-nucleosidase [5].

3. Acetyl-CoA may be converted to glycerol, glycogen, and lipid, particularly in the 
fed state. However, this only accounts for a small fraction of absorbed ethanol [5].

4. The acetyl-CoA generated from acetate may be used to generate ATP via the 
Krebs cycle [5].

5. Acetate readily crosses the blood–brain barrier and is actively metabolized in 
the brain. Acetylcholine, a neurotransmitter, is produced from acetyl-CoA [5].

6. Both cardiac and skeletal muscle are very important in the metabolism of 
acetate [5].

Based on these observations, future studies on the effects of acetaldehyde-
acetate metabolism should focus on adipose tissue, cardiac and skeletal muscle, 
and the brain.

17.4  Genetic Variation in Ethanol and Acetaldehyde 
Metabolism

Genetic variation in metabolic rates provides a human model for different levels 
of acetaldehyde exposure. This allows us to examine the role of acetaldehyde in 
carcinogenesis.

17.4.1  Alcohol Dehydrogenase

There are three important genetic loci for Alcohol dehydrogenase (ADH); ADH1A, 
ADH1B and ADH1C. To date polymorphisms have only been found to occur at two 
of these loci (ADH1B and ADH1C). At the ADH1B locus, the ADH1B * 2 allele 
codes for an enzyme which oxidises ethanol at a higher rate than that generated 
from the ADH1B * 1 allele. In fact, homozygotes for the ADH1B * 1 allele (slow 
metabolisers) only have 1 % of the capacity to oxidise ethanol of heterozygotes 
(ADH1B * 1/ADH1B * 2; intermediate metabolisers) and 0.5 % of the oxidation 
capacity of homozygotes of the ADH1B * 2 allele, who are fast metabolisers [17].
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As the faster metabolisers of ethanol produce more acetaldehyde, then in theory, 
if acetaldehyde is carcinogenic to humans, these individuals would be at higher 
risk of developing carcinomas. However, paradoxically, the slow metabolisers, 
theoretically exposed to less acetaldehyde, are at the highest risk of developing 
oesophageal cancer, and the fast metabolisers are at the lowest risk, with interme-
diate metabolisers having a level of risk between these two extremes [17]. This 
observation may be explained by work conducted by Rivera-Meza et al. [17] who 
created an animal model, in which rats selectively bred for traits of high alcohol 
consumption were made to express a rat analogue of the human gene ADH1B * 2. 
On administration of ethanol liver ADH activity increased by 90 % and was 
accompanied by an arterial surge in acetaldehyde concentrations 5 times greater 
than that of control mice without the allele. This was associated with reductions in 
ethanol consumption by the mice. This demonstrates that genotype interacts with 
behaviour to affect exposure to acetaldehyde, and probably risk of cancer.

For the other polymorphic ADH1C locus, the ADH1C * 1 allele codes for a pro-
tein which oxidises ethanol 2.5 times faster than the protein produced by the allele 
ADH1C * 2 [18]. Again, in theory, those who are fast metabolisers, and are exposed 
to higher levels of carcinogenic acetaldehyde should be at higher risk of develop-
ing cancers. However, a meta-analysis of seven case control studies with a combined 
total of 1,325 cases and 1,760 controls concluded that possessing the ADH1C * 1 
allele was not associated with increased risk of head and neck cancers [18]. 
Nevertheless, smoking behaviour was not fully accounted for, and the participants 
were mainly mild or moderate drinkers [18]. It is possible that individuals with this 
genotype would be at higher risk of developing a cancer if they consume alcohol fre-
quently. Indeed, in heavy drinkers the ADH1C * 1 allele was a risk factor for devel-
oping head and neck as well as oesophageal and hepatocellular carcinomas [18].

17.4.2  Aldehyde Dehydrogenase

The ALDH2 isoenzyme metabolises the majority of the acetaldehyde in the body. 
One particular allele (ALDH2 * 2), found more frequently in Orientals, has a point 
mutation which produces an inactive ALDH enzyme [19]. Whilst homozygotes can-
not metabolise acetaldehyde, heterozygotes with one mutated allele will metabolise  
acetaldehyde at a much slower rate. Respectively, serum acetaldehyde concentrations 
will be up to nineteen and six times higher than controls with normal metabolism.

In homozygotes for the mutant ALDH2 * 2 allele, the toxin builds up causing 
an unpleasant reaction of flushing, tachycardia and nausea, which deters heavy 
alcohol consumption. This may therefore have a protective effect. A recent meta-
analysis conducted by Fang et al. found a reduced risk for oesophageal cancer in 
ALDH2 * 2 homozygotes overall, although this effect was not statistically signifi-
cant [20].

However, if homozygotes for the mutant ALDH2 * 2 allele choose to imbibe 
alcohol, they are at very high risk of cancer. The same meta-analysis, observed 
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that the odds of moderate drinkers with the ALDH2 * 2/ALDH2 * 2 genotype con-
tracting oesophageal cancer, was 8 times greater than the odds of controls (non-
and moderate drinkers without the mutation) developing cancer. Notably, the odds 
of developing cancer in heavy drinkers with the normal ALDH2 * 2/ALDH2 * 2 
genotype was 7.05 times greater than that of controls. This implies that a smaller 
amount of alcohol consumption in ALDH2 deficient individuals confers a greater 
risk of oesophageal cancer when compared to other drinkers. In addition, in indi-
viduals with liver cirrhosis, cases who had hepatocellular carcinoma, had a higher 
prevalence of ALDH2 * 2/ALDH2 * 2 genotype than their cancer free counter-
parts [21]. Thus it is possible that the acetaldehyde exposure may also be involved 
in the development of hepatocellular cancer [21].

Yokoyama et al. [22] investigated the association with other cancers in a case 
control study of alcoholics, of whom 487 had cancer and 237 did not. After adjust-
ing for age, amount of alcohol consumed and cigarette smoking, the odds of head 
and neck, oesophageal, stomach, colon and lung cancer were higher in individuals 
who possessed 1 mutant ALDH2 allele. Interestingly, no evidence was found for 
increased odds of liver and other cancers. It is possible that other risk factors for 
liver cancer, such as hepatitis infection and cirrhosis, which were not adjusted for, 
may have had a greater influence on carcinogenesis and may have confounded any 
potential association [22].

17.5  Mechanism of Carcinogenesis

Acetaldehyde is highly toxic, mutagenic and carcinogenic. By affecting both 
DNA synthesis and repair (Fig. 17.4) acetaldehyde can induce the develop-
ment of tumours. In dividing cells, acetaldehyde is converted to crotonaldehyde 
(CH3CH = CHCHO) which binds co-valently to deoxyribonucleic acid (DNA) to 
produce stable carcinogenic DNA adducts [4].

In the presence of basic amino acids or histones, acetaldehyde reacts with 
deoxyguanosine in DNA to form the DNA adduct, 1,N²-propano-dG (PdG) [11]. 

Fig. 17.4  Acetaldehyde 
causes DNA adducts, inhibits 
DNA repair and DNA 
methylation and damages the 
antioxidative defense system 
(AODS). These effects 
are toxic, mutagenic and 
carcinogenic
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This induces point mutations in DNA, and chromosomal aberrations in cultures of 
mammalian cells in vivo at acetaldehyde concentrations from 40 to 1,000 μM [4, 11]. 
Adducts to DNA and other constituents of cells (e.g. proteins and lipids) cause intra-
cellular protein retention, and impair antioxidant mechanisms [23]. This increases 
intracellular concentrations of free radicals causing lipid peroxidation and further 
damage to DNA. Adducts can thereby significantly affect the integrity of the genome.

The major stable DNA adduct, N²-ethyl-2-deoxyguanosine (N²-Et-dG) is present 
in DNA samples from white blood cells of human alcoholics. Although there is 
little evidence that this lesion is mutagenic or carcinogenic, it can be detected in 
human urine samples, and so could be useful as a marker of acetaldehyde induced 
DNA damage [11].

Acetaldehyde is highly mutagenic because it also affects DNA repair mecha-
nisms. For example acetaldehyde inhibits O6-methyl-guanyltransferase enzyme 
activity [24]. This enzyme catalyses repair of DNA damaged by alkylating agents.

17.5.1  Smoking, Acetaldehyde and Carcinogenesis

Acetaldehyde is one of the most abundant carcinogens in tobacco smoke, with an 
average of 0.71 mg in each cigarette [25]. The main sources of acetaldehyde are 
the natural polymers present in tobacco leaf such as cellulose and lignin. A small 
amount is also produced from sugars added to the tobacco blend and casings of the 
cigarette, which are intended to enhance the flavouring and to act as humectants 
(i.e. help a product retain water) [26].

This exposure may contribute to the development of lung cancers: in animal 
models, inhalation of acetaldehyde vapour induces inflammation, metaplasia and 
tumours in the respiratory epithelium [19].

Smoking modifies the endogenous flora of the buccal cavity. This becomes rap-
idly colonised with Gram negative bacteria which produce more acetaldehyde than 
Gram positive bacteria. Indeed, Salaspuro observed acetaldehyde concentrations in 
smokers that were up to 60 % higher than in non-smokers [27]. This may explain 
the synergistic effect of smoking and drinking which increases risk of oral cancer 
far more than the risk associated with misuse of each substance independently [27].

17.5.2  Fermented Food Products

Acetaldehyde is also found in various fermented foods including vinegar, kimchi 
(a traditional fermented Korean dish made of vegetables), soybean pastes and soy 
sauce. Acetaldehyde is even present in bread. Furthermore, whilst fermented soy 
foods increase the risk of gastric cancer non-fermented soy foods (for example soy 
milk) do not [28]. The production of acetaldehyde by micro-organisms involved in 
the fermentation process may therefore play a role in carcinogenesis.
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17.6  Recommendations

Despite the ubiquitous presence of acetaldehyde in foods, beverages and tobacco, 
it is possible to limit exposure to the toxin. Potential public health measures 
include [29]:

•	 Encouraging abstinence from or reduction of smoking and drinking behaviours.
•	 Promoting awareness of the carcinogenic effects of acetaldehyde.
•	 Strictly regulating acetaldehyde concentrations in foods.
•	 Banning of use of acetaldehyde as a food additive.
•	 Treating individuals exposed to high concentrations of acetaldehyde with 

l-cysteine (binds and inactivates acetaldehyde) [30].

17.7  Conclusion

Although the development of cancer is a multifactorial process, acetaldehyde 
has an important role. Selected evidence for the association of acetaldehyde with 
development of cancer has been described above. Exposure to acetaldehyde and 
therefore risk of the associated cancers is affected by behavioural, dietary and 
genetic factors. It is important to increase the awareness of the potential adverse 
effects of this compound, as well as to introduce protective public health measures 
in order to limit individual’s exposure to its carcinogenic effects.
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Abstract The use of dietary components having protective and/or preventive effects 
on chronic diseases is an important emerging field of research. Identifying new food 
supplements and understanding their mechanisms of action are some of the main 
challenges in using functional foods. In this manuscript we reviewed the sources, the 
chemical composition and medicinal properties of polysaccharides extracted from 
edible mushrooms. In addition we brought insights into the putative mechanisms of 
action behind each health-promoting activity of these interesting biomolecules.

18.1  Introduction

Many of the Basidiomycetes produce polysaccharides with very important 
advantageous medicinal properties. Advances in biochemical techniques have 
allowed the isolation, purification and characterization of polysaccharides from 
mushrooms that exhibit advantageous medicinal properties [1] that can be produced 
at the commercial level via a variety of technologies. The medicinal properties of 
these compounds have been shown to depend not only on the molecular weight of 
the polysaccharide but also on the structure of the polymeric backbone, the sugar 
composition and the degree of branching as well as the producing fungus [2–4].

Mushroom polysaccharides have been associated to prevention of cancer, dia-
betes, hyperlipidemia, arteriosclerosis, hepatitis, and other chronic diseases [5].  
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Biologically active water soluble polysaccharides harvested from edible mush-
room are widely distributed among the medicinal mushrooms. The bioactive 
polysaccharides isolated from mushroom fruiting-bodies, submerged cultured 
fungal biomass, or liquid culture fermentation broths are either water-soluble α- 
and β-d-glucans, β-d-glucans with heterosaccharide chains of xylose, mannose, 
galactose, or uronic acid, or β-d-glucan-protein complexes, β-(1,3)-d-glucans 
with β-(1,6) branches in other words, proteoglycans [5–7]. Polysaccharides dif-
fer in their primary structure (type of basic sugar), type of linkage (α, β, etc.), 
degree of branching, and molecular weight, among other parameters [8]. We aim 
in this article to review some of the health-promoting activities of these polysac-
charides and describe some of their possible mechanism of action.

18.2  Sources and Cultivation Methodology for Extraction 
of Polysaccharides from Medicinal Mushrooms

18.2.1  General

The medicinal fungi, belonging to the Basidiomycetes, show a vast potential for 
bioactive compounds. Wasser [3] summarized a list of 651 species belonging to 
182 genera of hetero- and homobasidomycetes demonstrated to produce polysac-
charides with antitumor or immunostimulating activity. Most polysaccharides are 
classified as nonspecific bioactive substances because their exact mode of action 
is not completely demonstrated. Within the basidiomycestes, homopolymers of 
d-glucose (glucans) are very common. Glucans are polysaccharide constituents 
very commonly found in the fungal kingdom. Their diversity results from the 
different bonds among monomer units. Condensation can take place with any 
hydroxylic group of any carbon atom and can result in the conformation of either 
α- or β-bonds, since there are at least eight different ways in which two glucose 
units can link. The diversity of glucans is further increased by substitutions of 
sugar rings and by branching of chains [2, 9]. Their molecular weight, chemical 
composition, the number of branches of side chains as well as spatial configu-
ration determine the physical and therapeutic properties of mushroom glucans 
[10]. These glucans can be water soluble or insoluble. The insoluble fractions 
are usually structural components of the cell wall and cross linked to other poly-
saccharides like chitin or to proteins. The soluble fraction provides 20–50 % of 
the total glucans [9]. When the fungi are cultivated in submerged fermentation 
glucans can be secreted at levels that directly depend on chemical composition 
of the growth medium. In general nitrogen starvation will enhance soluble glucan 
secretion [11].

Heteroglycans are also common constituents found in the fungal kingdom. 
They contain xylose, galactose, mannose, arabinose, fructose and glucuronic acid 
as side chain components. Among the basidiomycetes, bioactive polysaccharides 
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are produced by several mushrooms traditionally known for their medicinal prop-
erties, mostly in China, Korea and Japan. Out of over 2,000 edible fungi found 
worldwide, only 20 are cultivated on a commercial level. Among them, three 
species predominate: Agaricus bisporus (common mushroom) (approx. 32 % 
total weight of produced mushrooms), Lentinula edodes (approx. 25 %) and 
Pleurotus spp. (approx. 25 %) [10]. In addition to being popular culinary mush-
rooms, Lentinula and Pleurotus exhibit medicinal properties. In this review we 
focus on four fungi, which based on traditional medicine have become a target 
for extensive scientific clinical research during the last few decades, both in the 
east and west, as a source for searching bioactive polysaccharides with medicinal 
properties.

18.2.2  Lentinus Edodes

Lentinus. edodes also known as the “Shiitake Mushroom”, is an edible medicinal 
mushroom, native to China and cultivated in East Asia. The mushrooms can be 
consumed fresh or dried as well as dried powder for complementary and alterna-
tive medicine purposes [12]. L. edodes is traditionally grown on wood logs. A new 
method of cultivation based on artificial logs, was developed utilizing heat-treated 
substrates based on sawdust enclosed in plastic bags. In this method the cultivation 
cycle is shorter and the yields are higher [13].

The commercial polysaccharide lentinan, thought to be responsible for many of 
the beneficial effects produced by the mushroom  L. edodes is a β-glucan [1, 14].  
Lentinan can be produced also in submerged, agitated liquid cultures. The poly-
saccharide obtained by this methodology has a similar infrared spectrum com-
pared to the polysaccharide obtained from the fruiting bodies or from the 
extracellular culture fluids. However, some differences appear in the molecular 
composition of the intra- and extracellular lentinan. Lentinan produced from the 
extracellular fluids of the fungus is much more effective in stimulating antibody 
production in mice than that extracted either from fruiting bodies or from the bio-
mass produced by fermentation methods [14].

18.2.3  Pleurotus spp.

Mushrooms of the genus Pleurotus, also known as the oyster mushrooms, are 
edible and among the most popular cultivated mushrooms worldwide. Pleurotus 
spp. is among the easiest mushrooms to cultivate. In nature, they grow on wood, 
usually on dead, standing trees or on fallen logs. Large variety of lignocellulosic 
substrates such as wood chips, corn wheat or rice straw, cotton stalks, waste hulls 
and other locally available agricultural wastes, can be used for Pleurotus cultiva-
tion [13, 15, 16].
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The genome of P. ostreatus was sequenced (http://genome.jgi-psf.org/ 
PleosPC9_1/PleosPC9_1.home.html) and the fungus became accessible to genetic 
engineering, thus it may be possible to improve its properties by gene replace-
ment via a gene targeting system [17]. Studies from different regions of the world, 
reviewed by Khan and Tania [18] establish the medicinal importance of this 
popular and highly nutritious mushroom. Lavi et al. [19] compared the molecu-
lar weight and composition of the glycosyl residues, and the types of glycoside 
bonds, in polysaccharides harvested from P. pulmonarius under different growing 
conditions. Polysaccharides extracted from fruiting bodies produced by the fungus 
grown on straw (FBE) were compared to glucan extracted from mycelia produces 
in submerged culture (ME). These conditions represent commercial mushroom 
production that are technologically developed and common worldwide, on the one 
hand, and submerged fermentation of the fungal mycelium utilizing biotechno-
logical practices, on the other (see Fig. 18.1). Growing mushrooms in the farm 
may take several weeks and it is difficult to control the quality of the final product 
while large scale fermentation is more sophisticated and controlled. The products 
of the different methodologies can also vary. For example, Lavi et al. [19] found 
that the glucan extracted from FBE contained 85 % glucose as compared to that 
extracted from ME contained only 64 % glucose. Both FBE and ME glucans con-
tained significant and equal amounts of galactose (8.3 %). The ME polysaccharide 
also contained fucose and xylose, which were not found in the FBE glucan. The 
reason for the difference in carbohydrate content could be explained by the dif-
ferences in carbon sources and growing conditions. 13C and 1H NMR analyses of 
the FBE preparation showed mixed α- linkages and β-anomeric carbon linkages, 
whereas the ME polysaccharide demonstrated only α-glucan linkages.

Fig. 18.1  Preparation of alpha and beta glucan polysaccharides and their effects on chronic 
diseases

http://genome.jgi-psf.org/PleosPC9_1/PleosPC9_1.home.html
http://genome.jgi-psf.org/PleosPC9_1/PleosPC9_1.home.html
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18.2.4  Grifola frondosa

Grifola. frondosa (maitake) produces a polysaccharide also known commercially 
as D-fraction. It is considered as a delicious edible mushroom. Production of 
G. frondosa is usually on a lignocelulosic substrate enclosed in bottles or bags. 
A common substrate used for production is composed of sawdust amended with 
rice bran or wheat bran. It has also been produced on a substrates consisting of 
oak sawdust, wheat bran, millet, and rye. Highest yields, best quality, and shortest 
crop cycle time (12 weeks) is usually the target for optimization. Due to its short 
history of cultivation only relatively little effort has been directed to improve cul-
ture conditions for G. frondosa fruiting bodies production on a farm level [20, 21].  
For example Svagelj et al. [22] used solid-state substrate consisting of milled 
whole corn plant and olive press cake supplemented with mineral additives and 
olive oil keeping the moisture level above 70 %. In this study four fractions of pure 
extracellular β-d-glucans and four fractions of intracellular polysaccharides were 
isolated. Montoya et al. [23] investigated the enzymes that enable G. frondosa, to 
colonize and deconstruct two formulations based on industrial lignocellulosic by-
products. G. frondosa degraded the substrates (oak-sawdust plus corn bran, and 
oak/corn bran supplemented with coffee spent-ground), however the coffee spent-
ground amendment inhibited mushroom production [23]. Chen et al. [24] isolated 
polysaccharides from the fruiting bodies of G.frondosa and purified by DEAE 
cellulose-52 chromatography and Sephadex G-100 size-exclusion chromatog-
raphy. They obtained three main polysaccharides with antioxidant activity. They 
concluded that polysaccharides isolated from G. frondosa can be used as a reliable 
source of natural antioxidants for the food processing industry.

18.2.5  Ganoderma lucidum

Ganoderma. lucidum, and other Ganoderma species, also known as lingzhi mush-
room, reishi and ‘the mushroom of immortality’, is a white-rot basidiomycete 
and the best known and widely used medicinal mushroom in Asia. It is one of 
the oldest mushrooms known to have been used for medicinal purposes. Unlike 
the other fungi described here, Ganoderma, due to its bitter taste, is not a typi-
cal edible mushroom. Different processes of cultivation of Ganoderma spp. and 
development of their products were reviewed by Zhou et al. [25]. An important 
step towards large scale production of any crop is genetic improvement. Zhou 
et al. [25] described the use of several techniques such as selection, mutation, 
cross-breeding, cell fusion and genetic engineering. A simple and efficient trans-
formation system for G. lucidum was developed recently [26]. These authors 
based their methodology on the relatively easy detection expression capability 
of “enhanced green fluorescent protein” and “β-glucuronidase” reporter genes in 
fungal transformants using glyceraldehyde-3-phosphate dehydrogenase promoter. 
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Several cultivation methods are used for Ganoderma polysaccharides production 
and are similar in principle to the other medicinal mushrooms. As Ganoderma in 
nature, a white rot wood degrading fungus, woody raw material or other lignocel-
lulosic substrates are used in solid state cultivation for the fruiting bodies produc-
tion. Ganoderma mycelium can be produced by liquid submerged fermentation in 
artificial growth media [25]. Chen et al. [24] sequenced the complete genome of 
monokaryotic G. lucidum strain 260125-1, and identified a large set of genes and 
potential gene clusters involved in secondary metabolism and its regulation. The 
genome sequence and its further investigation will promote the use of G. lucidum 
as a source of pharmacologically active compounds as well as industrial enzymes.

Production of polysaccharides from additional well studied mushrooms such as 
Agaricus spp., Trametes versicolor, Schizophyllum commune is not detailed here, 
as the principles are similar, but their medicinal properties are described below.

18.3  The Use of Mushroom Polysaccharides  
in the Treatment and Prevention of Chronic Diseases

18.3.1  General Description

Since ancient times mushrooms have been claimed to exert antiviral, anti-
inflammatory, hypotensive, hypocholesterolemic, hypoglycemic effects [27]. 
Recent advances in biochemical techniques have allowed the partial isolation and 
purification of compounds from medicinal mushrooms—especially polysaccha-
rides—that exhibit health-promoting activities [28], see Fig. 18.1.

18.3.2  Anticancer Activity

The most striking effects reported hitherto are the antitumor effect of mushroom 
polysaccharides especially glucans. Their immunomodulating ability, anti-
inflammatory properties and anti-tumor effects in vitro and in vivo have been 
reported [29–33]. Their antitumor effects have been shown to depend not only on 
the molecular weight of the polysaccharide but also on the structure of the poly-
meric backbone and on the degree of branching [34]. Polysaccharides with antitu-
mor properties have been screened mostly in the fruiting bodies, less so in liquid 
culture medium and mycelia, nonetheless we have characterized also one that is 
pro-apoptotic [35]. The main anticancer polysaccharides that have been subjected 
to early clinical trials are lentinan (L. edodes), schizophyllan (S. commune), PSK 
and PSP (T. versicolor), and Grifron-D (G. frondosa) [4, 36–40]. Grifron-D is a 
relatively new anticancer mushroom polysaccharide that has demonstrated promis-
ing pre-clinical activity in cell lines and xenografts [41]. The American Federal 
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Drug Administration (FDA) has approved Grifron-D for clinical trials under an 
investigational new drug application for patients with advanced solid cancers [42]. 
Most of the major medicinal mushroom polysaccharides have been subjected to 
extensive preclinical toxicological studies. The degree of safety testing on mush-
room products is in general more advanced than that for most herbal products [5].

There are two proposed mechanisms by which polysaccharides extracted from 
mushroom exert their antitumor effect: an indirect activity through the regulation 
of the host’s immune system or alternatively a direct activity on the tumor cells. 
The indirect pathway, in which the polysaccharide acts only as a mediator in the 
immune response, has been studied in detail [43], however the exact mechanism(s) 
involved in the indirect mechanism still remain to be completely understood; poly-
saccharides may up or down-regulate various aspects of the humoral or cellular 
arms of the immune system [44]. This functional heterogeneity is likely to be the 
explanation for the wide activity that has been reported against a number of differ-
ent cancers [45]. The ability of mushroom polysaccharides to enhance or suppress 
the host immune response depends on a number of other factors, including dosage, 
route of administration, timing and frequency of administration, as well as their 
mechanism of action. We have recently demonstrated that soluble glucans pre-
pared from the edible mushroom  P. pulmonarius inhibit colitis-associated colon 
carcinogenesis induced in mice through modulation of cell proliferation, induction 
of apoptosis and inhibition of inflammation [46].

Rice et al. [47] showed that orally administered water-soluble glucans translo-
cate from the gastrointestinal (GI) tract into the systemic circulation. The glucans 
are bound by GI epithelial and Gut-Associated Lymphoid Tissue (GALT) cells 
and they modulate the expression of pattern recognition receptors in the GALT, 
increase IL-12 expression, and induce protection against infectious challenge. 
Most medicinal mushroom polysaccharides have been shown to be multi-cytokine 
inducers, capable of modulating gene expression of various cytokines [48]. It is 
now believed that β-d-glucans induce many biological responses through bind-
ing to membrane complement receptor type three on immune effector cells 
(macrophages), leading to ligand-receptor complex internalization [49]. Little is 
known about the further intracellular events that occur after β-glucan-receptor 
binding.

As for the direct pathway, in which the polysaccharide itself inhibits the can-
cerous growth, only recently Chen et al. showed that exopolysaccharide from 
the mushroom Fomes fomentarius has a direct antiproliferative effect in vitro on 
human gastric cancer cells in a dose- and time-dependent manner [50]. Xie et al. 
showed that G. lucidum extract inhibits proliferation of SW480 human colorectal 
cancer cells [51]. We have detected proapoptotic and antiadhesive effects exerted 
by polysaccharides on human colon cancer cells and shown that the polysaccha-
ride itself inhibits the cancer cell growth [19, 35, 50].

The hot water extract of the Basiodiomycete fungus A. blazei Murill has potent 
antitumor activity in sarcoma 180-bearing mice (3–6) and the antitumor activity 
was postulated to reside in the β-(1–6) glucan fraction [52]. The methanol-soluble 
fraction showed antitumor and antiangiogenic activities [53].
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18.4  Effect on Inflammatory Bowel Disease

Few studies have been devoted to investigate the biological effects of fungal poly-
saccharides on inflammatory bowel disease (IBD), therefore only a relatively poor 
understanding of the mechanistic associated with the effects on this disease is 
available [48, 54–56]. IBDs are represented mainly by Crohn’s disease (CD) and 
ulcerative colitis (UC) [57]. IBD is a chronic idiopathic inflammatory disease of 
the gastrointestinal tract affecting significant population numbers in the Western 
world and the frequency of which has increased considerably over the past few dec-
ades [58] however the existing therapies not only show limited benefits, they also 
have unwanted side effects [57]. Consequently, there is a need for alternative anti-
inflammatory agents that are at least equally effective, if not more so, and cause 
fewer side effects. In Asian countries, many species of mushrooms isolates are 
approved adjuvants for cancer or inflammation therapy. Investigation of the patho-
genesis and treatment of IBD has been of increasing interest over the last decade.

We have recently demonstrated attenuation of experimental colitis in mice fol-
lowing treatment with orally administered glucans from the edible mushroom 
P. pulmonarius [48]. Our findings indicate that high doses of both hot-water solu-
ble (HWS) or mycelium extract (ME) are effective at treating acute DSS-induced 
colitis and result in improved macroscopic and histological damage scores, 
decreased inflammation and lower levels of the pro-inflammatory cytokine IL-1β 
and TNF-α. Both treatments, when provided orally, were effective in preventing 
or curing colitis symptoms. Pleuran is a β-glucan isolated from P. ostreatus. When 
pleuran was locally administered, with or without concomitant parenteral pretreat-
ment, it was effective in reducing colonic damage induced by acetic acid, but only 
when administered prophylactically by intraperitoneal route, but not when orally 
administerd [59]. Barley or yeast β-glucan, similarly to fungal β-glucan also show 
an immunostimulatory effect mediated by the activation of neutrophils, mac-
rophages, monocytes and natural killer (NK) cells through specific receptors CR3 
(CD11b/CD18), and through the β-glucan receptor. This effect is associated with 
stimulated production of cytokines, such as tumor necrosis factor alpha (TNF-α) 
and interleukin 1 (IL-1), resulting in increased immunological surveillance [59].

Choi et al., [55] have recently demonstrated that a water extract isolated from 
the mushroom  Inonotus obliquus (IO) induces anti-inflammatory effects in colitis 
induced by dextran sodium sulfate in mice. IO has been demonstrated to induce anti-
cancer [60–62] and anti-inflammatory activities [63]. Kim et al. [64] reported that the 
anti-inflammatory of IO is probably due to the inhibition of inducible NO synthase 
and cyclooxygenase-2 expression via the downregulation of NF-κB binding activity.

18.5  Effect on Irritable Bowel Syndrome 

Irritable bowel syndrome (IBS) is a gastrointestinal disorder characterized by 
chronic abdominal pain associated with altered bowel habits. The prevalence 
of IBS is very high; IBS is one of the most common gastrointestinal disorders 
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estimated to affect 7–15 % of the general population in the USA and other devel-
oped countries [65] thus, involves elevated health-care costs [66]. This situa-
tion calls for novel additional treatment protocols of this condition that could 
be beneficial; a case in point is edible mushroom water soluble polysaccharides. 
Asano et al. [67] examined the effect of β-glucan isolated from A. pullulans 
GM-NH-1A1 on fecal pellet output and visceral pain response in animal models of 
IBS [mice subjected to restraint stress and provided drugs that stimulate intestinal 
motility (bethanecol and 5-HT), cause diarrhea (castor oil) or cause constipation 
(loperamide and clonidine)]. Oral administration of the β-glucan suppressed the 
restraint stress- or drug-induced fecal pellet output. β-Glucan also suppressed the 
visceral pain response to colorectal distension. These results suggest that β-glucan 
could be therapeutically effective for the treatment of IBS [67]. In humans a recent 
study [68] demonstrated that a mixture of beta-glucan, inositol and digestive 
enzymes (Biointol) significantly improved some (but not all) of the IBS-related 
symptoms such as bloating, flatulence and abdominal pain in patients affected by 
IBS. Additional studies are needed to expand this promising area.

18.6  Hypolipidemic and Hypoglycemic Effects of Fungal 
Glucans

Diabetes is a group of metabolic disorders which includes alterations in carbohy-
drate, fat, and protein metabolisms associated with absolute or relative deficiencies 
in insulin secretion and insulin action. Diabetes associated dyslipidemia is a major 
risk factor for cardiovascular disease. There is an increasing demand for natu-
ral products with hypolipidemic and anti-diabetic activity, due to the side effects 
associated with the use of insulin and oral hypoglycemic agents. The search for 
substances present in edible mushrooms with hypolipidemic and/or hypoglycemic 
effects is advantageous, particularly in countries with a persistent incidence of 
hypercholesterolemia and/or hyperlipidemia and cardiovascular disease such 
as in the Western countries. Glucans harvested from various edible mushrooms 
have proven to exert significant hypolipidemic effects [69], hypocholesterolemic 
[70], hypoglycemic [71] and antidiabetic effects [72–75]. The polysaccharide iso-
lated from P. nameko possesses significant anti-inflammatory activity in different 
models of inflammation and was recently demonstrated to be hypolipidemic [76]. 
β-glucans prepared from A. blazei Murill and oligosaccharides derived from the 
hydrolysis of β-glucans show anti-hyperglycemic, anti-hypertriglyceridemic, anti-
hypercholesterolemic, and anti-arteriosclerotic activity indicating anti-diabetic 
activity as a whole in diabetic rats [77]. As far as we are aware, no human studies 
have been conducted with mushroom derived β-glucans [78]; nonetheless, a recent 
human trial using oat-derived β-glucan [79], demonstrated that a single daily inges-
tion of 3.5 g β-glucan, for 8 weeks did not change the lipid profile and hemoglobin 
A1c in type 2 diabetic subjects. In order to test the effect of fungal β-glucans, well 
designed studies are required in order to assess putative effects of fungal-derived 
β-glucans in hyperlipidemia, hyperglycemia and/or hypercholesterolemia.
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18.7  Molecular Mechanisms Lying Underneath the Health 
Benefits of Edible Mushrooms

18.7.1  Mechanism of Action

Although mushroom 1-3-β-d-glucans (e.g. Lentinan from Lentinula edodes, 
D-fraction from G. frondosa, or Schyzophyllan from Schizophyllum commune) 
demonstrated promising anticancer effects in animal studies and limited clinical 
trials through their immunomodulatory activities, their therapeutic oral adminis-
tration is limited due to the poor water solubility [80]. On the other hand, other 
water soluble mushroom polysaccharides (α- and β-glucans) also demonstrated 
significant biological activities. However, the molecular mechanism(s) responsi-
ble for their possible therapeutic effects is not clear. Interestingly, glucans dem-
onstrated their potency to activate or to suppress specific immune responses and 
directly affect epithelial cells. The mechanisms involved in the glucan activities 
can be associated with their interactions with specific receptors which mediates 
intracellular signaling.

18.7.2  Immunomodulatory Activities

The original study with water-soluble 1-3-β-d-glucan isolated from the edible 
mushroom Auricularia auricula-judae demonstrated inhibition of Sarcoma 180 
solid tumor in mice more than 30 years ago [81]. Recently, a variety of structur-
ally related water soluble glucans and polysaccharides were isolated from different 
edible mushrooms. Water soluble 1-3-α,1-3-β1-6-β-d-glucan and 1-6-β-d-glucan 
from P. florida and 1-6-β-d-glucan from P. florida and 1-6-β-d-glucan from 
Termitomyces robustus induced NO production in peritoneal macrophages and 
stimulated proliferation of murine splenocytes and thymocytes, respectively 
[6, 82, 83]. In addition, a water soluble 1-6-α-d-glucan from Sarcodon aspratus 
induced proliferation of murine splenocytes [84]. 1-3-β,1-3-β,1-6-β-d-glucan and 
polysaccharide containing 1-6-β-Glu-1-6-α-Gal-1-3-β-Glu-1-4-β d-glucan back-
bone structure from L. squarrosulus also induced NO production in peritoneal 
macrophages and stimulated proliferation of murine splenocytes and thymocytes 
[85, 86]. A water soluble polysaccharide, branched-fuco-1-4-β-galacto-1-4-β,1-6-
β,1-6-β-d-glucan from C. indica also induced NO production in macrophage cell 
line RAW264.7 and stimulated proliferation of murine splenocytes, thymocytes 
and bone marrow cells [87]. Water soluble polysaccharide rich extracts, contain-
ing β-d-glucan or 1-4-α-d-glucan, from A. bisporus induced production of TNF-α 
and NO in the bone marrow-derived macrophages [88]. In addition, other water 
soluble rich extracts, containing 1-6-α,1-4-α-d-glucan, 1-6-β-d-glucan and man-
nogalactan, from A. bisporus and A. brasiliensis induced mRNA levels of IL-1β, 
TNF-α, and COX-2 in THP-1 monocytes, respectively [89].
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It is well established that β-glucans activate immune response through their 
interaction with membrane receptors found on the immune cells, including mac-
rophages, neutrophils, monocytes, natural killer cells and dendritic cells [90]. These 
receptors: dectin-1, CR3 (complement receptor 3), LacCer (lactosylceramide), and 
TLR (toll-like receptor) mediate adaptive immunity. In addition, β-glucan interac-
tion with dectin-1, CR3, LacCer and scavenger receptor induces innante immunity 
of neutrophils [91]. Mechanistically, binding of β-glucan to dectin-1: (1) activates 
Syk kinase which through CARD9 induces canonical NF-κB pathway, (2) activates 
Syk and induces ERK and MAP kinase pathways independently of CARD9, or (3) 
activates Raf1 kinase independently of Syk1 [90]. In addition, Dectin-1 interacts 
with MyD88 coupled TLR receptors (TLR-2,-4,-5,-7,-9) leading to the activation 
of NF-κB and production of a variety of cytokines [91]. The prominent ligands of 
dectin-1 are water insoluble 1-3-β-d-glucans, consisting of backbone chain of at 
least seven glucose subunits with minimally one glucose side chain (1-6-B) form-
ing a helical structure [91]. Indeed, the helical structure is typical of 1-3-β-d-glucan 
among other glucans [92]. Therefore, dectin-1 differentially recognizes glucans 
based on structural factors such as polymer length and side-chain branching [91].

Since the above described water soluble mushroom glucans activities do not cor-
respond to the typical water insoluble ligand for dectin-1, it is possible that other 
mechanisms are responsible for their immunomodulatory activities. Interestingly, 
water soluble 1-3-branched 1-6-β-d-glucan from G. frondosa (MD-fraction) 
induced TNF-α production and increased proliferation without excessive inflam-
mation in resident macrophages [93]. However, MD-fraction activated ERK and 
MAPK resulting in the production of granulocyte macrophage colony-stimulating 
factor (GM-CSF) which subsequently activated dectin-1/Syk signaling [93]. In 
addition, increased production of TNF-α and NO by β-d-glucan or 1-4-α-d-glucan 
was independent of dectin-1 [88]. Although the binding of soluble β-glucans 
to dectin-1 and the biological activities of these β-glucans remain controversial 
[93], recent studies clearly demonstrate that structurally different mushroom α- or 
β-glucans hold significant immunomodulatory activities. Nevertheless, the mecha-
nism of their interaction with dectin-1and TLR receptors remains to be elucidated.

18.7.3  Anti-inflammatory Activities

The anti-inflammatory activities (inhibition of DSS-induced colitis in mice) 
were originally demonstrated with an insoluble 1-3-β-d-glucan (Pleuran) from 
P. ostreatus in a rat model of acute colitis [54]. Moreover, we have recently dem-
onstrated that water soluble α- and β-glucans from P. pulmonarius also suppressed 
colon inflammation as shown by the reversion of the shortening of colon length 
and inhibition of expression of TNF-α and IL-1β in colonic mucosa in the dextran 
sodium sulfate (DSS)-induced colitis and DSS/azoxymethane induced colon car-
cinogenesis in mice, respectively [19, 48]. These glucans also inhibited TNF-α-
dependent activation of NF-κB in human intestinal cells in vitro [46]. In addition, 
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soluble 1-6-branched 1-3-β-d-glucan from P. pulmonarius inhibited leukocyte 
migration to injured tissues and expression of IL-1β in a rodent model of inflam-
matory pain [94, 95]. We have also demonstrated that a water soluble extract from 
P. ostreatus (OMC), containing α- and β-glucans, suppressed LPS-induced depend-
ent activation of TNF-α, IL-6 and IL-12, as well as COX-2 expression and produc-
tion of prostaglandin E2 (PGE2) and iNOS expression and production of NO in 
macrophages [96]. These effects were mediated by the inhibition of LPS-dependent 
activation of NF-κB and AP-1 [96]. OMC also markedly suppressed LPS-induced 
production of TNF-α in mice and Concanavalin A induced proliferation and secre-
tion of IFN-γ, IL-2 and IL-6 in mouse splenocytes ex vivo [96], further confirming 
anti-inflammatory activities of water soluble α- and β-glucans from the Pleurotus 
mushrooms.

In addition, a water soluble 1-3-β,1-4-β-d-glucan from edible Collybia 
dryophila markedly suppressed LPS- and IFN-γ-dependent expression of 
iNOS and NO production in macrophages [97]. Although 1-4-α-d-glucan from 
A. bisporus induced production of TNF-α and NO in macrophages in vitro [88], 
the same 1-4-β-d-glucan decreased LPS-dependent production of TNF-α in 
human peripheral mononuclear blood cells ex vivo [98].

Inflammatory response induced by bacterial endotoxin LPS is mediated by 
the TLR4 receptor. The formation of TLR4 signaling complex, which includes an 
extracellular protein MD-2, co-receptor CD14, LPS, and TLR4, results in the tyros-
ine phosphorylation of the intracellular Toll-IL-1 resistance (TIR) domain of TLR4 
receptor [99]. TLR4 signaling is mediated through two separate pathways. The 
“MyD88-dependent”—MydD88-pathway, which engages the adapter proteins 
MyD88 and TIR domain containing adapter protein (TIRAP), and the “MyD88-
independent” − TRIF-pathway, which uses the adapters TIR domain containing 
adapter-inducing interferon-β (TRIF) and TRIF-related adapter molecule (TRAM), 
finally resulting in the activation of a variety of kinases, leading to the activation 
of transcription factors NF-κB, AP-1 or IRF-3 and expression of pro-inflammatory 
molecules and cytokines. Therefore, the anti-inflammatory properties of differ-
ent the soluble α- and β-glucans can be the results of the competition between LPS 
and glucans for the TLR4 binding (Fig. 18.2). Although extracts containing 1-6-α, 
1-4-α-d-glucan, 1-6-β-d-glucan and mannogalactan from A. bisporus (ABS) and 
A. brasiliensis (ABL) induced expression of IL-1β and TNF-α; ABL containing 
74.8 % of α- and β-glucans markedly suppressed LPS-dependent expression of IL-1β 
and TNF-α suggesting that these polysaccharides inhibit LPS-TLR binding [89].

18.7.4  Effects on Epithelial Cells

Although the majority of anti-cancer effect of soluble mushroom polysaccharides 
can be associated with the immunomodulatory activities described above, other 
studies demonstrated direct effect on cancer cells. We have previously isolated 
α-glucans from P. ostreatus which suppressed proliferation and induced apoptosis in 
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human cancer intestinal epithelial cells HT-29 through the up-regulation of expres-
sion of propapototic Bax [11]. Moreover, water soluble α- and β-glucans from 
P. pulmonarius induced apoptosis of HT-29 and HCT-116 cells, up-regulated pro-
apoptotic Bax and suppressed survival Bcl-2 proteins increasing Bax/Bcl-2 ratio 
which is associated with the induction of apoptosis [46]. These glucans also inhibited 
TNF-α-dependent nuclear accumulation of p65 of NF-κB in intestinal epithelial cells 
[46]. Since NF-κB controls expression of genes that are involved in cell prolifera-
tion (e.g. cyclin D1) and apoptosis (e.g. Bcl-2), among others, NF-κB seems to be a 
suitable target for soluble α- or β-glucans. Indeed, we have previously shown that an 
extract, containing α- and β-glucans, from P. ostreatus suppressed expression of cyc-
lin D1 in colonic tissue in a colitis-related colon carcinogenesis model in vivo [56]. 
In addition, water soluble β-d-glucan or 1-4-α-d-glucan, from A. bisporus, decreased 
IL-1β- and IFNγ-induced NF-κB transactivation in a reporter human epithelial colo-
rectal adenocarcinoma cells Caco-2 [88].

Fig. 18.2  Schematic representation of the TLR4 signaling
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A water soluble 1-3-β-1-4-β-d-glucan from edible Poria cocos suppressed 
proliferation and induced apoptosis through the down-regulation of expression 
of cyclin D1 and an increase of Bax/Bcl-2 ratio in epithelial breast cancer cells 
MCF-7, respectively [100]. Another water soluble hyperbranched β-d-glucans 
from edible P. tuber-regium or uncharacterized polysaccharides from P. ostreatus 
inhibited growth of human epithelial hepatocellular carcinoma cells HepG2 and 
prostate cancer cells PC-3 [101, 102]. Interestingly, water soluble polysaccharide, 
branched-fuco-1-4-β-galacto-1-4-β,1-6-β,1-6-β-d-glucan from C. indica, which 
activated immune cells, specifically suppressed proliferation and induced apopto-
sis of human cervical cancer HeLa cells but did not affect normal cells [87].

Mechanistically, glucans can inhibit interaction of TLR4 with LPS in macrophages 
which will results in the suppression of expression of TNF-α and IL-1β induced 
NF-κB-dependent expression of Bcl-2 and cyclin D1 in epithelial cells (Fig. 18.3). 
Alternatively, glucans can also inhibit interaction of TLR4 with LPS in epithelial cells 
resulting in the suppression of NF-κB activation and expression of Bcl-2 and cyclin 
D1. Since TLR4/NF-κB signaling was detected in intestinal epithelial cells and impli-
cated in colon cancer [103], and TLR4 is overexpressed in breast and prostate cancer 
cells [104, 105], the inhibition of TLR4 signaling in epithelial cells by water soluble 
mushroom glucans is therapeutically promising. Finally, glucans can inhibit NF-κB in 
epithelial cells by another yet to be identified mechanism.

18.8  Conclusions and Future Perspectives

Since ancient times mushrooms have been claimed to exert antiviral, anti-
inflammatory, hypotensive, hypocholesterolemic, hypoglycemic effects [27]. 
Mushroom polysaccharides have been associated to prevention of cancer, 

Fig. 18.3  Effects of water soluble glucans on the TLR4 signaling in macrophages and epithelial cells
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diabetes, hyperlipidemia, arteriosclerosis, hepatitis, and other chronic diseases [5]. 
Biologically active water soluble polysaccharides harvested from edible mush-
room are widely distributed among the medicinal mushrooms. The bioactive poly-
saccharides isolated from mushroom fruiting-bodies, submerged cultured fungal 
biomass, or liquid culture fermentation broths are either water-soluble α- and β-d-
glucans, β-d-glucans with heterosaccharide chains of xylose, mannose, galactose, 
or uronic acid, or β-d-glucan-protein complexes, β-(1,3)-d-glucans with β-(1,6) 
branches in other words, proteoglycans [5–7]. Polysaccharides differ in their pri-
mary structure (type of basic sugar), type of linkage (α, β, etc.), degree of branch-
ing, and molecular weight, among other parameters [8].

We aimed in this article to review the methodology to isolate the bioactive 
polysaccharides from mushrooms, to highlight some of the health-promoting 
activities of these polysaccharides and give an insight of the putative mechanism 
of action. We believe that molecular studies based on genomic information com-
bined with advanced biochemistry and fermentation studies can lead to higher 
polysaccharides yields, quality and medicinal effectiveness. A focus should be 
directed towards polysaccharides produced by the mushrooms that currently are 
under investigation and show the highest and most practical potential to be inte-
grated into medicine. Sources for additional, and may be more potent, medici-
nal mushrooms can be expanded through research in yet unexplored regions. De 
Silva et al. [2] proposed to explore tropical countries for effective mushrooms and 
to assay their bioactive metabolites for cure and prevention of chronic diseases. 
A recent study found high levels of β-glucans in wild mushrooms in Thailand 
[106]. To validate the know how accumulated during centuries in traditional medi-
cine and in recent years in animal and in vitro experiments, state-of-the-art clinical 
studies should be conducted aiming at prevention and cure of specific disorders.
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Abstract Essential oils are odoriferous substances traditionally used in the per-
fumery, food, and pharmaceutical industries. The most volatile fraction (con-
stituting 90–95 % of total oil) comprises, in most cases, complex mixtures that 
may contain hundreds of compounds, which are composed mainly of terpenoids. 
Each of these constituents contributes for the biological effects of these essential 
oils. In this chapter, a total of 20 essential oil constituents, which presented posi-
tive results on cytotoxic drug screening, were selected; among them, ascaridole, 
α-bisabolol, (E)-caryophyllene, β-elemene, β-eudesmol, d-limonene, terpinen-
4-ol, and thymol have been extensively studied with promissory results. Herein, 
we highlighted the recent advances in the knowledge of the chemical and antican-
cer properties of these compounds, establishing new goals for future research.

19.1  Introduction

Plant secondary metabolites have amazing structural diversity and biological 
activities, including anticancer proprieties [1, 2]. Among these, essential oils are 
odoriferous substances traditionally used in the perfumery, food, and pharma-
ceutical industries. Essential oils may be found in different plant parts generally 
in flowers (e.g. Acacia spp., Dianthus caryophyllus, Jasminum spp., Lavandula 
spp., Rosa spp., Rosmarinus officinalis, Syzygium aromaticum, etc.), fruits (Citrus 
spp., Juniperus communis, etc.), leaves (e.g. Cymbopogon spp., Mentha spp., 
Ocimum spp., etc.), leaves and stems (e.g. Aloysia citriodora, Cinnamomum 
spp., Pelargonium spp., Pogostemon cablin, etc.). Moreover, bark (e.g. Betula 
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pubescens, Cinnamomum cassia), rhizomes (e.g. Acorus calamus, Curcuma longa, 
Zingiber officinale, etc.), roots (e.g. Angelica archangelica, Vetiveria zizanioides, 
etc.), seeds (e.g. Coriandrum sativum, Foeniculum vulgare, Myristica spp., etc.), 
and wood (e.g. Aniba rosaeodora, Eremanthus erythropappus, Pinus sylvestris, 
Santalum album, etc.) are also natural sources of commercially important essential 
oils [3, 4].

The most volatile fraction (constituting 90–95 % of total oil) comprises, in 
most cases, complex mixtures that may contain hundreds of compounds which are 
composed mainly of terpenoids (mono-, sesqui-, and even diterpenes). Besides, 
it may contain benzenoids, phenylpropanoids, aliphatic aldehydes, alcohols, and 
esters. Terpenoids (mono- and sesquitepenes) are the primary constituents of the 
essential oils of many types of herbs; many of them are commercially important, 
and are widely used as flavoring agents, perfumes, insecticides, antimicrobial 
agents, and raw material for important chemicals [5].

In this chapter, a total of 20 essential oil constituents, which presented posi-
tive results on cytotoxic drug screening, were selected (Fig. 19.1). In addition, we 
highlighted the recent advances in the knowledge of the chemical and anticancer 
properties of these compounds, establishing new goals for future research.

19.2  Chemical and Botanical Data

A rigid scheme for classifying secondary metabolites is not applicable due to 
their immense structural diversity; however, three main classes are often used: 
terpenoids and steroids; fatty-acid derivatives and polyketides; and alkaloids. 
Terpenoids constitute the largest and one of the most diverse classes of second-
ary metabolites and they are classified according to the number of containing five-
carbon units coupled through biosynthetic pathways [6, 7]. In volatile fraction, we 
found terpenoids that are classified as hemiterpenes (C5), monoterpenes (C10), ses-
quiterpenes (C15), and even some diterpenes (C20).

Despite their diversity, all plant terpenoids derive from the common build-
ing units isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate 
(DMAPP) that are synthesized via two parallel pathways known as mevalonate 
(MVA) and methylerythritol 4-phosphate (MEP) [6]. In general, MVA pathway 
leads to the synthesis of some sesquiterpenes and triterpenes (sterols) in the cyto-
plasm, while the MEP pathway is responsible for the synthesis of monoterpenes, 
diterpenes, tetraterpenes (carotenoids) and polyterpenes [7, 8].

In the most volatile fraction of essential oils, terpenoids are generally unsatu-
rated compounds which easily decomposable by light, heat or oxygen to produce 
undesirable compounds. So, the steps of isolation, concentration and purification 
in methods for extraction of essential oil become critical. The most commonly 
used technique is the so-called traditional methods [9], i.e., those based on 
mechanical pressing (e.g. citrus oils) and by hydro- or steam-distillation. Steam 
distillation is the worldwide procedure for extraction of essential oils from plant 
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material, which is usually made by Clevenger-type apparatus in laboratory scale 
(hydro-distillation). The main drawback of this technique is related to the decom-
position of labile compounds and the possibility of formation of non-natural 

(−)−α γ

β α

α α α

α β γ

Fig. 19.1  Chemical structures of selected essential oil components
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compounds (artifacts). Therefore, it is desirable to employ mild conditions to 
avoid oxidation, thermal deterioration or other chemical changes. Modern meth-
ods of sampling using small volume or no organic solvent have emerged in recent 
years. Techniques such as supercritical fluid extraction with CO2 (SFE-CO2), 
microwave assisted extraction (MAE) and pressure liquid extraction (PLE) have 
gained in interest as a green approach in volatile fraction extractions which can be 
used in small and large scale. These techniques have advantages and limitations, 
which have been recently reviewed [10–12].

Gas chromatograph (GC) coupled with a mass spectrometer (MS) has been the 
main analytical technique for the chemical characterization of essential oils [10] 
and together forms a powerful tool for high quality quantitative and qualitative 
analysis. However, GC/MS analysis of this complex mixture often is a time-
consuming task due to limitations in techniques and instrumentation. Advances 
in this field have led to increased sensitivity, reproducibility and shorter times for 
analysis of volatile components. For example, fast GC often yields faster analy-
sis times than conventional GC while maintaining resolution and allowing more 
samples to be analyzed per shift. Nevertheless, the use of fast GC for essential oils 
analysis is still exploring [13, 14].

For identification of essential oil constituents, computerized matching of 
acquired mass spectrum with those stored in the mass spectral libraries (NIST 
and Wiley) and with that of an authentic standard, comparison of retention indices 
[15] determined at least on two columns with distinct polarities together are 
currently the most widely used for structural identification [7]. Quadrupole mass 
spectra obtained by electron ionization (EI) at 70 eV has been preferred to the ion- 
trap-derived mass spectra due to resulting in fragmentation characteristics of each 
compound [16], especially for the identification of unknown compounds. Tandem 
mass spectrometry (MS–MS), Fourier transform infrared spectroscopy (FT-IR) 
and time-of-flight mass spectrometry (TOF–MS) are alternative techniques for 
detection employed to identify closely related isomers or overlapping compounds. 
The latter has been the detector of choice for GC × GC analysis [10, 17].

In addition, enantiomer separation and determination of enantiomeric ratio or 
enantiomeric excess (e.e.) remains with increasing interest mainly due to possible 
difference in enantiomer biological properties [18]. Two-dimensional (2D) chro-
matographic approach has been required for chiral recognition of components in 
complex samples. The most used techniques is heart-cutting multidimensional 
GC (MDGC) and comprehensive 2D GC (GC × GC). Advantages and limits of 
both techniques are well-known, although recently mass spectrometry as a second 
dimension in detection has gained further interest because of the role it can play in 
speeding up enantioselective GC analysis (es-GC) [18, 19]. Derivatized cyclodex-
trins (CDs) based columns are the most popular chiral stationary phase for es-GC 
[20] and has been successfully applied in the 2D GC analysis of chiral compo-
nents from essential oils [21].

Recently there has been growing interest in terpenoids compounds due to the 
biological activity shown by some of them, especially as anticancer agents. In 
addition, terpenoid enantiomers are particularly useful chiral building blocks for 



28919 Essential Oil Constituents

the chemical and biotechnological syntheses [22]. Thus, essential oils are a rich 
source of highly value compounds and their commercialization has increasing 
because they are also used widely in prevent and therapy several diseases [23].

Despite the importance of the issue, to our knowledge, little attention was paid 
on the investigation of chiral components of essential oils and their anticancer 
activity [24, 25].

It is widely known that many substances produced by living organisms are 
chiral and can occur alone (only one enantiomer) or can be present in varying 
amounts or even as racemic mixtures, exerting the same or distinct activities. For 
example, (4S)-(+)-carvone smell like caraway and (4R)-(−)-carvone has a dis-
tinct sweet spearmint odor with both enantiomers presenting different effects on 
the central nervous system [26]. Moreover, the isomers of the monoterpene alco-
hol (3R)-(−)- and (3S)-(+)-linalool have distinctive odors [27], but show the same 
antifungal activity [28].

The biosynthetic pathways of the essential oil components can produce one 
form only of an optically active chemical. Sometimes one form of an enantiomer 
may be produced in larger amounts, but often the relative abundances of both 
enantiomeric forms are very specific to the species and geographical origin of an 
essential oil [29].

Except for α-humulene, γ-terpinene, eugenol, and thymol exists chirality (ste-
reogenic centers) in the other molecules mentioned in Fig. 19.1. Moreover, enan-
tiomeric distribution of constituents from essential oils is still scarce, especially 
for sesquiterpenes. Nevertheless, some papers have been published mainly on 
the enantiomeric variation of monoterpenes such as (±)-limonene, (±)-linalool, 
(±)-α-pinene, and (±)-terpinen-4-ol [27, 28, 30, 31].

The enantiomers of the linalool are found in variable distribution from dif-
ferent plant species [21, 28]. In general, the optically active (3S)-(+)- and (3R)-
(−)-linalool were isolated from lavender oil and coriander oil respectively, but 
both forms can be found in variable proportion in the wood and leaves essential 
oils of Brazilian rosewood (Aniba rosaeodora Ducke) [32]. It is noteworthy that 
the chiral stability may be influenced by the developmental stage of plant mate-
rial, pH value and sampling techniques. In comparison, increasing amounts of the 
(3S)-(+) linalool was detected in oils produced by hydro-distillation of longer than 
1 h duration [33]. In the same way, ascaridole, a monoterpene endoperoxide found 
as major component (up to 92 % of total oil) of essential oil from Chenopodium 
ambrosioides from various origins, is a heat-sensitive compound which rearranges 
to isoascaridole [34].

The enantiomeric composition of the monoterpene limonene is different for 
the various plant parts and changes during the development of the umbels as well 
as antimicrobial efficacy of the individual enantiomers and the racemic mixture 
showed variation [35]. For example, (4R)-(+)-limonene, the major component 
orange and other citrus peel oils, is one of the most investigated monoterpenes 
regarding the prevention of chemically induced tumors [36]. From a biosynthetic 
point of view, (4S)-(−)-limonene then serves as a precursor to other oxygenated 
monocyclic monoterpenes such as (−)-perillyl alcohol and (−)-perillaldehyde 
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which are minor components in many aromatic plants including Perilla frutescens 
(Lamiaceae) and also have been linked to anticancer activity [23, 24, 36].

The sesquiterpene α-(−)-bisabolol was first isolated from the blossoms of 
Matricaria chamomilla (Asteraceae) which may exist in three others possible ste-
reoisomers: (+)-α-bisabolol and (+)- and (−)-epi-α-bisabolol. Besides, chamomile, 
another source of α-(−)-bisabolol is sage (Salvia runcinata) that contain up to 90 % 
and candeia (Eremanthus erythropappus) which may contain up to 85 % from the 
wood [37].

(−)-trans-β-elemene is a sesquiterpene that has attracted attention due to recent 
developments on their use in the antitumor therapy of many kinds of cancer.  
A comprehensive review that includes its natural occurrence, biogenesis, anticancer 
activity, and synthesis and chemical characterization was recently published [38].

Caryophyllene is probably the most widely distributed sesquiterpene in nature. 
The pure form of the (−)-(E)-caryophyllene is frequently present in the essen-
tial oil from Humulus lupulus, Piper nigrum, Syzygium aromaticum leaf, and 
Copaifera officinalis, etc. However, (+)-(E)-caryophyllene is rare and has been 
found in essential oils of liverworts [39].

Phenylpropanoid volatile compounds are found in essential oil composition 
of many plant species presenting significant biological activities. One such com-
pound is eugenol which has been used by humans since antiquity for food preser-
vation and flavoring and for medicinal purpose. Essential oil from clove (Syzigium 
aromaticum) is the main natural source of eugenol (up to 90 % of total oil) [40].

19.3  Anticancer Proprieties

As already mentioned, we selected a total of 20 compounds that presented posi-
tive results on cytotoxic drug screening; among them, ascaridole, α-bisabolol, (E)-
caryophyllene, β-elemene, β-eudesmol, d-limonene, terpinen-4-ol, and thymol 
have been extensively studied with promissory results. Therefore, a special atten-
tion was given to these compounds. Moreover, the relevant compounds were sum-
marized and included in a condensed form in Table 19.1.

Ascaridole exhibits cytotoxic activity against leukemia, melanoma, brain, and 
colon cancer cell lines, as well as, multiple drug resistance cancer cell lines [41, 42]. 
It also presented in vivo antitumor in a sarcoma murine model with no toxic side 
effects [42]. More recently, cell cycle and DNA damage analyses revealed a remark-
able NER (nucleotide excision repair) specificity of ascaridol. Ascaridole decreased 
the G1 phase in three cells lines, but it caused G2/M phase arrest only in NER-
deficient cells. It also induced an increase in the subG1 peak which was consider-
ably higher in NER-deficient cells than in proficient cells. Moreover, DNA damage 
induction was substantially higher in NER-deficient cells. In addition, ascaridole 
led to a dose-dependent increase in intracellular levels of reactive oxygen species 
at cytotoxic concentrations, but only NER-deficient cells showed a strongly induced 
amount of 8-oxodG sites [43].
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α-Bisabolol showed cytotoxic effect on several human and rat malignant 
cell lines. The action of α-bisabolol seems to be selective as its effect in nor-
mal mouse astroglial cells was not cytotoxic. It also exhibited apoptotic activity 
by induction of the liberation of cytochrome c and via Fas receptor [44, 45]. In 
addition, Gomes-Carneiro et al. [46] showed that α-bisabolol is non-mutagenic in 
the Salmonella microsomal test, and it can even neutralize the effect of various 
mutagenic substances. Moreover, α-bisabolol also showed an antigenotoxic effect 
against the hydrogen peroxide effect [45].

(E)-Caryophyllene has been reported to have cytotoxic activity over a wide 
range of tumor cell lines, but not against normal cells [47–49]. In addition, it 
caused an induction of apoptosis accompanied by DNA ladder and caspase-3 cata-
lytic activity in tumor cell lines [49].

β-Elemene exhibits in vitro and in vivo antitumor activity on human and 
murine tumor cells. Many studies showed that the cell proliferation inhibited by 
β-elemene is correlated to G2/M phase arrest and induction of apoptotic cell death 
by reduction of Bcl-2 protein expression. β-Elemene also enhances caspase-3 
activity, and inhibits protein expression of eukaryotic initiation factors eIFs (4E, 
4G), basic fibroblast growth factor (bFGF), and vascular endothelial growth factor 
(VEGF) [50–57].

Furthermore, β-elemene markedly enhanced taxanes or cisplatin-induced 
cytotoxicity [57–59]. The combination treatments induced increased cytochrome 
c release from mitochondria, significant caspase-8 and -3 cleavage, and down-
regulation of Bcl-2 and Bcl-XL expression. The suppression of specific ‘sur-
vival’ gene expression appears to be the key action leading to the synergistic 
effect of combination treatments with β-elemene and taxanes [58, 59]. In vivo, 
the growth of laryngeal cancer cell-transplanted tumors in nude mice was inhib-
ited by intraperitoneal injection of elemene. Compared with control groups, 
elemene significantly inhibited the protein expression of eIFs (4E and 4G), 
bFGF, and VEGF and decreased the microvessel density (MVD) [57]. Moreover, 
some clinical trials indicated that the possible side effects of β-elemene given 
intravenously include slight fever (usually lower than 38 °C), gastro-intestinal 
reactions, allergic reactions, local pain, and phlebitis. No bone marrow, liver, 
cardiac, or renal toxicities were found to be related to clinical treatment with 
β-elemene [50, 60, 61].

β-Eudesmol produced inhibitory effect on the growth of various tumor cells 
lines, but it had no effect on the proliferation of the rat aortic smooth muscle 
cells and astrocytes [62–64]. In addition, β-eudesmol induced apoptosis accom-
panied by cleavage of caspase-3, caspase-9, and poly (ADP-ribose) polymerase; 
downregulation of Bcl-2 expression; release of cytochrome c from mitochon-
dria; and decrease in mitochondrial membrane potential (MMP). Activation of 
c-Jun N-terminal kinases (JNK) mitogen-activated protein kinases was observed 
in β-eudesmol-treated cells, and the inhibitor of JNK blocked the β-eudesmol-
induced apoptosis, downregulation of Bcl-2, and the loss of MMP, suggesting that 
β-eudesmol induces apoptosis by mitochondrial apoptotic pathway, which is con-
trolled through JNK signaling [63].
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β-Eudesmol also inhibited angiogenesis by blocking extracellular regulated 
protein kinases (ERK) MAPK signaling [62]. Moreover, it inhibited the growth of 
mouse H22 and S180 tumor and the formation of new blood vessels in tumor tis-
sues in vivo [65].

d-limonene is a known anticarcinogenic compound that it was proved to have 
antitumor activity [66–70]. In recent studies, d-limonene showed able to inhibit 
the growth of human gastric cancer cell in vitro through a mechanism of inducing 
the apoptosis of tumor cells [70].

In xenograft model, d-limonene alone or combined with 5-FU decreased dras-
tically, the metastasis to liver, peritoneum and the occurrence of ascites were 
inhibited significantly compared with the control group. In addition, a notably 
decreased expression of MVD and VEGF in d-limonene and combined group 
were observed, suggesting the anti-angiogenic mechanism of d-limonene via 
down-regulation of VEGF [71].

Many studies have indicated that terpinen-4-ol exerts cytotoxic effects against 
several tumor cell lines without affecting normal cells. It is also able to induce 
cell-cycle arrest and cell death through apoptosis or necrosis pathways [72, 73]. In 
addition, Wu et al. [74] demonstrated that caspase-dependent mitochondrial dys-
function is the mechanism of terpinen-4-ol-induced apoptosis. Downregulation of 
Bcl-2, XIAP and survivin suggests that terpinen-4-ol increases the susceptibility of 
cancer cells to apoptosis induction. Notably, the ability of terpinen-4-ol to induce 
apoptosis in tumor cells was p53-dependent. Furthermore, the growth of s.c. xeno-
graft tumors was remarkably inhibited by intratumoral injection of terpinen-4-ol, 
indicating that the agent also has potential for clinical anticancer activity.

The cytoprotective and antimutagenic effects of thymol has been extensively 
reported [75–78]. Anyway, some studies also have indicated the antitumor activ-
ity of thymol [79–81]. Thymol caused activation of caspase-9, -8 and -3 and con-
comitant PARP cleavage and it induced disruption of mitochondrial membrane 
potential, which is associated with caspase-dependent apoptosis. The disruption of 
mitochondrial membrane and activation of apoptosis appears to be dependent on 
reactive oxygen species. The translocation of AIF from mitochondria to cytosol and 
then to nucleus indicates thymols’ ability to induce apoptosis through caspase inde-
pendent pathway as well [79]. In addition, Hsu et al. [80] demonstrated that thymol 
induces a [Ca2+] concentration rise by inducing phospholipase C- and protein kinase 
C-dependent Ca2+ release from the endoplasmic reticulum and Ca2+ entry via non 
store-operated Ca2+ channels. Thymol induced cell death that may involve apoptosis.

19.4  Conclusions and Perspectives

A great amount of essential oil constituents with anticancer potential are found. 
The most of them presented cytotoxic activity only high range of IC50 val-
ues; therefore, they present weak clinical potential use. On the other hand, some 
of them have been extensively studied with promissory results. In short, 20 
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compounds were identified for their activities in the experimental models used for 
cytotoxic drug screening; among them, ascaridole, α-bisabolol, (E)-caryophyllene, 
β-elemene, β-eudesmol, d-limonene, terpinen-4-ol, and thymol have been shown 
promissory results. Anyway, further investigations are necessary to validate these 
compounds as novel clinically useful cancer chemotherapeutic agents.
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Abstract The Cordyceps sinensis (CS) fungus is an herbal medicinal product in 
China with a history of over two millenniums. It exhibits a spectacular array of phar-
macological activities encompassing anticancer, antidiabetic, anti-adipogenic, anal-
gesic, anti-inflammatory, neuroprotective, anti-aging, eryptosis inducing activities; 
ameliorating effect on pulmonary fibrosis, hypoxic pulmonary hypertension, and 
hypertension; protective action against viral myocarditis, stimulatory effect on cor-
ticosterone and androgen production, and enhancing effect on exercise performance 
in healthy older subjects. In this chapter we try to sketch out the recent progress on 
the pharmacological studies of CS, identify its current research hurdles, and recom-
mend directions for future research.

20.1  Introduction

Cordyceps sinensis (CS) is a Chinese endemic fungus which mainly locates on the 
Tibetan plateau. It is a parasite on larvae (caterpillars) of two moth genera named 
Hepialus and Thitarodes. After an overwintering growth, the fungus multiplies to 
a perithecial stroma which links to the caterpillar below ground [1]. In traditional 
Chinese medicine, either the stroma, or the stroma with the caterpillar is used as 
CS product. The medicinal function of this prized medicine was documented early 
in Wu Yiluo’s Ben Cao Cong Xin (New Compilation of Materia Medica) in 1757 
of Qing dynasty, and expanded in the latest decade or so by the disclosure of a 
diversity of exploitable activities [2]. The pharmacological activities of a number 
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of Cordyceps species including Cordyceps militaris are available in the literature. 
This chapter aims at reviewing information pertaining to the activities of CS pub-
lished after the account given in [2].

20.2  Medicinal Activities of CS

20.2.1  Anticancer Activity

CS contains a large number of medicinal compounds with both a mixture and dif-
ferent isolated compounds showing anticancer activities. For example, Wu et al. 
sequentially extracted the cultured mycelium of a CS fungus with petroleum ether, 
ethyl acetate, ethanol and hot water to acquire bioactive metabolites [3]. All solvent 
extracts except the hot water extract expressed anti-proliferative activity toward 
B16 mouse melanoma, HL-60 human premyelocytic leukemia, HepG2 human 
hepatocellular carcinoma and MCF-7 breast cancer cells. The ethyl acetate extract 
was the most potent, with IC50 of 12 μg/ml on B16 cells and 5 μg/ml on MCF-7 
cells. In contrast, it had much lower cytotoxicity against normal mouse bone mar-
row cells. The ethyl acetate extract contained carbohydrates, adenosine, ergosterol 
and a trace amount of cordycepin, of which ergosterol and related compounds were 
identified as a major class of active constituents contributing to the in vitro cytotox-
icity. The ethyl acetate extract brought about 60 % reduction of melanoma size over 
27 days in C57BL/6 mice [3]. Moreover, CS ameliorated the suppressive effects of 
a reputable antitumor compound Taxol on bone marrow function, as indexed by the 
enhanced expression of core binding factor-a and bone morphogenetic protein with 
concurrent suppression of osteoclast differentiation factor ligand [4].

Small isolated components in CS also exhibit excellent antitumor potential. A 
7.7-kDa neutral mannoglucan 1 showed weak cytotoxicity activity against SPC-I 
(IC50 = 63 μg/mL) cancer cell line, but was lacking in cytotoxicity against BCAP37 
cancer lines [5]. The exopolysaccharide of CS inhibited tumor growth in lungs and 
livers in mice and reduced the c-Myc, c-Fos, and VEGF levels in these organs [6]. It 
also exerted an effect in H22 tumor-bearing mice by regulation of immune-modulatory 
factors [7]. The polysaccharide fraction of CS enhanced triptolide-induced apopto-
sis in HL-60 cells and inhibited the expression of NF-κB and caspases −3, −6, −7, 
and −9 [8]. Mixed compounds in CS mycelium included [5 alpha, 8 alpha-epidioxy-
22E-ergosta-6, 22-dien-3beta-ol], [5 alpha, 8 alpha-epidioxy-22E-ergosta-6,9(11), 
22-trien-3beta-ol], [5 alpha, 6 alpha-epoxy-5 alpha-ergosta-7,22-dien-3beta-ol] with 
a peroxide ring or an epoxide ring exhibited cytotoxic activity with IC50 values of 
7.3–7.8 μg/ml. The induction of apoptosis by these compounds depends on the acti-
vation of caspases-3/7 [9]. It should be noted that there were some reports showing 
the apoptosis-inhibiting activity of crude CS extract or its purified compounds, please 
refer to the review for further information [1]. Furthermore, the expression of vascu-
lar endothelial growth factor and basic fibroblast growth factor in H157 (non-small 
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cell lung cancer) cells and the cell viability were diminished in cells treated with a 
combination of cisplatin and CS polysaccharide. Thus the polysaccharide represents 
a potential adjuvant chemotherapeutic agent in the treatment of non-small cell lung 
cancer [10]. In addition, CS polysaccharide (EPS) induced dendritic cell sarcoma 
(DCS) cell line to develop mature characteristics with a mechanism probably related 
to suppression of the Janus kinase 2 (p-JAK2)/signal transducer and activator of 
transcription 3 (p-STAT3) signal pathway and stimulation of the NF-κB signal path-
way [11]. Interestingly, it also exhibited a protective action against DNA damage of 
human skin cells after UV B exposure [12].

Cordycepin (also named 3′-deoxyadenosine) is a compound extracted from 
CS and C. militaris. It exhibits anti-viral, anti-bacterial, immune-stimulatory, 
and anti-tumor effects. The apoptotic effect of cordycepin on OEC-M1, a human 
oral squamous cancer cell line, has been studied. The cells became rounded up 
and the plasma membrane exhibited blebbing and phosphatidylserine flipping on 
cell membrane and the cell viability declined. The percentage of cells in G1 phase 
dropped whereas there was an increase of cells in G2/M and subG1 phases [13]. 
It also inhibited cell growth in human leukemia cells by inducing apoptosis which 
was accompanied by production of reactive oxygen species, mitochondrial dys-
function, activation of caspases, and cleavage of PARP [14]. Recently, Jeong et al. 
reported that cordycepin inhibited cell motility and invasiveness of LNCaP cells 
associated with the tightening of tight junctions [15]. The levels of claudin pro-
teins, principal constituents of tight junctions that have a pivotal role in regulation 
and selectivity of paracellular transport. Furthermore, cordycepin down-regulated 
the expression and activity of matrix metalloproteinase (MMP)-2 and MMP-9, 
while it augmented levels of tissue inhibitor of metalloproteinase (TIMP)-1 and 
TIMP-2. These actions were associated with inactivation of the phosphoinositide 
3-kinase (PI3K)/Akt pathway in LNCaP cells. The observations indicate that 
cordycepin suppresses the migration and invasion of LNCaP cells by inhibiting the 
activity of TJs and MMPs, probably by reduction of Akt activation [15].

The medicinal activities of CS are also demonstrable in in vivo and clinical stud-
ies. Intraperitoneal administration of a water extract of CS reduced the number of 
metastatic surface nodules of B16-F0 cells in the liver and prolonged the survival of 
C57BL/6Cr mice. Hepatocyte growth factor-accelerated invasion of B16-F0 cells in 
vitro was also suppressed [16]. On the other hand, treatment of patients with hepato-
cellular carcinoma, following a regimen of four agents prepared from natural prod-
ucts including CS, brought about prolonged survival in some of the patients [12].

20.2.2  Anti-Diabetic Activity

Many natural crude extracts and isolated compounds are shown to have promising 
anti-diabetic activity, such as bitter melon and others [17]. The fermented mycelia 
and broth as well as fruiting bodies of CS manifested anti-hyperglycemic activity 
in diabetic rats [15]. Shi et al. in 2009 found that the onset of type 1 diabetes in 
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NOD mice was associated with an imbalance of CD4+CD25+FoxP3+ regulatory 
T (Treg) cells and IL-17 producing Th17 cells. A reduced incidence of diabetes due 
to an increase in the ratio of Treg cells to Th17 in the spleen and pancreatic lymph 
nodes was effected after oral administration of CS [18]. A vey recent study showed 
that CS extract elevated HDL/LDL ratios in KK/HIJ diabetic mice fed a high-fat 
diet at 4 weeks and decreased body weight gain at 8 weeks. Although the extract 
did not correct hyperglycemia or insulin resistance, it exerted a protective action on 
pancreatic beta cells against the toxic effects of streptozotocin. The extract attenu-
ated the accumulation of mesangial matrix and collagen deposition [19]. In corrob-
oration of this study, Zahraa et al. found that CS elevated serum insulin level, β cell 
function, HDL-cholesterol level, total antioxidant capacity, and pancreatic content 
of reduced glutathione. CS and taurine enhanced, both in the presence and absence 
of insulin, glucose uptake by diaphragms of normal and diabetic rats [20].

CS may also have synergistic activity with components of other origins. For 
example, cordyceps and taurine, either alone or in conjunction, were less effi-
cacious than glibenclamide in lowering the blood glucose level although they 
displayed more potent antioxidant activity and were better able to reduce insu-
lin resistance [20]. What is more, in rats with diabetic nephropathy, CS and 
Tipterygium wilfordii polyglycosidium mitigated proteinuria, and protected and 
repaired damaged podocytes by promoting expression of nephrin and podocin. This 
recipe could improve the efficacy and reduce adverse reactions to the latter [21].

20.2.3  Anti-Adipogenic Activity

The anti-diabetic function of CS may be associated with its anti-adipogenic and anti-
hyperlipidemic activities. The anti-adipogenic action of cordycepin is brought about 
by intervention in the mTORC1-CCAAT/enhancer-binding protein-PPARγ path-
way. CS prevented adipogenesis and lipid accumulation [22]. Daily administration of 
cordycepin to male Syrian golden hamsters fed a high-fat diet reduced serum levels of 
triglycerides, total cholesterol, low-density lipoprotein cholesterol, and relative retro-
peritoneal fat. CS prevented hyperlipidemia via activation of phospho-AMP-activated 
protein kinase. It also improved insulin sensitivity [23]. In conclusion, it has a good 
potential as a therapeutic agent for treatment of obesity and obesity-related diseases.

20.2.4  Anti-Aging Activity

In view of the increased life expectancy, it is speculated that there will be over 
1.2 billion people aged above 60 worldwide in 2025, and natural compounds serve 
as a good source to the exploration of anti-aging drugs [24]. CS has been shown 
to improve exercise performance in a double-bind, placebo-controlled trial on 20 
healthy old adults (50–75 years) [25]. The mechanisms may include immune-
regulatory activity (details provided in Sect. 20.5) and the reduction of different 
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disease risks commonly in old adults, such as thrombosis and osteoporosis. An 
example is found in a 31-kDa serine protease named CSP, with fibrinolytic activity 
and a free cysteine residue near the active site. It hydrolyzed fibrinogen, fibrin and 
casein with a high efficiency, and serum albumins of bovine and human origins to 
a lesser extent. CSP was a plasmin-like protease, but not a plasminogen  activator. 
It may be a potential therapeutic agent for thrombosis [26]. Secondly, CS has 
reportedly anti-osteoporosis activity in ovariectomized osteopenic rats by reduc-
tion of serum alkaline phosphatase activity, tartarate-resistant acid phosphatase 
activity, C-terminal crosslinked telopeptides of collagen type I level, IFN-γ level, 
and elevation of osteocalcin and estradiol levels [27]. The same research group 
further revealed that CS up-regulated estradiol synthesis and prevented osteoporo-
sis in ovariectomized rats. It decreased markers of bone turnover and increased the 
osteocalcin levels in HLS rats. Micro-CT analysis from the L4 vertebra revealed 
that CS prevented the decrease of the bone volume fraction, connectivity density, 
trabecula number and thickness, and improved trabecula separation and structure 
model index in HLS rats [28]. Metabolic studies conducted on CS consolidated 
the findings. The extract of CS increased the activity of the age-related enzymes 
superoxide dismutase, glutathione peroxidase and catalase and lowered the level 
of lipid peroxidation and monoamine oxidase activity in aging mice. The extract 
shortened escape latency, prolonged step-down latency and decreased the num-
ber of errors in these mice in water maze and step-down type avoidance tests. The 
study demonstrated that the extract augmented brain function and anti-oxidative 
enzyme activity in mice with d-galactose-induced senescence and increased sexual 
function in castrated rats [29].

Some pre-aging diseases, such as Cockayne syndrome and xeroderma pigmen-
tosum, are extremely sensitive to sunlight exposure and irradiation, and the syn-
drome then becomes severely deteriorated [30, 31].The radio-protective  activity 
of CS may also be linked with its anti-aging activity. Liu et al. reported that a 
hot-water extract of CS prolonged the median time to death in mice from 13 to 
20 days following 8 Gy total-body irradiation, and from 9 to 18 days following 
10 Gy total-body irradiation by the scavenging of free radical species [32]. But no 
in-depth mechanistic studies were reported.

Other activities of CS connected to its anti-aging function include the induction 
of steroidogenesis. An interesting report by Chen found that CS increased steroi-
dogenesis in Leydig cells and improved male reproductive function by elevation 
of steroidogenic acute regulatory protein mRNA expression and the mitochondria 
electrochemical gradient [33].

20.2.5  Analgesic, Neuroprotective, Anti-Inflammatory,  
and Anti-Oxidant Activities

Cordymin is a 10906-Da peptide in CS which manifested analgesic activity. It 
inhibited acetic acid-induced abdominal constrictions in mice. In the hot-plate 
test, it delayed the reaction time to heat stimuli. It demonstrated marked activity 
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against neurolysin [34, 35]. CS also manifested neuroprotective activity. Using the 
right middle cerebral artery occlusion model, it was demonstrated in rats that CS 
extract improved the outcome as reflected by neurobehavioral function after cer-
ebral ischemia and reperfusion. Supplementation with CS extract augmented the 
defense mechanism against cerebral ischemia by up-regulating antioxidant activity 
[36].

Evidence for close association of the neuroprotective activity of CS with its 
anti-oxidant activity has been further consolidated. For example, CS mycelium 
inhibited brain ischemia-reperfusion-induced up-regulation of NF-κB activation 
and brain production of IL-1β, TNF-α, adhesion molecule, inducible NO synthase, 
and cyclooxygenase [37]. A mycelial extract of CS named C.S.3 reduced  airway 
inflammation in ovalbumin-induced allergic mice. It attenuated extracellular sig-
nal-regulated kinase 1/2 signaling pathway and hence inhibited the activity of  
NF-κB in lung cells and cultured airway smooth muscle cells. Thus C.S.3 may 
furnish a treatment for asthma [38]. The anti-inflammatory activity of CS 
is at least contributed by the following isolated components. For example, 
[1-(5-hydroxymethyl-2-furyl)-β-carboline] suppressed superoxide anion produc-
tion and elastase release with IC50 values of 0.45 ± 0.15 and 1.68 ± 0.32 μM, 
respectively [39]. Another polysaccharide also displayed antioxidant activity and 
scavenged the ABTS·+ free radical in a concentration-dependent fashion [40]. In 
addition, CS also contains an 8.1-kDa glucomannogalactan (named CPS1) with 
potent antioxidant and hydroxyl radical scavenging activities [41].

The inhibitory activity of CS on receptor activator of NF-κB ligand (RANKL)-
induced osteoclast differentiation is closely linked to its anti-inflammatory activity. 
A study performed by Mizuha et al. unveiled that the water extract of CS dose-
dependently inhibited the receptor activator of RANKL-induced osteoclast differ-
entiation as disclosed by tartrate-resistant acid phosphatase staining [42]. Murine 
bone marrow cells and monocyte/macrophage cell line RAW264.7 were applied 
for investigation and the dose of CS used in the experiment had no detectable tox-
icity on the cells. The mRNA expression of osteoclast-related genes (calcitonin 
receptor, cathepsin K, matrix metalloprotease 9 and nuclear factor of activated T 
cells c1) was suppressed. The activation of NF-κB was inhibited by preventing 
IκB-α phosphorylation [42].

20.2.6  Immuno-Modulatory Activity

Though there are some overlaps among the antitumor, anti-inflammatory and 
immune-modulatory activities, here we would like to place a special focus on the 
immune-modulatory activity of CS. This activity of CS first gained international 
attention when it was reported that several Chinese runners who broke world 
records in 1993 used CS as part of their training program [1]. Recent studies have 
made significant progress on the underling mechanisms. Firstly, CS could up-regulate 
IL-10, IL-1β, IL-6, IL-8, and TNF-α in cultured peripheral blood mononuclear 
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cells, and down-regulate phytohemagglutinin-induced production of IL-2, IL-4, 
IL-5, IFN-γ and IL-12 [43]. Secondly, CS increased the proportion of CD4+ and 
CD8+ T cells and decreased IL-4 and IL-10 in mesenteric lymph node lympho-
cytes in C57Bl/6 N mice [44]. Thirdly, in LPS-activated RAW264.7 murine mac-
rophage cells, CS blocked NF-κB activation and the production of NF-κB as well 
as some pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) [45].

However, there are some conflicting reports on the mechanisms of its immune-
regulatory activity. For instance, by using RAW264.7 macrophages, Chen et al. 
found that the polysaccharide fraction of MC stimulated macrophage phagocytosis 
and nitric oxide production by activating the IκB/NF-κB pathway [46]. Similarly, 
in RA synovial fibroblasts, another bioactive compound cordycepin, that existed in 
both CS and C. militaris, significantly inhibited IL-1β-induced p38/JNK and AP-1 
activation, but had no detectable inhibition on ERK pathway and NF-κB activa-
tion [47]. Moreover, CS increased phagocytosis in U937 cells by the up-regulation 
of IFN-γ, IL-12, p35 and p40, and TNF-α. However the last one was reported to 
be inhibited in Ref. [45]. Reasons for the discrepancy may comprise the lack of a 
well-defined mechanism to authenticate the sample, the application of different CS 
components (crude extract, or a purified component), and the employment of dif-
ferent cell models.

20.2.7  Hepatoprotecitve, Lung Protective, Heart Protective, 
and Renoprotective Activities

Work on the dimethylnitrosamine-induced liver fibrosis rat model showed that CS 
relieved liver fibrosis by increasing the degradation of collagens [48]. Xu et al. 
investigated the combinational effect of CS with glucocorticoid on the protection 
of bleomycin-induced damage in a rat model of experimental pulmonary fibrosis. 
It was shown that the treatment alleviated the expression of pulmonary fibrosis, 
CTGF, hydroxyproline, and transforming growth factor-beta 1 [49]. In addition, 
CS may find an application in treating hypoxic pulmonary hypertension. A report 
revealed that CS inhibited hypoxia-induced proliferation of rat pulmonary artery 
smooth muscle cells by down-regulation of PCNA, c-fos, c-jun, and a cell cycle 
arrest [50]. Additionally, the alcoholic extract of CS had a protective action against 
Coxsackie virus B3-induced murine myocarditis by up-regulation of IFN-γ and 
CD3+, CD8+ T lymphocytes [51].

CS has been reported to protect the kidneys from toxicity by inhibition of 
both caspase-9 and caspase-8-associated apoptotic pathways. Recently, Zhu et 
al. described that CS extract elicited tolerance to ischemia–reperfusion injury in 
NRK-52E rat renal tubular epithelial cells and spontaneously hypertensive rats. 
The mechanisms of this protection are associated with (a) reduction of anti-apoptotic 
proteins of Toll-like receptor TLR-4 and Bax and induction of Bcl-2, all tested 
at mRNA level [52]; (b) the reduction of intercellular adhesion molecule-1 and 
 vascular cell adhesion molecule-1 [53]; (c) suppression of caspase-3 activation  
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by the apoptosis inducer angiotensin II [54]; and (d) up-regulation of the  expression 
of hypoxia inducible factor-1α and down-regulation of neutrophil gelatinase-
associated lipocalin in kidney tissues [55]. There were also clinical trials on the 
renoprotective activity of CS. Ding et al. found that CS alleviated the side effects 
produced as a consequence of long-term treatment with cyclosporine A [56]. 
Clinical data also showed that CS would be a good alternative medicine in improv-
ing the renal function of patients with chronicallograft nephropathy [57].

20.2.8  Eryptosis Inducing Activity

Suicidal death of erythrocytes (termed as eryptosis) is an apoptosis-like process 
and induced by erythrocyte injury after different stressors. The damaged cell is 
characterized by membrane blebbing, cell shrinkage, activation of proteases, 
and phosphatidylserine exposure at the out membrane leaflet [58]. As mentioned 
above, cordycepin is a major component in CS. The eryptosis-inducing activity 
of cordycepin was first reported by the group of Prof. Kong who found that this  
phenomenon was produced via a calcium-dependent pathway in the absence of 
mitochondria and caspase-3 activation [59].

20.3  Conclusion and Future Perspectives

During the preparation of this chapter, we noted that there are conflicting results 
regarding the pharmacological activities and significant challenges on the research 
on CS. For example, the discrepancies in results from apoptosis studies (pro-apop-
tosis or anti-apoptotic activity), and the effect on different cytokines were noticed 
in this work and elsewhere [1]. Such problems are not intractable and may be 
solved by a focus on the following points. First, the application of some state-of-
the-art techniques, such as AFLP-based DNA fingerprinting, for strain authentica-
tion is necessary. There are many Cordyceps species with similar morphological 
features, and also the products in different forms (such as a comprehensive one or 
in the form of powder) challenging the traditional identification methods. Second, 
the application of a pure bioactive compound for pharmacological investigation 
will help to make the results compatible. Third, in view of the existence of syn-
ergistic effects of some natural compounds, it is common and unavoidable to use 
a crude extract for both experimental and clinical use. A recommendation is to 
establish a consensus strain (or some strains) as standard sample for experimental 
studies worldwide. Fourth, high-throughput genomics, such as cDNA microarray, 
is an effective way to investigate the effect of CS on the genomic spectrum [60].

However, undoubtedly CS displays a multitude of pharmacological activities 
some of which may have therapeutic value. This accounts for the existence of a 
voluminous literature on the medicinal fungus and the popular use of it as a tonic. 
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The active principles responsible for some of the pharmacological activities have 
been structurally elucidated. They comprise cordycepin, other small molecules, 
polysaccharides, and proteins. C. militaris has also been extensively investigated 
and in general demonstrates analogous activities. Research on CS, C. militaris and 
related species will continue to bear many fruits beneficial to mankind in the years 
to come.
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Abstract Though eliciting a somewhat ‘bitter’ taste to our palate, Momordica 
charantia (MC) is ‘sweet’ for our health. As a popular vegetable indigenous to trop-
ical countries, MC is frequently encountered in the fields of both culinary usage 
and folklore medicine, especially in Asia. The advance of scientific techniques 
helps build a platform for investigating the molecular basis of the pharmaceutical 
functions of medicinal herbs including MC. Over the past few years, a number of 
pure bioactive components with potential medicinal applications have been pro-
cured as a consequence of in vitro and in vivo investigations. In this review, some 
representative and promising medicinal constituents of MC have been categorized 
and their emerging medicinal effects such as antitumor, anti-HIV, and anti-diabetic 
activities are accompanied by the pertinent molecular mechanisms. In addition, 
the wide range of antimicrobial and pesticidal activities will further validate the 
medicinal value of MC. Further large-scale clinical trials for those components are 
needed to fully ascertain their medicinal effects and potential drawbacks, and a new 
horizon in the treatment of tumor, AIDS, and diabetes may then be opened.

21.1  Introduction

Advantages of herbal formulas such as good therapeutic effects on some devastat-
ing diseases in a holistic approach and nominal side reactions have put them in 
the spotlight in medicinal research [1–4]. Though an insufficiency of high-quality 
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scientific evidence on the medicinal efficacy of Traditional Chinese medicine 
(TCM) has retarded its market application in the past, the status has been ame-
liorated by the cutting-edge scientific progress in genetics and cell and molecular 
biology. Momordica charantia (hereafter referred to as MC) is a good example of 
medicinal plant. The common name of MC is bitter melon, and also alternatively 
called bitter gourd, balsam pear, and karela (karolla). MC is a vegetable indige-
nous to tropical areas, including Asia, Africa, and South America. In Asia, MC is 
used in the culinary field and folklore medicine [1, 5]. Its dried fruit is sold as a 
health supplement.

In recent years, a number of investigations have targeted on the multifarious 
medicinal activities of MC: it has been reported with antitumor, anti-HIV, anti-
diabetic, anti-obesity, and pesticidal activities, among others. These activities are 
contributed by different components ranging from crude extract, fruit/leaf juice, 
to pure proteins/compounds [1, 5]. In this review, besides crude extract, some rep-
resentative and promising medicinal components in MC are categorized, and their 
emerging medicinal effects encompassing antitumor, anti-HIV, and anti-diabetic 
activities are summarized, accompanied by a discussion of potential molecular 
mechanisms. The components comprise lectins, ribosome inactivating proteins, 
ribonucleases, protease inhibitors, saponins, and others. A synopsis of their gen-
eral properties is shown in Table 21.1.

21.2  Medicinal Effects of Crude Extract

21.2.1  Antitumor Activity of Crude Extract

Crude extracts from MC (mostly seeds, fruit, or leaves) are always prepared by 
extraction with water, ethanol, or methanol. Medicinal effects of MC, espe-
cially those on the treatments of tumor, diabetes, and pests and viruses are well 
documented.

Although there are insufficient data from clinical trials, in vitro investigations 
unveiled that MC crude extract exhibited anti-proliferative activity toward several 
types of cancer cells, including human breast cancer cells [4], prostate cancer cells 
[2], colon cancer cells [6], and skin cancer cells [7]. Firstly, Ray et al. found that 
the anti-proliferative activity of MC extract (young fruit) on breast cancer cells 
was attributed to arrest of cells in G2/M phase of the cell cycle and induction of 
apoptosis which appeared as up-regulation of p53, p21, and pChk1/2, and down-
regulation of cyclin B1, and cyclin D1 [8]. This activity may be at least partially 
associated with the proteins MAP30 and RNase MC2 in MC [5, 9]. Secondly, 
non-toxic concentrations of leaf extracts significantly inhibited the migration and 
invasion of a rat prostate cancer cell line (PLS10) in vitro [10]. This was con-
comitant with an early study by Claflin and coworker in 1978, which found that 
crude extract of MC (ripe fruit) also manifested anti-prostate cancer activity which 
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was contributed some part by guanylate cyclase inhibitor [2], α-momorcharin, 
and β-momorcharin [11]. Most recently, Ru et al. unveiled the potential molecu-
lar mechanism of this activity which was associated with the impairment of pros-
tate cancer cell cycle progression and retardation of prostatic xenograft growth in 
TRAMP (transgenic adenocarcinoma of mouse prostate) mice [12]. Thirdly, Yasui 
and coworkers investigated the strong anti-proliferative and apoptosis-inducing 
effects of MC seed oil on colon cancer Caco-2 cells. This might be contributed by 
its components including 9cis, 11trans, and 13trans-conjugated linolenic acids in 
MC oil through up-regulation of GADD45, p53 and PPARγ [6]. MC leaf extracts 
also manifested antitumor activity. The leaf extracts demonstrated a chemopreven-
tive potential on dimethyl benz(a)nthracene-induced skin tumorigenesis, mela-
noma and cytogenicity [7].

21.2.2  Anti-Diabetic Activity of Crude Extract

Diabetes mellitus, characterized by hyperglycaemia, is a metabolic disorder 
caused by an abnormality in insulin secretion and/or insulin action. It has become 
a major global public health concern. It is estimated that about one-third of dia-
betic patients resort to complementary and alternative medicine, and there is 
a long history of using MC for the treatment of diabetes in China, India, South 
America, and East Africa [13, 14]. MC is a good source to acquire natural anti-
diabetic drugs as evidenced by its various activities including: (a) enhancement 
of insulin sensitivity, (b) regulation of adipokine profiles, (c), potent hypogly-
cemic, hypolipidemic actions and (d) enhancement of immune system. For the 
details of the anti-diabetic mechanism, please see our recent review [1]. Though a 
cohort in vitro bench top studies and in vivo investigations on rodents, high-quality 
(large-scaled, randomized double-blind, and placebo-controlled) clinical trials are 
only sporadic, thus limiting the application of MC to diabetic patients. Such clini-
cal investigations should deserve a high priority in future studies on MC.

21.2.3  Anti-Microbial and Anti-Pest Properties  
of Crude Extract

The crude extract of MC also has anti-microbial activity toward Staphylococcus 
aureus, and measles, and anti-pest properties toward leishmania and some lepidop-
teran pests, among others. Phytochemical screening study showed that there are a 
list of anti-microbial components in BG, such as tannins, phenols, flavonoids, and 
alkaloids [15].

In both in vitro and in vivo experiments, the aqueous extract of MC fruits 
expressed potent anti-leishmania activity which was mediated through inhi-
bition of parasite superoxide dismutase (SOD), one of the key enzymes of 
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the oxidative burst. This activity is (partially) contributed by a compound, 
4-(o-carboethoxyphenyl) butanol, named momordicatin [16]. Furthermore, 
both the fruit and seeds of MC manifest anti-microbial activity on a variety of 
microorganisms, including Bacillus cereus, Bacillus subtilis, Pseudomonas  
aeruginosa, Escherichia coli, Candida albicans, Staphylococcus aureus (methi-
cilin-resistant), Enterococcus faecalis, Aspergillus niger, Klebsiella  pneumoniae, 
and Salmonella typhimurium [17]. The highest activity was toward E. coli [15]. 
The seed oil of MC contains components which were effective on Staphylococcus 
aureus [17], and the malarial fever mosquito Anopheles stephensi [18]. The 
main constituents in the oil are trans-nerolidol, apiole, cis-dihydrocarveol and 
germacrene D, which are active components that need further  purification 
[17]. The larvicidal efficacy of MC is also noteworthy. MC seeds retarded 
growth and development of two lepidopteran pests, Helicoverpa armigera and 
Spodoptera litura, with some protease inhibitors as active components [19]. 
The methanol extract of the leaves of MC demonstrated potent anti-pest activity 
against the larvae of mosquitos (Aedes aegypti L. and Culex quinquefasciatus) 
which can serve as an eco-friendly approach for the control of dengue fever  vector 
(Aedes aegypti), and the lymphatic filariasis vector (Culex quinquefasciatus)  
[20–22]. The ethanolic leaf extract of MC display significant antifeedant and 
antioviposition activities against Liriomyza sativae adults [23].

21.2.4  Antioxidant Activity of MC

MC may serve as a good source of antioxidants for use in the prevention and treat-
ment of illnesses characterized with oxidative stress. Antioxidants are a number of 
components which in relation to oxidizable substrates, significantly inhibit or delay 
oxidative processes, while often being oxidized themselves [24]. MC evinced a 
higher antioxidant activity compared with some other medicinal and food plants [25, 
26]. MC fruits displayed radical-scavenging and cytoprotective effects against oxida-
tive stress by multiple causes, including hydrogen peroxide (H2O2), hypoxanthine-
xanthine oxidase (HX-XO), immobilization stress, and toxic chemicals [27–29].

The in vitro study on fibroblasts displayed that fruit extract of MC offered good 
and consistent cytoprotection against the oxidants of H2O2 and HX-XO [27]. MC 
extract provided a protection against lipid peroxidation induced by immobilization 
stress in albino rats, and the potential mechanism was associated with an augmen-
tation of antioxidants like reduced glutathione and catalase [29]. Recently, a study 
uncovered the antioxidant potential of MC fruit extract in ammonium chloride-
induced hyperammonemic rats exposed to a high oxidative stress environment 
[28]. The antioxidant activity of MC may be at least contributed by its phenolic 
compounds (such as catechin, gallic acid, gentisic acid, chlorogenic acid, and epi-
catechin), and some peroxidases.

During recent years, there has been increasing interest in the medicinal applica-
tions of antioxidants [24]. Depending on (a) the etiological bases of some chronic 
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degenerative diseases characterized with oxidative stress, such as Alzheimer’s 
disease, Parkinson’s disease, atherosclerosis, precocious aging, and the above 
described diabetes, and (b) the enrichment of antioxidants in MC, the effects of 
using MC as an alternative for the treatment of such severe diseases are warranted 
for future investigations.

21.2.5  Other Bioactive Activities of MC Crude Extract

In addition to the abovementioned medicinal activities, there may be a wider 
application of the crude extract of MC. Ono and coworkers found that bitter melon 
pulp extract induced hepatocyte growth factor production by activation of MAPKs 
and proliferation of human dermal fibroblasts [30]. Both seem to be contributed by 
a 14-kDa protein [30]. MC has also been used for the treatment of measles [31]. 
The methanolic extract of MC fruit exhibited anti-ulcer activity. A study by Alam, 
et al., indicated that the methanolic extract of MC fruit increased healing of gastric 
ulcer and prevented its further development in rats [32].

21.3  Lectins/Hemagglutinins in MC

Over a century ago, researchers started to demonstrate the presence of proteins 
with erythrocyte-agglutinating and specific carbohydrate-binding activities which 
were given the nomenclature of lectins/hemagglutinins. In addition to being  
useful tools for the investigation of carbohydrates on cell surfaces, and for the 
isolation and characterization of glycoproteins, lectins, especially those of plant 
origins, have been reported with medicinal applications relying on their antitu-
mor, anti-HIV, nitric oxide-inducing activities [33]. For the story of marine lec-
tins, please refer to Chap. 4 by Prof. Koji Muramoto and coworkers for more 
information.

To date, three lectins have been isolated from the seeds of MC including 
momordin agglutinin (originally named ‘momordin’, we renamed it momordin 
agglutinin here to distinguish it from the ribosome inactivating proteins (RIPs) 
referred to as momordins in part 21.4.3 below), momordica agglutinin, and 
Momordica charantia lectin (MCL) [34, 35]. Momordin agglutinin is a 23.7-kDa 
toxic polypeptide purified from the seeds of MC. Its lethality (LD50) was deter-
mined to be 5 mg/kg body weight by intraperitoneal injection into Swiss white 
mice. It also manifested antitumor activity on Ehrlich ascites tumor cells by the 
inhibition of protein biosynthesis. Momordin agglutinin exhibited slight/no 
effect on RNA and DNA biosynthesis [34]. Compared with momordin aggluti-
nin, momordica agglutinin is a non-toxic polypeptide of 31.8 kDa. It agglutinated 
human O type erythrocytes and Ehrlich ascites tumor cells which may be associ-
ated with its galactose (or its derivatives)-binding characteristic [34].

21 The Bitter Fruit with Sweet Health Benefits
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In addition, there exists a galactose-binding, 130-kDa tetrameric lectin, MCL, 
which seems exclusively expressed in the seeds, but not in the roots, shoots, 
leaves, and cotyledons [35, 36]. It manifests the highest hemagglutinating activ-
ity toward human type-O(Rh+) erythrocytes followed by A, B, and Om

h types, and 
blood from rabbits, rats and pigs [36, 37]. Intriguingly, besides hemagglutinating 
activity, MCL also exhibits N-glycosidase activity which subsumes it into type II 
RIPs. Progress on its sequence and structural studies provides an answer to its dual 
activities [35, 36]. The four chains of MCL are linked through a disulfide bridge 
between two identical copies of a two-chain unit. Based on the total sequence 
(GenBank: BAH05018), a predicted 3-D structure of MCL is shown in Fig. 21.1–
(1). MCL consists of two identical A chains (each possessing 263 amino acids and 
characterized by hemagglutinating activity) and two identical B chains (each pos-
sessing 261 amino acids and characterized by N-glycosidase activity) [35, 36]. 
Tryptophan and tyrosine residues are crucial to the hemagglutinating activity.

In comparison with the large amount of work on purification and structure 
of MCL, only sporadic investigations on its medicinal activity were carried out. 
For example, Huang et al. indicated that MCL was a T cell-independent B cell 
activator and a polyclonal immunoglobulin (Ig) inducer [38]. MCL could selec-
tively bind to B cells and stimulated the B cell subset of splenocytes via mem-
brane Ig in the B cell surface, as well as in a dose- and time-dependent manner. 
Moreover, after 96-h co-culture, MCL triggered splenocytes to produce a large 
amount of non-specific IgM. These data unveiled the immunomodulatory effect of 
MCL [38]. MCL was demonstrated to inhibit protein synthesis in Yoshida AH-130 
ascites-tumor cells [37]. Recently, we found that MCL manifested antitumor activ-
ity toward human nasopharyngeal carcinoma cells in vitro and in vivo [39]. The 
underlying mechanisms were associated with the attack of G1-phase cell cycle, 
regulation of MAPKs phosphorylation, promoted nitric oxide production, and the 
induction of both caspase-8 and caspase-9 regulated caspase cascades [39].

21.4  Medicinal Activities of Ribosome Inactivating  
Proteins (RIPs)

RIPs are a group of proteins which inactivate ribosomes by cleaving the adenine 
base from ribose at the glycosidic bond at position A-4324 in the highly con-
served α-sarcin/ricin loop of 28S rRNA [40]. RIPs are generally classified into 3 
types depending on the number of subunits [41]. Type I RIPs are single polypep-
tides with an enzymatically active (N-glycosidase) chain while type II RIPs con-
sist of an N-glycosidase chain and another chain with hemagglutinating activity. 
Recently, a maize RIP was reported and subsumed as an atypical type I or type III 
RIP for its special two-stage structural changes [41]. RIPs account for a large part 
of the active medicinal ingredients in MC. To date, approximately ten RIPs in MC 
have been purified and their biochemical and functional activities were elucidated. 
They comprise a number of type I RIPs (MAP30, α-momorcharin, β-momorcharin, 
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γ-momorcharin, momordin-I, and momordin-II), some of which may be the same 
or similar, and a type II RIP MCL, as described in the previous section.

21.4.1  MAP30

MAP30, the abbreviated name of ‘a 30-kDa anti-HIV protein from Momordica char-
antia seeds’, was first reported by Prof. Sylvia Lee-Huang et al. in 1990 [42]. This 

Fig. 21.1  Stereoscopic views of representative proteins from bitter gourd. Data of crystal 
structures are as follows: (1) MCL (GenBank: BAH05018), (2) MPA30 (PDB ID: 1D8V_A), (3) 
α-Momorcharin (PDB ID: 1AHA) [92], (4) β-Momorcharin (PDB ID: 1CF5) [93], (5) Momordin 
(PDB ID: 1MOM) [54], (6) RNase MC1 (PDB ID: 1BK7) [64], (7) Polypeptide-P (GenBank: 
ADO14327.1), (8) BGIT (PDB ID: 1VBW) [69], MCTI-A (PDB ID: 1F2S) [71]. Only the rib-
bon structures of MCL and polypeptide-P are predicted using the on-line Phyre server with Chi-
mera 1.5 for visualization as used before [87, 94, 95]. For MCL, it is composed of two identical 
copies, colored magenta and forest green respectively, and each copy contains a RIP domain and 
a lectin domain. The helix and strand are shown in green and red colors, respectively

21 The Bitter Fruit with Sweet Health Benefits
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group of investigators and others carried out in-depth studies on MAP30 ranging 
from total amino acid sequence, crystal structure (Fig. 21.1–(2)), to anti-HIV, anti-
herpes simplex virus, anti-hepatitis B virus (HBV), and antitumor activities [1, 3, 43]. 
Please go to Chap. 8 for the interesting story on MAP30 written by it first discoverer.

21.4.2  Momorcharins

Alpha-momorcharin and β-momorcharin are two type I RIPs from MC [1]. 
They both have a molecular weight of about 30kDa, but can be separated by ion 
exchange chromatography on a Mono S column based on the lesser binding abil-
ity of α-momorcharin [44]. The N-glycosidase activity of both proteins is optimal 
at pH 7, and β-momorcharin is more unstable to Mn2+ ions than α-momorcharin 
[45]. Both proteins exhibit antitumor potential.

As shown in Fig. 21.1–(3), alpha momorcharin (α-MMC) is a glycoprotein with 
a sugar chain attached to Asn-227 and its crystal structure has been elucidated [46]. 
Besides N-glycosidase and abortifacient activities, α-MMC also displayed tumori-
cidal effects toward a wide range of cancer cells which augmented its potential 
medicinal value. Some early in vitro studies reported that it inhibited proliferation of 
choriocarcinoma cells, melanoma cells [47], P388 (mouse monocyte-macrophage) 
cells, J774 (Balb/c macrophage) cells, JAR (human placental choriocarcinoma) 
cells and sarcoma S180 cells. It also enhanced the tumoricidal effect of mouse mac-
rophages on mouse mastocytomal (P815) cells [48]. Recently, some derivatives of 
α-MMC-PGE (polyethylene glycol) with untarnished antitumor activity but reduced 
side effects have been synthesized using a bio-engineering technique [49].

As with α-MMC, the structure of beta momorcharin (β-MMC) has been exten-
sively studied (Fig. 21.1–(4)). The molecular mass of β-MMC is 29 kDa with 249 
amino acids. It is also a glycoprotein, with a branched hexasaccharide chain linked 
to Asn51 [50]. The crystal structure reveals that its transient folding/unfolding 
intermediate state adopts a specific conformation near the active site [50, 51]. The 
active site responsible for its N-glycosidase activity is dependent on four residues, 
including Tyr70, Tyr109, Glu158, and Arg161, whereas an adjacent Trp190 resi-
due covers up the lid for the active site [50, 51]. However, there are few studies on 
the antitumor activity of β-MMC. Our data indicate it inhibits growth of human 
squamous carcinoma of the tongue and larynx [52]. A recent report uncovered the 
antitumor activity of MCP30 (a combination of α-MMC and β-MMC), on human 
prostate cancer [11]. The investigators observed that MCP30 selectively induced 
apoptosis of prostatic intraepithelial neoplasia and prostate cancer, inhibited the 
activity of histone deacetylase-1 (HDAC-1), and promoted histone-3 and histone-4 
acetylation, but was devoid of an effect on normal prostate cells [11]. The clinical 
potential of MCP30 seems attractive and deserves further investigation.

Pu et al. have purified an 11.5 kDa RIP from the seeds of MC named 
γ-momorcharin [53]. The N-glycosidase activity of γ-momorcharin is targeted at 
adenosine position 4324, which is located in a highly conserved loop of 28S rat 
liver rRNA. Information pertaining to its medicinal activity is not studied.

http://dx.doi.org/10.1007/978-94-007-6214-5_8
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21.4.3  Momordin-I and Momordin-II

There are another two type I RIPs with a molecular mass around 30 kDa and des-
ignated as momordin-I/a (MOM-I) and momordin-II/b (MOM-II), respectively. 
Despite the fact that MOM-I and MOM-II are distinct proteins, some investiga-
tors do not discriminate between them due to their pronounced sequence simi-
larity. A crystal structure of MOM-I is presented in Fig. 21.1–(5) [54]. Besides 
N-glycosidase activity based on residues His140, Tyr165, and Lys231, MOM-I 
also displayed antitumor activity. For example, a monoclonal anti-Thy 1.1 anti-
body (OX7) linked momordin demonstrated selective antitumor activity toward 
the Thy 1.1-expressing mouse lymphoma cell line AKR-A [55]. The anti-CD5-
momordin conjugate might be of value in the treatment of CD5-positive leukemia 
and lymphoma [56].

21.5  Ribonucleases

Ribonucleases (RNases) are a type of nucleases that catalyze the degradation of 
RNA into smaller components, and some manifest a wide spectrum of medicinal 
applications on cancer and AIDS [57]. Antitumor RNases are a group of small 
(10–28 kDa) proteins existing as members of both RNase A and T1 super-families. 
They bind to the negatively charged cell membrane, enter cells by endocytosis, 
and are translocated to the cytosol where they evade mammalian protein ribonu-
clease inhibitor and degrade RNA [58]. Examples of RNases that hold good pros-
pects of being developed into therapeutic tools on tumors are α-sarcin, binase, 
Ginseng RNase, and onconase which we have previously reviewed [57].

Knowledge about RNases in MC is confined to RNase MC1 and RNase MC2. 
An effective procedure for the concurrent purification of α-, β-momorcharins, and 
RNase MC1 has been reported [44]. RNase MC1 is a 21-kDa protein belonging to 
the RNase T2 family [59–64]. It is poly(U)-specific: it specifically recognizes the 
uracil base and cleaves the phosphodiester bond of NpU (‘N’ stands for any RNA 
nucleotide) [44, 63]. The structure of RNase MC1 has been thoroughly studied 
and shown in Fig. 21.1–(6). There are 190 amino acids. Tyr101, Phe102, Ala105, 
Pro125, Gly127, Gly144, Leu162, Val165, and Phe190 regulate its stability [63]. 
Asn71 and Leu73 determine its substrate specificity by changing the size and shape 
of its uracil binding site [60, 61]. Four catalytic residues including His46, Glu105, 
and His109 are responsible for its RNase activity [64]. To date, there are no medic-
inal investigations on RNase MC1. Because RNases are a new class of antitumor 
components which manifest an entirely different mechanisms of action than the 
drugs currently used in the clinic [58, 65], future in vitro and in vivo studies on 
RNase MC1 to explore its clinical potential are worth undertaking.

Recently, we purified the second RNase in MC seeds, named RNase MC2 
[5, 66]. It is a 14-kDa protein with potent RNA-cleavage activity toward bak-
er’s yeast tRNA, and tumor cell rRNA. Further biomedical studies found that 
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it demonstrated toxicity against both human breast and liver cancer cells. In 
MCF-7 cells, RNase MC2 induced various MAPKs (p38, JNK and ERK) and 
Akt, activated caspase-8, caspase-9, caspase-7, increased the production of 
Bak and cleaved PARP, which in turn contributed to the apoptotic response [5]. 
Furthermore, the antitumor activity of RNase MC2 in human liver cancer Hep 
G2 cells was also effective as confirmed by both in vitro and in vivo experimental 
models [66]. The function was also ascribed to the induction of both caspase-9 and 
caspase-8 regulated pathways of apoptosis.

21.6  Protease Inhibitors

The proteasome is a multicatalytic protease complex that mediates the controlled 
degradation of intracellular proteins, such as the key components of pathways 
involved in cancer cell growth and immune cell signaling [67]. Furthermore, the 
ubiquitin–proteasome system has become a promising novel molecular target in 
cancer due to its critical role in cellular protein degradation, its interaction with the 
cell cycle and regulation of apoptosis and its unique mechanism of action [68]. To 
date, a number of structurally and mechanistically distinct protease inhibitors have 
reached the stage of clinical development in oncology [67]. Protease inhibitors can 
be classified into five classes: serine-, cysteine-, metallo-, aspartic, and threonine 
protease inhibitors. Among them, serine protease inhibitors (serpins) are further 
subdivided into: Kunitz type, Bowman-Birk, potato type I, Kazal, and squash 
type inhibitors. There are other classifications available, described by Professor 
Krzysztof Rolka in Chap. 12 of this book.

Currently, two types of serpins in MC are known. They include BGIT (bit-
ter gourd inhibitor against acidic amino acid-specific proteinase of Streptomyces 
griseus), BGIA (bitter gourd trypsin inhibitor), MCI-3, and MCI-1 (Momordica 
charantia trypsin inhibitor-3 and -1), which belong to potato type 1 types, as well 
as MCEIs (Momordica charantia elastase inhibitor) (four isoforms) and  MCTIs 
(Momordica charantia trypsin inhibitors) (five isoforms), pertaining to squash 
types [1]. On the one hand, BGTI, BGIA, MCI-3, and MCI-1 are peptides with 
a molecular mass in the vicinity of 8-kDa that manifest a striking resemblance in 
sequence [1]. The crystal structure of BGIT is shown in Fig. 21.1–(8) [69]. On 
the other hand, MCEIs and MCTIs are smaller peptides with a molecular mass of 
about 3.5–4 kDa and exhibit a high degree of sequence homology to each other 
[70]. Figure 21.1–(9) shows the crystal structure of the complex formed between 
bovine β-trypsin and MCTI-A, a squash trypsin inhibitor of MCTIs [71].

Several 4-kDa bitter gourd protease inhibitors (BGPIs), which elicit pesticide-
like activity against Helicoverpa armigera and Spodoptera litura, have been 
purified from MC [19]. At least four BGPIs with inhibitory activity against both 
trypsin and Helicoverpa armigera gut proteinases were detected. Two (BGPI-1 
and-2) are slow-migrating proteins with major activity and the others (BGPI-3 
and -4) had minor activity. Because no sequence data of BGPIs are available, 
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there is some identity overlap between BGPIs and MCEIs based on the iden-
tity in molecular mass and trypsin inhibitory activity. Further sequence work is 
warranted.

Considering the compelling evidence on the efficacy of protease inhibitors with 
possible medicinal applications to therapy of AIDS and tumor [72–74], and the 
fact that there are no antitumor and anti-HIV investigations on protease inhibitors 
in MC, future research in this field is recommended.

21.7  Saponins

Saponins, found in many plants, are glycosides that consist of a steroid, steroid 
alkaloid or triterpenoid aglycone and one or more sugar chains covalently linked 
by glycosidic binding to the aglycone moiety. Advantages of saponins include 
small molecular size, potent antitumor, anti-HIV, and anti-diabetic activities which 
place saponins in the limelight of research on MC [75].

MC is a rich source of triterpenes including two classes of saponins known as 
cucurbitane and oleanane-type triterpenoids [76]. Hitherto over fifty triterpenes have 
been isolated from MC fruits [77–79], seeds, stems/vines [80, 81], leaves [81], and 
roots [82]. Eighteen triterpenes have been purified from MC fruits. They all mani-
fested inhibitory effects on Epstein-Barr virus early antigen (EBV-EA) induction by 
12-O-tetradecanoylphorbol-13-acetate (TPA) in Raji cells. In addition, compounds 
1 and 2 demonstrated significant inhibitory effects in both 7,12-dimethylbenz[a]
anthracene (DMBA)- and peroxynitrite (ONOO-; PN)-induced mouse skin car-
cinogenesis tests [77]. Five octanorcucurbitane triterpenes, including octanorcu-
curbitacins A-D and kuguacin M, have been isolated from the stems of MC, and 
compound 3 inhibited tert-butyl hydroperoxide (t-BHP)-induced hepatotoxicity 
against Hep G2 cells [80]. Fourteen cucurbitane triterpenoids, named kuguacins 
F–S, which exhibited weak anti-HIV-1 activities in vitro, were isolated from vines 
and leaves of MC [81]. Eight cucurbitacins were isolated from the roots of MC. 
Among them, compounds 3 and 5 showed moderate anti-HIV-1 activity with EC50 
values of 8.45 and 25.62 microg/ml, respectively, and exerted minimal cytotoxicity 
against C8166 cells which are human leukemia lymphocytes, and are particularly 
susceptible to human HIV infection  (IC50 > 200 microg/ml) [82].

In addition to antitumor and anti-HIV activities, triterpenes in MC leaves also 
play a role as oviposition deterrents to a polyphagic leafminer (Liriomyza trifo-
lii). The methanol extract of MC leaves strongly deterred the females from laying 
eggs on a substrate which had been treated at a concentration of 1 g leaf equivalent 
extract/ml. The activity was contributed by momordicine IV and momordicine II. 
There was no synergistic inhibitory effect on oviposition when the two compounds 
were combined in a ratio mimicking their natural abundance [83].

Furthermore, quantitative and mechanistic investigations of the anti-diabetic activ-
ity of MC at the molecular level revealed the important role of triterpenes. Using 
3T3-L1 cells as an in vitro model, Popovich et al. found that MC triterpenoids extract 
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reduced preadipocyte viability due to a G2/M arrest in the cell cycle, and prevented 
lipid accumulation [76]. The anti-diabetic activity of MC triterpenoids was associ-
ated with activation of the AMP-activated protein kinase (AMPK) pathway [75]. In 
another study, four MC triterpenoids, momordicosides Q, R, S, and T, and stereo-
chemistry-established karaviloside XI, exhibited marked anti-diabetic and anti-obesity 
activities in both in vitro and in vivo experiments. Potential mechanisms include: (a) a 
stimulation of GLUT4 translocation to the cell membrane by activation of the AMPK 
pathway which mediates glucose uptake and fatty acid oxidation; (b) an enhance-
ment of fatty acid oxidation and glucose disposal in both insulin-sensitive and insulin-
resistant mice [75]. These findings disclose a novel anti-diabetic therapeutic potential.

21.8  Other Proteins

Besides the above categories of proteins/components, there are occasional reports 
of other bioactive components that deserve mention. A napin-like protein was 
purified from MC and later cloned [84, 85]. Both the native and recombinant 
forms exhibited strong antifungal activity against Trichoderma hamatum [84].

Polypeptide-P is a hypoglycemic peptide reported by Khanna et al. in the 
fruits and seeds of MC. The natural form contains 166 amino acid residues [86]. 
Recently its complete sequence was published (GenBank: ADO14327.1, 172 
amino acids) and its 3-D structure was predicted as shown in Fig. 21.1–(7) [87]. It 
evinced a very potent hypoglycemic activity in both rodents (gerbils, langurs) and 
juvenile- (type 1) and maturity-onset (type 2) diabetic patients [86]. There is no 
further research on polypeptide-P and an in-depth exploration on its structure and 
mechanism investigation is needed.

In addition, an early study showed that there was a 40-kDa protein with cyto-
static, cytotoxic, and anti-viral activities from MC. This protein manifested cyto-
static activity toward BHK-21 cells in a dose-dependent manner, and inhibited both 
RNA and protein synthesis in these cells. Its complete sequence is not known [88].

21.9  Conclusion and Perspectives

The present review summarizes the bioactive components in MC with a focus on 
their biochemical characteristics, structures, and medicinal activities, including 
anti-diabetic, antitumor, anti-HIV, antimicrobial and pesticidal activities. It is note-
worthy to mention that there may be a big market for MC, for it is nutritious and 
inexpensive, and has very little or no side effects based on long-time consump-
tion of MC, and emerging beneficial data from scientific investigations [89, 90]. 
Ingestion of MC appears to be beneficial, not only for the treatment of specific ill-
nesses, but also for preventing illnesses and promoting health (Table 21.1).

MC is one of a few plants that is commonly used in meals and medical treat-
ments that has been scientifically studied. In spite of a voluminous literature on 
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MC, there are still arenas that invite investigations. Those areas may include: (a) a 
call for better-designed clinical trials to provide conclusive evidence for the appli-
cability of MC in diabetes; (b) further research on the anti-obesity activity of MC; 
(c) studies on the medicinal activities and potential applications of other compo-
nents of MC, such as MCL and the large number of serpins; (d) the isolation and 
characterization of other bioactive components from MC (Fig. 21.1).

All in all, MC is a readily available and inexpensive substance with a wide 
spectrum of medicinal activities and negligible drawbacks. The medicinal poten-
tials of MC typified as anti-diabetic, anti-obesity, antitumor, and anti-HIV activ-
ities conform to the prevailing principles of healthy eating and represent a new, 
promising approach to broaden the therapeutic windows of such illnesses.
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Abstract Silkworm is economically important and also has a large number of 
activities encompassing anticancer, antibacterial, antibacterial, antiviral, antihy-
pertensive, angiotensin-converting enzyme activity, hepatoprotective, superoxide 
dismutase enzyme activity, free radical scavenging and tyrosinase inhibitory, 
antidiabetic, antityrosinase, cognition enhancing, alternative complement pathway-
inhibiting, carotenoid binding, chymotrypsin inhibiting, and chitinase activities. 
These activities may be beneficial to human health.

22.1  Introduction

Silkworm, the caterpillar of the domesticated silkmoth Bombyx mori, produces 
silk and hence has great economical value [1]. It does not occur naturally in the 
wild and depends on humans for reproduction. Silkworms have been bred for the 
production of raw silk in China for thousands of years from where it spread to 
Korea and Japan, and later to India and the West [2]. The silkworm was domesti-
cated from the wild silkmoth Bombyx mandarina. The domesticated B. mori and 
the wild B. mandarina can still breed and sometimes produce hybrids [3]. 
Silkworm is a model organism for investigations on Lepidopterans and arthro-
pods such as studies on pheromones, genetics and genomics [4, 5]. Research on 
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the genome also raises the possibility of genetically engineering silkworms to pro-
duce proteins, including pharmacological drugs, in the place of silk proteins [4]. 
Reports on the various pharmacological activities of the silkworm have been accu-
mulating. It is timely to review these findings.

22.2  Bioactivities of Silkworm

22.2.1  Anticancer Activity

Selenium, a chemical element with symbol Se and atomic number 34, has a vital 
role in prevention of cancer. When selenium-rich amino acids extracted from 
Ziyang silkworm pupas were added to cultured human hepatoma cells SMMC-
7721, cell viability declined, alterations in cell morphology and cell cycle were 
observed, and apoptosis was induced. This inhibitory effect on SMMC-7721 cells 
could not be reproduced by using normal amino acids. The selenium-rich amino 
acids increased the production of intracellular reactive oxygen species [5].

22.2.2  Antibacterial Activity

A large number of proteins/peptides have been demonstrated to be involved in the 
immune response of insects and protect them from bacterial infecton. Examples 
are cecropins, hemolins, attacins, and lysozymes [6]. These components can be 
found in silkworm. Two cDNA clones encoding the antibacterial protein cecro-
pin B were isolated from a fat body cDNA library of the silkworm. The deduced 
amino acid sequences of silkworm cecropin B displayed closer resemblance to 
Lepidopteran than Dipteran cecropins [7]. Discovered in 1922, lysozymes are a 
type of bacteriolytic enzmes that hydrolyze β-1,4,-glycosidic linkages between 
N-acetylglucosamine and N-acetylumramic acid of the peptidoglycan layer in the 
bacterial cell wall [8]. For silkworm lysozyme, it was first isolated in 1973 and 
serves as an important inducible antibacterial protein in the insect defense system 
[9]. Subsequently, an interesting work carried out by Yu et al. compared the bio-
chemical and antibacterial activities of silkworm lysozyme, and the lysozymes 
from another two lepidopteran larvae, Galleria mellonella and Agrius convolvuli 
[8]. The results unveiled that all three lysozymes had strong activities against 
Gram-positive bacteria and lower anti-Gram-negative bacterial activites. On the 
other hand, lysozyme-like proteins (LLPs) demonstrate partial similarity with 
lysozymes. However, the absence of catalytic amino acids crucial to muramidase 
activity in LLPs distinguishes them functionally from classical lysozymes. Two 
LLPs, one from B. mori (BLLP1) expressed in a recombinant system, displayed 
inhibitory action against a broad spectrum of bacteria. BLLP1 is bacteriostatic 
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rather than bactericidal against E. coli and Micrococcus luteus. Its antibacterial 
mechanism relies on peptidoglycan binding in contrast to peptidoglycan hydroly-
sis or membrane permeabilization induced by lysozymes and most other antimi-
crobial peptides [10].

Peptides are short polymers of amino acid monomers and normally contain less 
than 50 amino acids. They serve as prized candidates for medicinal applications 
[11]. There are many antibacterial peptides produced by the silkworm. For exam-
ple, a 6-kDa lysozyme-like hemolymph protein, with trypsin-labile and heat-labile 
antibacterial activity induced by injection of live Escherichia coli into silkworm 
larvae, have similar activity against E. coli and Micrococcus luteus [12]. Hara et 
al. had isolated three structurally related and novel antibacterial peptides from the 
haemolymph of the silkworm (Bombyx mori), immunized with Escherichia coli 
[13]. These peptides were 32 amino acids long and characteristically rich in pro-
line residues. A unique threonine residue in each peptide was O-glycosylated and 
the modification seemed to be important for expression of antibacterial activity. 
The primary structure and antibacterial characteristic of the novel peptides resem-
ble those of abaecin (41 % identity in amino acid sequence), an antibacterial pep-
tide of the honeybee, although abaecin is not O-glycosylated [13]. Furthermore, 
moricin, a highly basic 42-amino acid peptide from silkworm hemolymph induc-
ible by bacterial injection, inhibits several Gram-negative and -positive bacte-
ria. It is more potent against Gram-positive bacteria than cecropin B1. It targets 
the bacterial cytoplasmic membrane. The N-terminal portion of the peptide with 
a predicted alpha-helix causes an increase in the membrane permeability [14]. 
Two foreign gene expression systems in Escherichia coli were adopted to pro-
cure a sizeable amount of moricin to facilitate further studies [15]. In addition, Li 
et al. isolated a 35-residue cationic, amphipathic α-helical peptide, named CM4 
(ABP-CM4) from silkworm, and this peptide exhibited broad-spectrum antimi-
crobial activity [16]. Interestinly, recombinant CM4 also showed antimicrobial 
activity against E. coli, Penicillium chrysogenum, Aspergillus niger and Gibberella 
saubinetii [16].

22.2.3  Antiviral Activity

Both the crude extract and purified components in silkworm have been reported 
with promising antiviral activity. A study in 1997 showed that silkworm faecal 
extract display edantiviral activity on enveloped viruses, but not on a non-envel-
oped virus. It suppressed the synthesis of a virus- specific gene of HVJ Sendai 
virus, herpes simplex virus type, and HIV-1 without altering viral adsorption and 
entry into the host cell. The active principle was a chlorophyll-like substance with 
a molecular mass of about 530 Da. Its antiviral activity was light irradiation- and 
temperature-dependent [17]. Later in 2007, the effect of silkworm extract on hepa-
tititis B and C viruses were investigated. This extract contained natural imino-
sugars, such as 1-deoxynojirimycin (1-DNJ). It exhibited an over thousand fold 
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higher antiviral effect against bovine viral diarrhea virus compared to 1-deoxyno-
jirimycin. Glycoprotein processing of bovine viral diarrhea virus envelope proteins 
became impaired following treatment. Glycosylation of woodchuck hepatitis virus 
envelope proteins was affected largely by treatment with the silkworm extract. 
The mechanism of action may entail production of defective particles incapable of 
starting the next cycle of infection as shown by inhibition of GB virus-B in vitro. 
The iminosugars in the silkworm extract may synergize in their antiviral effects 
on the inhibition of intact maturation of hepatitis virus particles and may serve to 
complement conventional treatments [18].

The above-mentioned antiviral activity may to some extent be attributed to silk 
fibroins and NADH-oxidoreductase-like proteins. For example, two differentially 
sulfated silk fibroins, SclFib30 and SclFib31, exhibited anti-HIV-1 activity in vitro 
due to interference with virus particle adsorption to CD4+ cells, and prevention 
of virus binding to the cells. Cell-to-cell infection-induced syncytium formation 
upon coculture of MOLT-4 and MOLT-4/HIV-IIIB cells in the presence of the sul-
fated silk fibroins was absent, suggesting that they would interfere with gp120 and 
prevent the formation of gp120/CD4 complex. Silk is used in biomaterials such 
as surgical sutures and it is believed to be a safe material for humans. In accord-
ance with low anticoagulant activity and high anti-HIV-1 activity against both X4 
HIV-1 and R5 HIV-1 strains, sulfated silk fibroins have potential as antiviral mate-
rial such as that used for a vaginal anti-HIV formulation [19]. Another example is 
a 26.5-kDa soluble NADH-oxidoreductase-like protein. It is overexpressed in the 
intestinal juice of disease-resistant multivoltine races. It possesses anti-BmNPV 
activity which attenuates the ability of the viral particles to infect BmN cells in 
vitro [20].

22.2.4  Antihypertensive Activity

Angiotensin I converting enzyme (ACE) is an enzyme that catalyzes the cleavage 
of the inactive decapeptide angiotensin I to the active octapeptide angiotensin II, 
and this process is associated with an elevation of blood pressure [21]. Though a 
study on a group of Caucasians indicated that the ACE gene is not associated with 
genetic predisposition to high blood pressure [22], in recent years ACE inhibitors 
are used as antihypertensive drugs [21]. The screening of natural ACE inhibitors 
is a hot research field aimed at ascertaining ways to treat cardiovascular diseases. 
There are some ACE inhibitors in silkworms. For instance, the hydrolyzates of 
silkworm pupal protein produced as a result of the catalytic actions of neutrase, 
pepsin, Asperqiius usamii acidic protease, flavourzyme, alcalase, and trypsin 
inhibited angiotensin I-converting enzyme. The molecular weight of the active 
principles ranged from below 500 to about 1000 Da [23]. A promising purified 
candidate is a 238.2-Da peptide which showed antihypertensive activity in both 
in vitro and in vivo experiments [24]. Zhou et al. found that this peptide exhibited 
ACE inhibiting activity and also blood pressure lowering activity in spontaneously 
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hypertensive rats after chronic oral administration [25]. In addition to peptide(s), 
antihypertensive proteins may also exist in silkworm. A clone encoding a putative 
angiotensin-converting enzyme-related gene from the silkworm wing disc cDNA 
library has been isolated by Quan et al. [26]. The predicted open reading frame 
encoded a protein composed of 648 amino acids with nearly 50 % identity to angi-
otensin-converting enzyme from the fruit fly Drosophila melanogaster.

22.2.5  Hepatoprotective Activity

Raghavendra et al. purified a 35-kDa protein from silk worm and investigated its 
protective activity against carbon tetrachloride-induced hepatotoxicity [27]. The 
protein exerted in rats a protective effect against carbon tetrachloride-induced oxi-
dative stress and liver damage as evidenced by a reduction of activities of enzymes 
in blood such as alkaline phosphatase, aspartate aminotransferase, alanine ami-
notransferase, and total bilirubin. The protein also displayed 2,2-diphenylpicrylhy-
drazyl radical and superoxide anion scavenging activity. However, the protein had 
no detectable antiviral effect on camelpox and goatpox viruses at its maximum 
non-toxic concentration.

22.2.6  Antidiabetic Activity

Type 2 diabetes is an inflammatory disease with the mechanisms linked to the adi-
pose tissue of obese subjects. It is a serious health problem worldwide, and novel 
therapeutic drugs are urgently needed [28]. The silkworm cocoon shell of B. mori 
is composed of silk fibroin fiber enveloped by a sericin layer containing sericin and 
non-sericin components. The non-sericin components include carbohydrate, salt, 
wax, flavonoids and derivatives. Sericin and non-sericin compounds were obtained 
from the sericin layer of five types of cocoon shell by degumming in water fol-
lowed by extraction and separation in ethanol. These ethanol extracts contain fla-
vonoids and free amino acids with 2,2-diphenyl-1-picrylhydrazyl free radical 
scavenging and tyrosinase inhibiting activities, much more potent than the cor-
responding activities of the purified sericin proteins. The extracts but not sericins 
strongly inhibited α-glucosidase. The activities of the non-sericin component were 
much more potent than that of sericin alone. The non-sericin component was also 
effective in vivo as shown by a reduction of streptozocin-induced diabetes in mice. 
Hence ethanol extract of the sericin layer of cocoon shells furnishes a stock which, 
together with sericin protein, has potential functional food, biotechnological and 
medical applications [29]. It is noteworthy that two anti-diabetic compounds have 
been isolated by Lee et al. The tripeptides Gly-Glu-Tyr (MW = 367 Da) and Gly-
Tyr-Gly (MW = 295 Da) manifested α-glucosidase inhibitory activities with an 
IC50 of 2.7 and 1.5 mg/mL, respectively [30].



340 L. Xia et al.

22.2.7  Cognition Enhancing Activity

Brain factor-7 (BF-7) is a natural compound in silkworm, and a series of studies on this 
natural component has been carried out by a team of Korean researchers [31]. There 
are solid data showing the learning and memory-enhancing activities of this compo-
nent. Examples include the positive results from cell culture studies, experiments using 
rats, and investigations on humans (involving 46 school children) [31]. The mecha-
nisms of the effect are shown to be associated with the augmented production of the 
neurotransmitter acetylcholine, reduction of reactive oxidative species, and attenuation 
of apoptosis [31]. Thus BF-7 should be an excellent cognition-enhancing drug.

22.2.8  Antioxidant Activity

Natural compounds with antioxidant activity have been linked with antitumor, anti-
diabetic, immunomodulatory, cognition-enhancing, and life-prolonging functions, 
and are promising candidates for new drug discovery [31, 32]. Silkworm has been 
reported with free radical scavenging and tyrosinase inhibitory activities, as well as 
superoxide dismutase activity. For example, Manosroi et al. conducted an experi-
ment on five Thai native silkworms (Keawsakol, Nangnoi, Somrong, Nangleung, 
and Noneruesee) and extracted bioactive components (such as oils and sericin) and 
tested their antioxidant activity [33]. The oils were extracted by a hot process using 
Soxhlet apparatus and a cold process using petroleum ether, while sericin was 
extracted by basic hydrolysis and autoclaving. Sericin from the five Thai native 
silkworms displayed free radical scavenging activity which was lower than those 
of vitamin C, vitamin E, and BHT (used as standard reagents for comparison) by 
about 20–100 fold, but the activity of all oils was higher than that of the stand-
ard linoleic acid by 11-22 fold. Oil extracted from Noneruesee by the cold process 
gave the highest DPPH scavenging activity. All sericin samples showed tyrosinase 
inhibiting activity with IC50 values in the range of 1.2–18.76 mg/mL, but only 
oils from Noneruesee extracted using the hot process, and Nangleung, Somrong, 
and Noneruesee extracted using the cold process, demonstrated this activity. Oil 
extracted using the hot process and sericin by basic hydrolysis from Noneruesee 
yieded the highest antityrosinase activity, but lower than that of the standards vita-
min C and kojic acid by 20–49 and 3–8 times, respectively [33].

As a ubiquitous metalloenzyme in aerobic organisms, superoxide dismutase 
(SOD) is an enzyme that catalyzes the elimination of superoxide anions from liv-
ing organisms and especially protects the organisms from the side effects of ROS. 
Silkworm superoxide dismutase is 60 % identical in sequence to its Drosophila mela-
nogaster counterpart. Its activity was preserved following incubation at pH 4–11 for 
24 h and also after incubation for 30 min at pH 7 and temperatures under 40 degree 
Centigrade [34]. The above-mentioned antitumor and antidiabetic activities of silk-
worm can be at least partially explained by its antioxidant activity as compiled here.
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22.2.9  Immuno-Regulatory Activity

In vertebrates, the complement system (CS, containing around 30 proteins) con-
sists of the classical, alternative, and lectin activation pathways, and plays a key 
role as an effector in immune reactions [35]. The alternative complement pathway 
(ACP) is an innate component of the immune system with the activity to defend 
external infections. Two isoforms of a protein (34- and 32-kDa) with the activity 
to inhibit ACP were isolated from silkworms, but no in-depth investigation has-
been undertaken. It is worthwhile to investigate functional as well as molecular 
properties of these proteins.

22.2.10  Arginase Kinase as Silkworm Allergen

Different parts of silkworm such as silk, urine and dander contain allergens which 
can trigger or aggravate allergic diseases including allergic asthma, hypersen-
sitivity pneumonia, allergic rhinitis and atopic dermatitis [36]. Serum samples 
collected from ten Chinese patients showing a positive skin prick test reaction 
to silkworm crude extract reacted with a 42-kDa protein in a Western blot using 
silkworm crude extract as the antigen. Preincubation of these serum samples with 
recombinant silkworm arginine kinase abolished the reactivity of the patients’ 
samples to this 42-kDa band. All patient sera also exhibited positive reactivity to 
silkworm crude extract in ELISA. Silkworm arginine kinase demonstrated cross-
reactivity with the recombinant cockroach enzyme. Thus silkworm arginine kinase 
is an allergen which cross reacts with cockroach arginine kinase [37]. Further 
studies in this field will help people in contact with silkworm and its associated 
products to combat the silkworm allergen.

22.2.11  Other Activities

There are few reports on other activities in silkworm, such as chymotrypsin-
inhibitory activity, chitinase activity, anti-tyrosinase activity, and carotenoid-
binding activity. A 7.5-kDa thermostable and pH-stable Kunitz-type chymotrypsin 
inhibitor has been isolated from silkworm hemolymph [38]. In view of the fact 
that other protease inhibitors have been reported with antitumor and anti-HIV-1 
reverse transcriptase activity, whether these activities exist in this 7.5-kDa protein 
remains to be elucidated [39]. Furthermore, a 88-kDa silk worm chitinase, with 
a Km of 22.3 μmol/L. and the optimal temperature at 45 °C and optimum pH at 
pH 6.0, was inhibited by Cu2+ ions but activated by high concentrations of Mn2+ 
ions and sodium dodecyl sulfate. However, no antifungal activity of this chitinase 
has been reported [40]. In addition, silk sericin extracted using urea exhibited the 
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highest antityrosinase activity, whereas alkali-degraded silk sericin did not inhibit 
mushroom tyrosinase. Pigments, mainly flavonoids and carotenoids from silk 
cocoons, increased tyrosinase inhibition of silk sericin [41].

22.3  Conclusions and Future Perspectives

The economic importance of silkworms is indisputable. Silkworm pupas are rich 
in proteins and are used in Chinese cuisine and traditional Chinese medicine. 
Silkworm cell lines are also employed in scientific research to express proteins. 
The aforementioned biological activities of silkworms may be exploited to the 
welfare of mankind. It remains to be seen whether regular consumption of silk-
worm pupas for people without allergy to silkworm would promote health. More 
research on silkworms should be invited and encouraged to unveil further useful 
activities.
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Abstract The intent of this chapter is to review proteins with anticancer and anti-
microbial activities from various animal species. The proteins comprise venom 
proteins from snakes, scorpions, and bees; peptides from frogs and toads; bovine 
pancreas and frogs; and mammalian proteins and peptides including lactofer-
rin, cathelicidins, tumor necrosis factor, interferons, interleukins, and hormonal 
peptides. To avoid duplication of efforts, the medicinal applications of mamma-
lian lectins and ribonucleases fall in the realm of other chapters in this book. The 
current progress and future work on animal constituents with medicinal activity 
depicted in this chapter would help to shed light on their clinical potentials or 
applications.

23.1  Introduction

A countless number of people are tortured by debilitating malignant diseases and 
eventually succumb. Some chemotherapeutic agents elicit untoward side effects. 
Thus a search for new therapeutics is warranted. The following account discloses 
the constellation of proteins and peptides from diverse species in the animal king-
dom with the potential of combating cancer. Existing drugs for antimicrobial 
therapy suffer from the drawback of declining efficacy owing to emerging drug 
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resistance in pathogens. This necessitates a search for new drugs. Plants consti-
tute a predominant source of drugs and complementary/alternative medicine as 
demonstrated in this book and elsewhere. In addition, various constituents derived 
from animal tissues also serve as important medicinal ingredients. For example, a 
recent list of traditional Chinese medicinal materials is composed of 11,146 herbs, 
80 minerals, and 1,581 zoological materials [1]. In this book, two chapters on ani-
mal and human lectins written by Prof. Hans-Joachim Gabius, and the third one 
contributed by Prof. Koji Muramoto have compiled some promising mammalian 
and marine lectins which are prospective drug candidates. The narrative in this 
chapter introduces animal proteins with the potential of circumventing the above-
mentioned health problems including cancer and infectious diseases.

23.2  Medicinal Proteins from Mammals, Submammalian 
Vertebrates and Invertebrates

The first line of human defence against different microorganisms is the innate 
immune system with Toll-like receptors as initiators and antimicrobial peptides 
as key effectors [2]. A large number of antimicrobial peptides/proteins are located 
in granules of human polymorphonuclear neutrophilic leukocytes, such as bacte-
ricidal/permeability increasing protein, azurocidin (CAP37), cathelicidins, and 
defensins among others [3]. They manifest direct cytotoxicity on cancer cells or 
activate adaptive immunity and are differentially regulated in cancers such as oral 
squamous cell carcinomas. Dysregulation of these antimicrobial peptides may lead 
to cancer development and some immune-deficiency diseases [4]. Here, we focus 
on cathelicidin, human defensins, and other mammalian bioactive proteins with 
regard to their bioactivities and mechanisms of action.

23.2.1  Cathelicidins

Cathelicidins are a class of endotoxin-binding and wide-spectrum antimicrobial 
preproproteins which share a conserved 12 kDa N-terminal sequence [3, 5, 6]. 
Until now, hCAP-18 is the only human cathelicidin found, and the active peptide 
(designated as LL-37) resides in the 37 amino acids at the C-terminal liberated 
by extracellular cleavage with proteinase 3 [3]. Besides manifesting potent antimi-
crobial activity against a wide range of gram-negative and gram-positive bacteria, 
LL-37 also exhibited promising gut-protective, anti-fungal, anti-HIV, and antitu-
mor activities.

Cathelicidin-encoding Lactococcus lactis manifested protective effects on 
murine ulcerative colitis. Ulcerative colitis induced in mice by oral consumption of 
3 % dextran sulfate sodium for seven days was attenuated by intrarectal administra-
tion of murine cathelicidin-related antimicrobial peptide (mCRAMP) produced and 
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secreted from transformed Lactococcus lactis. The symptoms were mitigated, and 
crypt integrity and mucus content were maintained. The number of cells undergoing 
apoptosis, the activity of myeloperoxidase, the level of malondialdehyde, and fecal 
microbiota in animals with colitis underwent a decline. In contrast to mCRAMP-
encoding L. lactis, effective doses of the reference drug sulfasalazine alleviated only 
the symptoms but failed to lessen mucosal damage in the colon [7].

We recently reported that LL37 and its fragments LL13-37 and LL17-32 were 
approximately equipotent in hindering growth in the yeast Candida albicans [8]. 
Following exposure to 0.5 and 5 μM LL13-37, the hyphae assumed an increas-
ingly slender appearance, with some abnormal budding and cell death. Only the 
yeast form and no hyphal form was discernible following incubation in the pres-
ence of 50 μM LL13-37. LL13-37 at 5 μM concentration modified membrane 
permeability of both the yeast and hyphal forms of C. albicans as witnessed by 
localization of the nuclear stain SYTOX Green in both forms. Mycelia exposed 
to LL13-37 took up SYTOX Green but not MitoTracker deep red, revealing the 
adverse effect of LL13-37 on the mitochondria. Bimane-labeled LL13-37 gained 
entry into some of the hyphae, indicative of the impairment of hyphal membrane 
permeability Reactive oxygen species was present in the yeast form of C. albi-
cans cells exposed to LL13-37 but not in the untreated cells. Thus the changes in 
membrane permeability brought about by LL13-37 might not be the only factor 
accounting for cell death. It might ensue in uptake of LL13-37, which might have 
some intracellular targets [8].

In addition to anti-fungal activity, it has also been found that LL-37 and its 
fragments exhibited mild anti-HIV activity [9]. An in vitro experiment showed 
that LL37, LL13-37 and LL17-32 inhibited HIV-1 reverse transcriptase with an 
IC50 value of 15, 7, and 70 μM, respectively. However, only 20–30 % inhibition of 
HIV-1 protease was brought about by the three peptides at 100 μM concentration, 
through a mechanism which involved protein–protein interaction as disclosed by 
surface plasmon resonance. Nuclear translocation of HIV-1 integrase labeled with 
green fluorescent protein, however, was not inhibited. Cytotoxicity toward human 
peripheral blood mononuclear cells was not apparent [9].

Though the effect of LL-37 on tumor growth is complex, it expressed sig-
nificant antitumor activity in some circumstances. For example, combination 
treatment with CpG oligodeoxynucleotides and LL-37 improved antitumor effec-
tiveness, lengthened survival in mice bearing ovarian tumor, and triggered pro-
liferation and activation of peritoneal natural killer cells [10]. In two different 
xenograft tumor mouse models (B16.F10 and RMA-S), tumor grew more rapidly 
in cathelicidin-knockout mice (Camp-/-) than in wild type controls. Natural killer 
cells derived from Camp-/- versus wild type mice demonstrated attenuated cyto-
toxic activity toward tumor. These findings could not be totally accounted for by 
perforin deficiency in freshly isolated Camp-/- natural killer cells, because the defi-
ciency could be partially made up for by IL-2, whereas cytotoxic activity remained 
impaired in IL-2-activated Camp-/- natural killer cells. Thus, cathelicidin is impor-
tant in the antitumor function of natural killer cells [11].



348 T. B. Ng et al.

23.2.2  Human Defensins

Mammalian defensins are small cysteine-rich cationic peptides with β-pleated 
sheets and three intramolecular disulphide bonds [2]. In humans, defensins are cat-
egorized into α-, β-, and θ-defensins. Among them, α-defensins comprise human 
α-defensin-1 (or human neutrophil peptide 1/HNP1 since it is mainly expressed by 
neutrophils), -2 (HNP2), -3 (HNP3), -4 (HNP4), -5 (HD5), and -6 (HD6). There 
are 28 human β-defensins and around six of them (HBD-1, 2,…-6) are expressed 
mainly by epithelial cells, whereas three θ-defensins named RTD-1 (rhesus 
θ-defensin-1), RTD-2, and RTD-3 have been isolated from rhesus macaques [2, 
12]. Some cationic antimicrobial peptides demonstrate promising clinical activi-
ties, such as wide-spectrum antimicrobial activity, and cytotoxic effects against a 
broad range of human cancer cells, including those exhibiting multi-drug- 
resistance [13].

In 2002, the group headed by Prof. David Ho reported that three human 
α-defensins (1, 2, and 3) isolated from supernatant fluids of CD8 T lympho-
cyte cultures manifested anti-HIV-1 activity. These defensins are peptides with a 
molecular mass of 3371.9, 3442.5, and 3486.5 daltons, respectively, and all belong 
to the same group on the basis of specific antibody recognition and amino acid 
sequence [14]. Though 2 years later, they retracted their claim due to the observa-
tion that α-defensins could not account for the CAF (CD8 antiviral factor) activ-
ity in experimental systems that do not employ allogeneic feeders, the anti-HIV-1 
activity of these defensins that they described holds true [15].

Two human peptides, α-defensins HD5 and HD6, are generated by human 
Paneth cells, and the lack of these defensins is the etiology of a chronic inflam-
matory bowel disease, Crohn’s disease [16, 17]. For example, HD5 prevents 
infection of non-enveloped viruses, such as human adenoviruses and polymavi-
ruses. Arginine residues play an important role in their antiviral activity against 
human adenoviruses and polyomaviruses. Arg-28 is crucial for both human ade-
noviruses and polyomaviruses, whereas Arg-9 is critical for human adenoviruses. 
Hydrophobicity at residue 29 is a dominant determinant of anti-adenoviral activity. 
Hence HD5-mediated neutralization of human adenoviruses entails binding to the 
viral capsid through interactions brought about partly by certain key arginine resi-
dues, hydrophobicity at residue 29, and multimerization of HD5, which enhances 
initial viral binding to the cell but inhibits subsequent viral uncoating and genome 
delivery to the nucleus [16]. For HD6, though it has little bactericidal activity, a 
recent report in Science showed that it promoted mucosal innate immunity through 
self-associated peptide nanonets [17]. It manifests a protective action against inva-
sion of enteric bacteria in vitro and in vivo. After stochastic binding to bacterial 
surface proteins, it forms fibrils and nanonets to envelop and entangle bacteria [17].

Two human β-defensins, HBD2 and HBD3, show substantial sequence identity 
and structural similarity. Despite their similar activities against E. coli, HBD3 kills 
Staphylococcus aureus with a potency several folds higher than that of HBD2. 
One of the HBD2/HBD3-chimeric molecules (chimera C3) kills both E. coli and 
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S. aureus with a potency even higher than HBD2/HBD3 [18]. On the other hand, 
θ-defensins have inhibitory activity against HIV-1, HSV-2, and influenza virus [2]. 
For more details concerning the medicinal activities of these human defensins, 
please refer to a review by Klotman et al. [2].

23.2.3  Other Mammalian Defensins

In 2000, Johnstone and colleagues showed that short mammalian-derived 
extended-helical cationic peptides and insect-derived alpha-helical peptides lysed 
cancer cells with a potency of 2–50 times higher than that against non-malignant 
cells. They manifested similar cytotoxic activity against sensitive and multidrug-
resistant cells and were capable of potentiating the effect of doxorubicin against 
multidrug-resistant tumor cells in vitro [19]. Another study further confirmed the 
tumor specificity of other mammalian peptides. Four enantiomeric 9-mer pep-
tides designated as d-peptide A, B, C and D were synthesized on the basis of two 
43-mer beetle defensins. The d-9-mer peptides displayed bacterial membranolytic 
activity similar to the parent peptides. d-Peptide B demonstrated the highest selec-
tive cytotoxicity against P3-X63-Ag8.653 mouse myeloma cells, and disrupted the 
cell membrane. On the contrary, normal leukocytes remained intact. The d-9-mer 
peptides exerted negative charge-dependent selective cytotoxicity targeting cancer 
cell membrane phosphatidylserine. A combination of d-peptide B with dexametha-
sone synergistically inhibited the growth of mouse myeloma [20]. A recent report 
unveiled that a β-defensin-1-like antimicrobial peptide isolated from tree shrew 
(Tupaia belangeri) serum inhibited a variety of Gram-negative and -positive bacteria 
and fungi but exhibited very little hemolytic activity [21].

23.2.4  Lactoferrin

Named as a ‘biological drug’, lactoferrin is an 80-kDa bilobed glycoprotein 
located in milk and other bodily fluids, and in the secretory granules of neutro-
phils [22]. It manifests antiviral, anti-bacterial, anti-fungal activities, and recently 
data pertaining to its anticancer activity in various cancer cell lines, animal mod-
els and clinical trials have become available [22–25]. For example, lactofer-
rin acts by induction of apoptosis, inhibition of angiogenesis, and modulation of 
carcinogen-metabolizing enzymes and perhaps plays the role of an iron scaven-
ger. Supplementing cows with selenium increases the content of selenoproteins 
in milk, which on isolation inhibited colon tumorigenesis in the rat [25]. Xu et 
al. showed that bovine lactoferrin brought about apoptosis of SGC-7910 human 
stomach cancer cells by inhibiting Akt activation and modulating its downstream  
protein phosphorylation [26].

23 Proteins with Anticancer and Antimicrobial Activities
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The recombinant form of human lactoferrin also exhibits the same antitumor 
activity as the natural form. Varadhachary et al. showed that recombinant human 
lactoferrin suppressed the growth of squamous cell carcinoma tumors in T cell-
immunocompromised nu/nu mice and in syngeneic, immunocompetent BALB/c 
mice. In 2008, Jonasch et al. conducted a phase 2 trial of talactoferrin (recombi-
nant lactoferrin) on previously treated patients with metastatic renal cell carci-
noma. The results demonstrated that talactoferrin was devoid of toxicity and this 
unveiled prospects of clinical application of talactoferrin [27].

In addition to antitumor activity, there is also progress on the anti-viral and 
anti-bacterial activities of both lactoferrin and its peptide fragments. The C-lobe 
of bovine lactoferrin is responsible for inhibition of hemagglutination and cell 
infection of influenza virus. A number of major virus subtypes, comprising H1N1 
and H3N2, were inhibited. The C-lobe bound strongly to the HA2 region of viral 
hemagglutinin, which is the highly conserved region containing the fusion pep-
tide. By employing molecular docking, three C-lobe fragments were identified 
which inhibited viral hemagglutination and infection at fentomolar concentra-
tions [28]. The peptide L10 (WFRKQLKW) with minimal hemolytic activity, 
designed by modifying the first eight N-terminal residues of bovine lactoferrin, 
demonstrated inhibitory activity toward clinical isolates of extended-spectrum 
beta-lactamase producing Gram-negative bacteria and Candida strains. The pep-
tide targeted the membrane of Gram-negative bacteria as evidenced by interaction 
with lipopolysaccharide and lipid A. It also induced membrane permeabilization 
of Candida cells. The peptide produced its anti-inflammatory effects by inhibiting 
cyclooxygenase-2 [29]. Furthermore, lactoferricin and lactoferrampin are two pep-
tides in the N-terminal lobe of bovine lactoferrin with inhibitory activity against 
Candida albicans and a variety of Gram-positive and Gram-negative bacteria. A 
heterodimer composed of lactoferrampin linked to a lactoferricin fragment at their 
C-termini through the two amino groups of a single Lys residue, designated as 
LFchimera, manifested more potent activity than lactoferricin, lactoferrampin, and 
an equimolar mixture of the two peptides [30].

23.2.5  Cytokines: Interferons, Tumor Necrosis Factor   
and Interleukins

Cytokines are secreted or membrane-bound proteins that are implicated in the 
regulation of the growth, differentiation and activation of immune cells, and par-
ticipate in different aspects of the functioning of the human immune system [31]. 
In response to a diverse range of cellular stresses, cytokines are released by the 
human body to stimulate a host response (such as the innate and adaptive immune 
systems) to fight pathogen invasion, thwart tumor development and progression, 
among others [31, 32]. Defects in cytokine signaling pathways or imbalance of 
the production of cytokines contribute to the etiology of different immunodefi-
ciency diseases, and cancer pathogenesis [31, 33]. Representative cytokines are 
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type-I (such as IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-11, IL-15, IL-21, TSLP, 
GM-CSF, etc.), and type-II cytokines (IL-10, IL-20, IF-22, and IFN-α, INF-β, and 
INF-γ, etc.) [33].

Interferons (INFs) from fibroblasts, leukocytes and other cell types are referred 
to as type-1 INFs whereas immune interferon is named type-2 INF. Type-1 INFs 
comprise INF-alpha and INF-beta and their anti-proliferative activity won the 
approval of US Food and Drug Administration for treatment of AIDs related Kaposi 
sarcoma, chronic myelogenous leukemia (CML), malignant melanoma (MM), and 
hairy cell leukemia [34, 35]. For referring to the historical perspectives of INFs and 
their anti-proliferative properties, a recent review is recommended [35].

Tumor necrosis factor-α (TNF-α) is a 51-kDa homotrimer, first isolated from 
serum samples of animals challenged with cell wall lipopolysaccharide (LPS) of 
gram-negative bacteria. It inhibited the growth of cultured human melanoma cells 
[36] and caused certain tumors to undergo necrosis when administered to tumor-
bearing animals. Owing to the painstaking effort of many investigators on the pro-
tein for about four decades, TNF-α is now applied in the therapy of some cancers, 
such as locally advanced soft tissue sarcomas, metastatic melanomas, and other 
irresectable tumors [37]. Future investigations on TNF-α will hopefully lead to 
clinical applications.

Interleukins (ILs) are a family of cytokines that were first discovered in leuko-
cytes and until now over 40 ILs and IL-related cytokines have been elucidated. A 
recent review by Brocker et al. described the nomenclature and classification of 
ILs [38]. They have been confirmed to participate in complex immune-modulatory 
activities in human bodies. Though many ILs contain antitumor activities in differ-
ent in vitro and in vivo settings, LCs are also participate in cancer pathogenesis. It 
is recommended that future researches should not only focus on the discovery of 
cytokine-inducing compounds with antitumor activity, but also focus on the under-
standing of cytokines-tumor-cell interactions [31], and a combination of the two 
may help to open a window for improving cancer immunotherapy.

23.2.6  Peptide Hormones of the Hypothalamus  
and Gastrointestinal Tract

Some of the peptides produced by mammals serve an endocrine function. Though 
some peptide hormones are closed linked with tumor progression and so can 
serve as tumor biomarkers [39], other peptide hormones manifest antitumor activ-
ity [40]. There are some examples. First, Abarelix, a gonadotropin releasing hor-
mone antagonist, has been indicated for prostate cancer therapy [41]. Second, 
growth hormone releasing hormone (GHRH) receptor antagonists inhibit growth 
and metastasis of a large number of experimental tumors expressing the pituitary 
GHRH receptor (pGHRH-R). A positive correlation exists between the endo-
crine potency and the antiproliferative efficacy of GHRH antagonists in tumors 
strongly expressing pGHRH-R [42]. Third, the substance P analog (D-Arg(1), D 
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Trp (s,7,9), Leu (11)) substance P suppressed bombesin-induced mitogenic trans-
duction mediated by both G(q) and G (12) in Swiss 3T3 cells. Other substance P 
analogs are also broad-spectrum neuropeptide antagonists and potentially useful as 
anticancer agents [43]. Fourth, bombesin analogs with alpha-aminoisobutyric acid 
replacing Ala 9 or Gly 11 inhibited proliferation in human colon cancer (HT29, 
PTC, SW620) and pancreatic (MiaPaca-1) cells. They inhibited tumor growth in 
athymic nude mice bearing xenografts of colon cancer [44]. Furthermore, Jaggi et 
al.  demonstrated that a combination of synthetic analogs of bombesin, substance 
P, somatostatin, and vasoactive intestinal peptide exerted antiproliferative activity 
against human cancer cells of the colon, duodenum and pancreas. The combina-
tion also exhibited an anticancer effect on xenograft models of colon and duodenal 
cancer with no acute or chronic toxicity [45]. In addition, a report showed that 
endothelin B receptor antagonists inhibited proliferation and triggered apoptosis in 
glioma cells [46].

23.2.7  Venom Proteins

In a traditional view, venoms are toxic fluids that inflict sudden death or paralysis 
in the host/prey. Based on the modern classification of this type of toxins, they 
have been defined as secretions delivered through a wound that interferes with 
normal physiological processes to facilitate feeding or defense by the venom-pro-
ducing animal [47]. Recent studies unveil the medicinal applications of different 
venoms and their active components [48].

Snakes such as southern copperhead (Agkistrodon contortrix), India viper 
(Dabia russelli russselli), Indian black scorpion (Heterometrus bengalensis), and 
Taiwan cobra (Naja atra atra) are the main source of venoms. A homodimeric dis-
integrin from venom of the southern copperhead, known as contortrostatin, inhib-
ited adhesion of human epithelial cancer cells of the ovary to several extracellular 
matrix proteins and suppressed cancer cell invasion through an artificial basement 
membrane. It also prevented dissemination of ovarian cancer in nude mice and 
recruitment of new blood vessels to tumor cells at secondary sites [49]. A 7.2-kDa 
toxin from venom of India viper inhibited proliferation of human leukemia U937 
and K562 cells by induction of apoptosis [50]. The 72-kDa protein designated as 
bengaline from venom of Indian black scorpion inhibited proliferation of human 
leukemic cells U937 (histiocytic lymphoma) and K562 (chronic myelogenous leu-
kemia) also through induction of apoptosis [51].

A polypeptide with 60 amino acid residues designated as Cardiotoxin III (CTX 
III) was isolated from the venom of Taiwan cobra. The antitumor activity of CTX-III 
against different tumor cell lines has been investigated. It exerted anti-proliferative 
activity toward K562 cells by induction of apoptosis [52]. The cytotoxicity of 
CTX-III towards human colorectal cancer (Colo205) cells was attributed to induc-
tion of mitochondrial- and caspase-dependent apoptosis [53]. It inhibited HL-
60 human leukaemia cells by activation of c-jun N-terminal kinase-dependent 
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apoptosis [54]. The antitumor activity of CTX-III was also extended to two breast 
cancer cell lines, including MDA-MB-231 breast cancer cells through blocking of 
the EGF/EGFR-mediated signaling pathway [55], and MCF-7 cells by activation 
of the caspase-9-regulated apoptotic pathway and inhibition of the NF-κB pathway 
[56]. Based on the results, it seems that CTX-III could induce apoptosis in differ-
ent tumor cells. However, the following additional information would make the 
picture more complete: (a) whether CTX-III exerts any toxicity on normal cells (b) 
whether the cytotoxicity of CTX-III is also attributed to the induction of necrosis 
and/or autophagy, and (c) whether CTX-III displays an antitumor action in vivo.

23.2.8  Amphibian Peptides

Amphibians are a good source for drug discovery. In addition to being a source of 
medicinal ribonucleases (such as onconase) [57], some types of frogs and toads 
also produce bioactive peptides. Examples are the Australian Green and Golden 
Bell frog (Litoria aurea) and the Southern Bell Frog (L. raniformis).The former 
species produces 17 and the latter 16 aurein peptides, 10 of which are common to 
both species. Aurein peptides with 13 amino acid residues display anticancer as 
well as antibiotic activities [58, 59]. Furthermore, the gastric tissue of the Asian 
toad (Bufo bufo gangarizars) produces peptides known as buforins with anticancer 
and antimicrobial activities,. Buforin II has 22 amino acid residues and is derived 
from buforin I which has 39. The two peptides exhibit sequence identity with the 
N-terminal region of histone H2A which directly interacts with nuclei acids [60]. 
Pentadactylin is a peptide with anticancer and antimicrobial activities isolated 
from skin secretion of the frog Leptodactylus labyrinthicus. Treatment of mouse 
melanoma (B16F10) cells with pentadactylin brought about a dose-dependent 
reduction of cell viability. The cells underwent morphological changes characteris-
tic of apoptosis [61].

23.3  Conclusion and Future Perspectives

The foregoing account discloses that a variety of animal proteins with different 
molecular masses and structures are capable of inhibiting proliferation of cancer 
cells and cancer growth. These proteins range from insect lectins, toxins in insect, 
scorpion and snake venoms, frog lectins, ribonucleases, and antimicrobial peptides; 
mammalian cytokines, hormones, hormone antagonists, antimicrobial peptides, 
and milk proteins. Among these proteins and peptides, the mammalian cytokines, 
hormones, and hormone antagonists, and frog onconase, have been used clinically 
with some success. Peptide hormone analogs have been employed to target peptide 
hormone receptors and tumor blood vessels for cancer therapy. Cytotoxic peptide 
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hormone analogs containing an anticancer compound such as doxorubicin can be 
used. The use of a combination of peptides has also been reported.

Some of the aforementioned proteins are also endowed with antimicrobial 
activity and represent candidates for development into new agents for combat-
ting emerging pathogen resistance to existing antimicrobial drugs. With contin-
ued research, hopefully novel anticancer and antimicrobial therapeutic agents and 
technology will be developed to save the lives of cancer patients and immune-
compromised patients highly susceptible to infections.
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Abstract Defensins are a group of proteins characterized by a conservedcysteine-
stabilized alpha-helix and beta-sheet structural motif. They are widely distributed 
among vertebrates and invertebrates. In addition to the presence of defensins in 
mammals and submammalian vertebrates enumerated in Chap. 23, fungi and 
bacteria also produce a variety of defensins with antiproliferative activity toward 
tumor cells and anticancer activity in tumor bearing mice. The fungal proteins 
include ribonucleases, antifungal proteins, ubiquitin-like peptides, ribosome 
inactivating proteins, antibacterial proteins, hemolysins, hemagglutinins/lectins, 
laccases, and proteases. The bacterial proteins comprise ribonucleases and anti-
fungal proteins. Some of the aforementioned proteins also display antimicrobial 
activities toward pathogenic microbes.

24.1  Introduction

Some fungal products, like the cholesterol-lowering hydroxymethylglutaryl Co A 
reductase inhibitor lovastatin and the antibiotic penicillin, are from the fungi 
Aspergillus terreus and Penicillium species. The intent of the present article is to 
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review fungal and bacterial proteins capable of inhibiting cancer cell proliferation 
and cancer growth and microbial proliferation. These proteins may find applica-
tion in the treatment of cancer and infectious diseases.

24.2  Fungal Antibacterial Defensins

24.2.1  Plectasin

Animals and plants produce cysteine-rich peptides with antimicrobial activity 
called defensins. Defensins are characterized by a conserved cysteine-stabilized 
alpha-helix and beta-sheet (CSalphabeta) structural motif. Zhu et al. reported the 
computational identification of six families of fungal defensin-like peptides in 
which three known types of defensin comprising antibacterial ancient invertebrate-
type defensins, antibacterial classical insect-type defensins, and antifungal plant/
insect-type defensins can be clearly assigned [1].

Plectasin is the first fungal defensin (4.4-kDa) with therapeutic potential iso-
lated from the saprophytic ascomycete Pseudoplectania nigrella. Its primary, sec-
ondary and tertiary structures are similar to those of the defensins of arthropods 
including dragonflies, scorpions, spiders, and mollusks including mussels [2]. 
Plectasin was comparable in efficacy to vancomycin and penicillin for treating 
pneumonia induced by S. pneumoniae in mice. It demonstrated very low toxicity 
in mice [2]. Recombinant plectasin also exhibited compatible antimicrobial activ-
ity in its native form as other commonly used antibiotics [3, 4]. In the investiga-
tion of Jing et al. [4], the coding sequence of plectasin was optimized, cloned into 
pET32a+ vector and then expressed as a thioredoxin fusion protein in Escherichia 
coli. The soluble fusion protein in the supernatant of the cell lysate was purified 
using Ni2+-chelating affinity chromatography, cleaved by Factor Xa protease 
to liberate mature plectasin, and then rechromatographed. At a concentration of 
2.56 mg/ml, plectasin manifested activity against Staphylococcus aureus, S. epi-
dermidis, S. suis, and S. pneumoniae, similar to those of 0.32 mg/ml vancomy-
cin, 0.64 mg/ml penicillin, 0.32 mg/ml vancomycin and 0.16 mg/ml vancomycin, 
respectively. Its anti-S. aureus activity was resistant to pepsin and papain, heat sta-
ble as well as pH-stable [3]. Plectasin bound the bacterial cell-wall precursor Lipid 
II leading to the formation of an equimolar stoichiometric complex. Amino acid 
residues in plectasin important to complex formation were identified with nuclear 
magnetic resonance spectroscopy and computational modeling [5]. The heme 
sensing response regulator HssR in S. aureus, but not its homolog RR23 from 
Listeria monocytogenes, confers susceptibility to plectasin and the plectasin-like 
defensin eurocin. This explains why S. aureus was much more susceptibe than L. 
monocytogenes to plectasin [6]. Synthetic L-plectasin showed antimicrobial activ-
ity, while synthetic D-plectasin was devoid of such activity. Racemic crystallogra-
phy was employed to determine the X-ray structure of plectasin [7].
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Additionally, recombinant plectasin and its variant NZ2114 were potent against 
Streptococcus pneumonia and Staphylococcus aureus, including drug-resistant 
strains. By using an experimental meningitis model, plectasin penetration into the 
cerebrospinal fluid (CSF) of infected and uninfected rabbits and the bactericidal 
activities in CSF of the plectasin variant NZ2114 and ceftriaxone against a peni-
cillin-resistant S. pneumoniae strain were studied. NZ2114 showed a significantly 
greater extent of CSF penetration through inflamed than through noninflamed 
rabbit meninges. NZ2114 brought about a significantly higher reduction in CSF 
concentrations of a penicillin-resistant S. pneumoniae strain than ceftriaxone. A 
significantly larger number of animals possessed sterile CSF at 5 and 10 h after 
administration of NZ2114 than following ceftriaxone treatment [8]. In an inves-
tigation, Xiong and colleagues compared the effectiveness of NZ2114 with those 
of vancomycin and daptomycin, in an experimental rabbit model of infective 
endocarditis induced by a methicillin-resistant Staphylococcus aureus (MRSA) 
strain (ATCC 33591) [9]. All three doses of NZ2114 employed (5, 10, and 20 mg/
kg body weight, twice daily intravenous administration for 3 days) significantly 
lowered MRSA densities in cardiac vegetations, spleen, and kidneys compared 
to untreated controls, except in splenic MRSA counts in the group receiving the 
5 mg/kg dose. The efficacy of NZ2114 was clearly dose-dependent in all target tis-
sues. At 20 mg/kg, the efficacy of NZ2114 resembled that of daptomycin but was 
higher than that of vancomycin. Bacterial counts in cardiac vegetations, kidneys, 
and spleen rose in post -therapy relapse in vancomycin- and daptomycin-treated 
animals but not in NZ2114 (10- and 20-mg/kg) treated groups [9].

In addition to a wide-range of anti-microbial activities, the application of  
plectasin also has some other advantages. Plectasin showed no cytotoxicity to A549 
cells, normal human bronchial epithelial cells, or lung fibroblasts, and it did not 
induce IL-8 transcription or production in A549 cells [10]. On the other hand, it was 
demonstrated using an agar diffusion bioassay that serum samples from plectasin-
immunized animals did not reduce the efficacy of the peptide. Hyperimmune sera 
from animals immunized with plectasin in Freund’s incomplete adjuvant lowered 
the effectiveness of plectasin at the lowest concentration tested. Experiments adopt-
ing the mouse peritonitis model revealed that plectasin was highly effective in treat-
ing S. pneumoniae infections, both in naive animals and in animals having anti-drug 
antibodies. No animals developed hypersensitivity or injection site reactions toward 
plectasin. Its half-life was the same in mice with and without antibodies [11].

24.2.2  Mushroom Antifungal Proteins

We have purified a number of bioactive proteins from both edible and toxic mush-
rooms, such as agrocybin from Agrocybe cylindracea [12], and cordymin from the 
medicinal fungus Cordyceps militaris. They share some similarities in their anti-
fungal and anti-HIV reverse transcriptase (RT) activities. For example, the 9-kDa 
agrocybin exhibited anti-HIV RT activity at an IC50 of 60 μM, while the IC50 for 
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cordymin (10906 Da) was 55 μM [13]. Furthermore, cordymin exhibited antipro-
liferative activity toward MCF-7 breast cancer cells but was inactive toward HT-29 
colon cancer cells [13].

24.2.3  Mushroom Ribosome Inactivating Proteins

Ribosome inactivating proteins (RIPs) are toxic RNA N-glycosidases that cleave 
an adenine-ribose glycosidic bond at adenine (position 4324) with the conserved 
ricin/alpha-sarcin loop in eukaryotic 28S ribosomal RNA. This type of proteins 
has attracted considerable attention due to their diverse and potent defensive 
activities, and inter alia, their antitumor and anti-HIV activities [14]. In part III of 
this book, there are three chapters that are focused on the bioactive RIPs mainly 
from plants. Here, we extend the origins of RIPS to mushrooms, such as hypsin, 
calcaelin, and marmorin. Hypsin, an RIP from Hypsizygus marmoreus, exhib-
ited antiproliferative activity against mouse leukemia cells and human leukemia 
and hepatoma cells [15]. Fresh fruiting bodies of the mushroom Calvatia cae-
lata, commonly known as the mosaic puffball, produced a 39-kDa protein, desig-
nated as calcaelin, with two subunits possessing a molecular mass of 19 kDa and 
20 kDa, respectively. It inhibited translation in rabbit reticulocyte lysate with an 
IC50 value of 4 nM. It exhibited an antimitogenic activity toward mouse spleno-
cytes, and curtailed the viability of breast cancer cells [16]. The RIP marmorin 
from H. marmoreus exerted more potent antiproliferative activity toward hepatoma 
(IC50 = 0.15 μM) and breast cancer cells (IC50 = 5 μM) than RIPs from a num-
ber of plants and the mushroom Flammulina velutipes [17]. Hypsin and marmorin 
suppressed cell-free translation with an IC50 of 7 nM and 0.7 nM, and reduced 
HIV-1 RT activity with an IC50 of 8 μM and 0.7 nM, respectively. Unlike mar-
morin which was without antifungal activity, hypsin hindered mycelial growth 
in Botrytis cinerea, Fusarium oxysporum, Mycospharella arachidicola, and 
Physalospora piricola, with an IC50 of 0.06, 14.2, 2.7, and 2.5 μM, respectively.

24.2.4  Mushroom Ribonucleases (RNases)

Pleurotus sajor RNase reduced viability of L1210 leukemia cells and HepG2 
hepatoma cells with an IC50 of 0.1 μM and 0.22 μM, respectively [18]. RNase 
of the brown oyster mushroom exerted an antiproliferative activity toward leuke-
mia cells [19]. Hypsizigus marmoreus RNase inhibited (3H-methyl)-thymidine 
uptake with an IC50 of 60 μM [20]. Russula delica RNase inhibited proliferation 
of hepatoma HepG2 cells and MCF-7 breast cancer cells with an IC50 of 8.6 μM 
and 7.2 μM, respectively [21]. Lyophyllum shimeiji RNase inhibited the prolif-
eration of hepatoma and breast cancer cells with an IC50 of 10 μM and 6.2 μM, 
respectively [22]. Pleurotus djamor RNase inhibited the same cells with an IC50 of 
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3.9 μM and 3.4 μM [23]. Lactarius flavidulus RNase suppressed proliferation of 
HepG2 cells and L1210 cells with an IC50 of 3.19 μM and 6.52 μM, respectively. 
It also inhibited the activity of HIV-1 RT with an IC50 of 2.55 μM [24].

P. sajor-caju, P. ostreatus, H. marmoreus, L. flavidulus and R. delica RNase 
had a molecular mass of 12 kDa, 9 kDa, 18 kDa 14.6 kDa and 14 kDa, respec-
tively. The RNases except that of H. marmoreus were similar in chromato-
graphic behavior in that they did not bind to DEAE-cellulose, but bound to 
CM-cellulose/SP-Sepharose, Affi-gel blue gel/Red Sepharose, Q-Sepharose and 
Heparin-Sepharose. H. marmoreus did not bind to CM-cellulose and Affi-gel blue 
gel. They showed a variety of polyhomoribonucleotide specificities, being poly 
U > poly A > poly C > poly G >>> Poly U, Poly C > poly A >>> poly U = poly 
G, and poly C > poly G > poly A > poly U, respectively. The optimum pH values 
were 5.5, 8, 5, 5.5 and 5, respectively. The optimum temperatures were 60, 50–70, 
70, 70,and 60 °C, respectivelysajor-caju RNase but not the other abovementioned 
RNases inhibited mycelial growth in Fusarium oxysporum and M. arachidicola 
with an IC50 of 95 μM and 73 μM. It suppressed (3H-methyl)-thymidine uptake 
by murine splenocytes and cell-free translation with an IC50 of 65 nM and 158 
nM, respectively. P. sajor-caju RNase inhibited Pseudomonas aeruginosa and 
Staphylococcus aureus and exhibited some DNase activity toward DNA from calf 
thymus and herring sperm. The ribonucleolytic activity of the RNases from oyster 
mushroom and P. sajor-caju was inhibited by Cu2+, Ca2+, Mg2+, Zn2+ and Fe2+ 
ions [18–24].

24.2.5  Mushroom Ubiquitin-Like Peptides

The 9.5-kDa Agrocybe cylindracea ubiquitin-like peptide (ULP) exerted anti-
proliferative activity toward leukemia cells (IC50 = 10 μM) and hepatoma cells 
(IC50 = 100 μM) [25] while the 8-kDa ULP from the mosaic puffball mushroom 
Calvatia caelata suppressed the viability of breast cancer cells with an IC50 of 100 
nM [26]. The ULPs were unadsorbed on DEAE-cellulose but adsorbed on Affi-
gel blue gel and Mono S. C. caelata ULP exerted anti-mitogenic activity toward 
mouse splenocytes with an IC50 of 100 nM and inhibited translation in the cell-
free rabbit reticulocyte lysate system. A. cylindracea ULP stimulated nitric oxide 
production by murine peritoneal macrophages with the potency similar to that of 
lipopolysaccharide. This action may contribute to its antiproliferative activity.

24.2.6  Mushroom Hemolysins

Eryngeolysin from Pleurotus eryngii with sequence homology to hemolysins from 
P. ostreatus and A. cylindracea exerted cytotoxicity toward leukemia L1210 cells. 
It exhibited antibacterial activity toward Bacillus sp. and exhibited anti-mitogenic 
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activity toward mouse splenocytes but did not manifest antifungal activity. 
Polyethylene glycol 10000 protected its hemolytic activity but did not affect its 
antiproliferative or anti-mitogenic activity [27].

24.2.7  Mushroom Lectins and Hemagglutinins

The lectins TML-1 and TML-2 from Tricholoma mongolicum exhibited antipro-
liferative activity against mouse monocyte-macrophage PU 5-1.8 cells and mouse 
mastocytoma p815 cells [28]. Pleurotus eous lectin inhibitied proliferation of 
MCF-7, K562 and HepG2 cells with the same IC50 of 125 nM and that of SK-
N-NC cells with an IC50 of 3 μM [29]. Polyporus adusta lectin exhibited anti-
proliferative activity toward a variety of tumor cells [30]. Ganoderma capense 
lectin inhibited proliferation of leukemia and hepatoma cells [31]. Schizophyllum 
commune lectin exhibited potent antiproliferative activity toward tumor cells [32]. 
Armillaria luteo-virens lectin inhibited proliferation of MBL2 cells, Hela cells 
and L1210 cells with an IC50 of 2.5, 5, and 10 μM, respectively [33]. Cordyceps 
militaris hemagglutinin exhibited some antiproliferative activity toward hepatoma 
cells [34]. Clitocybe nebularis lectin exerted an antiproliferative action on human 
leukemic T cells and the effect was probably mediated by binding to carbohy-
drate receptors on the cells [35]. Pholiota adiposa lectin inhibited proliferation 
of hepatoma and breast cancer cells with an IC50 of 2.1 μM and 3.2 μM [36]. 
Russula delica lectin did so with an IC50 of 0.88 μM and 0.52 μM [37]. Russula 
lepida lectin, when injected intraperitoneally at a dose of 5 mg/kg body weight/
day for 20 days, caused 68% decrease in S-18- tumor weight. The IC50 values of 
the lectin on proliferation of hepatoma and breast cancer cells were 1.6 μM and 
0.9 μM, respectively [38]. Hericium erinaceum lectin suppressed proliferation of 
hepatoma and breast cancer cells with an IC50 of 56.1 μM and 76.5 μM, respec-
tively [39].

The dimeric 37-kDa Tricholoma mongolicum lectins were lactose-binding and 
relatively thermostable. They were both nonglycoproteins and possess hydroxy-
proline residues, although they had different proline and tyrosine contents [28]. 
The 16-kDa P. eous lectin possessed a neutral sugar content of 9% [29]. Polyporus 
adusta lectin was dimeric and possessed a molecular mass of 24 kDa. It exerted 
a mitogenic action toward mouse spleen cells. It was acid and alkali-labile, and 
stable up to 70 °C. A number of divalent metal chlorides did not affect the hemag-
glutinating activity of the lectin [30]. G. capense lectin had a molecular mass of 
18 kDa. Its mitogenic activity toward mouse splenocytes was more potent than 
Con A. it bound galactose and galactosamine specifically. It was thermostable 
and unaffected by a number of monvalent divalent chlorides. It lacked inhibitory 
activity toward mycelial growth and HIV-1 RT [31]. S. commune lectin, a 64-kDa 
dimeric lactose-binding protein with an N-terminal sequence resembling a partial 
sequence of the cell division protein from Gleobacter violaceus, exhibited mito-
genic activity toward mouse splenocytes and inhibited HIV-1 [32]. The 29.4-kDa 
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dimeric A. luteo-viren lectin was acid- and alkali-labile and yet relatively thermo-
stable (up to 70 °C). Its hemagglutinating activity was inhibited by inulin but not 
by simple sugars. It manifested potent mitogenic activity toward mouse spleno-
cytes [33].

C. militaris hemagglutinin exhibited a molecular mass of 28 kDa. Its hemag-
glutinating activity could not be inhibited by simple sugars or heparin and was 
relatively thermostable (up to 60 °C) and pH-stable (within the pH range 2-13). 
Chemical modification of tryptophan and tyrosine residues did not affect its 
hemagglutinating activity. It inhibited HIV-1 RT with an IC50 of 50 μM. However, 
there was no mitogenic activity toward splenocytes, nitric oxide inducing activity 
toward macrophages, or inhibitory activity toward mycelial growth [34]. Clitocybe 
nebularis lectin, a 31.8-kDa homodimeric ricin b-like lectin, bound galactose con-
taining sugars and lactose. The lectin exerted antiproliferative activity specific to 
human leukemic T cells. Its antiproliferative effect was a consequence of bind-
ing to carbohydrate receptors on human leukemic T cells [35]. Pholiota adiposa 
lectin, a 32-kDa dimeric protein, was acid-and alkali-labile and thermolabile. The 
lectin showed antiproliferative activity toward hepatoma Hep G2 cells and breast 
cancer MCF7 cells with an IC50 of 2.1 μM and approximately 3.2 μM, respec-
tively. It exhibited HIV-1 RT inhibitory activity with an IC50 of 1.9 μM [36]. The 
60-kDa dimeric lectin from R. delica inhibited HIV-1 RT with an IC50 of 0.26 μM 
[21]. Russula lepida lectin is a relatively thermostable 32-kDa protein with 
HIV-1 RT inhibitory activity. Its hemagglutinating activity was reduced by Mn2+, 
Ca2+,and Hg2+ Ions but potentiated by Cu2+ ions [38].

Hericium erinaceum lectin is a 52-kDa protein with relatively high pH stability 
(pH 1.9-12.1) and thermostability (up to 70 °C). It was inhibited by Cu2+, Hg2+ and 
Fe3+ ions. It inhibited HIV-1 RT with an IC50 of 31.7 μM and elicited a mitogenic 
response from murine splenocytes [39]. Paxillus involutus lectin is a homotetrameric 
28 kDa protein with an N-terminal amino acid sequence CTCAVFLNNTTVKS, 
which showed a low level of similarity to mushroom lectin sequences reported 
previously. The lectin was inhibited by inulin and o-nitrophenyl-β-d-galacto-
pyranoside. It manifested antiphytovirus activity towards tobacco mosaic virus 
with 70.61% inhibition at 200 μg/mL. This lectin demonstrated antiproliferative 
activity against A-549 lung cancer cells and HCT-8 human colon cancer cells [40]. 
Lactarius flavidulus lectin is a dimeric 29.8-kDa protein whose hemagglutinating 
activity was inhibited by a variety of simple sugars, such as lactose, p-nitrophenyl 
α-d-glucopyranoside, p-nitrophenyl β-d-glucopyranoside and inositol, and by the 
polysaccharide inulin. It suppressed the proliferation of hepatoma (HepG2) and leu-
kemic (L1210) cells and inhibited the activity of HIV-1 RT with an IC50 of 8.90 μM, 
6.81 μM and 5.68 μM, respectively [41]. The wild ascomycete mushroom Xylaria 
hypoxylon produced a 28.8-kDa dimeric lectin with an N-terminal sequence analo-
gous to a part of Aspergillus oryzae genome and only slight similarity to Flammulina 
velutipes immunomodulatory protein. The hemagglutinating activity of the lectin 
was inhibited by inulin and xylose. The lectin exhibited strong antiproliferative activ-
ity toward tumor cell lines, and exerted a potent anti-mitogenic action on murine 
splenocytes [42].
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24.2.8  Mushroom Peptide with HIV-1 RT Inhibitory Activity

A 4.5-kDa peptide with an N-terminal amino acid sequence KREHGQHCEHIV-1 
purified from a hot water extract of Russula paludosa exhibited potent HIV-1RT 
inhibitory activity with an IC50 of 11 μM [43].

24.2.9  Mushroom Laccases

Hu et al. (2010) demonstrated that Agrocybe cylindracea laccase inhibited prolif-
eration of hepatoma HepG2 cells and breast cancer cells with an IC50 of 5.6 μM 
and 6.5 μM, respectively. A 68-kDa laccase from the mycorrhizal fungus Agaricus 
placomyces exhibited the N-terminal amino acid sequence DVIGPQAQVTLANQD 
with only slight homology to sequences of other fungal laccases. It potently inhib-
ited proliferation of Hep G2 hepatoma cells and MCF 7 human breast cancer cells 
and inhibited human HIV-1 RT activity with an IC50 of 1.7, 1.8, and 1.25 μM [44]. 
A laccase, with HIV-1 RT inhibitory activity (IC50 = 12.7 μM) and antiprolifera-
tive activity against HepG2 cells (IC50 = 5.6 μM) and MCF7 cells (IC50 = 6.5 μM), 
was purified from fresh fruiting bodies of the edible white common Agrocybe cylin-
dracea mushroom [45]. A 66-kDa laccase from the edible mushroom Pleurotus 
cornucopiae inhibited proliferation of murine leukemia cell line L1210 and human 
hepatoma cell line HepG2, and reduced the activity of HIV-1 RT with an IC50 of 22 
μM9 [46]. The IC50 values of the HIV-1 RT inhibitory activity of other mushroom 
laccases are as follows: 0.06 μM for Hericium coralloides laccase [47], 9.5 μM for 
Hericium erinaceum laccase [48], 2.2 μM for Tricholoma giganteum laccase [49], 
2.2 μM for Pleurotus eryngii laccase [50], 1.2 μM for Ganoderma lucidum laccase 
[51], and 7.5 μM for Lentinus edodes laccase [52].

Protective vaccines and effective drugs against hepatitis C virus (HCV) are 
unavailable. Sustained virological response to INF/ribavirin only has about 50% 
efficiency. Incubation of peripheral blood cells and hepatoma HepG2 cells with 
a 58-kDa laccase from oyster mushroom (Pleurotus ostreatus) followed by HCV 
infection did not prevent HCV from entering the cells. Direct interaction between 
HCV and the laccase at 2.0 and 2.5 mg/ml completely prevented viral entry 
after one week of incubation. The laccase inhibited HCV replication at 1.25 and  
1.5 mg/ml after the first treatment for four days and at 0.75, 1.0, 1.25 and 1.5 mg/ml 
after the second treatment for another four days [53].

24.2.10  Mushroom Proteases

A 15-kDa protease from fresh fruiting bodies of the wild mushroom Amanita fari-
nosa inhibited cancer cell proliferation with an IC50 of 25 μM [54]. Cordyceps 
sobolifera produces a protease with HIV-1 RT inhibitory activity [55].Proteases with 
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fibrinolytic activity have been reported from Cordyceps militaris [56], Pleurotus 
ostreatus [57], Ganoderma lucidum [58], and Schizophyllum commune [59].

24.2.11  Mushroom Antibacterial Protein

A 44-kDa dimeric antibacterial protein from the wild mushroom Clitocybe  
sinopica manifested antibacterial activity against Agrobacterium rhizogenes,  
A. tumefaciens, A. vitis, Xanthomonas malvacearum and X. oryzae with a minimum 
inhibitory concentration mostly below 0.6 μM [60].

24.3  Bacterial Defensins

24.3.1  Bacterial RNases

Binase, a 12.2-kDa RNase from Bacillus intermedius, exerted antiproliferative and 
apoptosis-inducing activities toward human myelogenic erythroleukemia K562 
cells, and human lung carcinoma A549 cells, but was ineffective toward human 
peripheral blood mononuclear cells [61, 62]. Binase caused transformed myeloid 
cells to undergo apoptosis, and attacked artificially expressing activated C-kit 
myeloid progenitor FDC cells and chronic myelogenous leukemia K562 cells. 
However, leukocytes of healthy donors and normal myeloid progenitor cells were 
unaffected [63]. Barnase from B. amyloliquefaciens closely resembles binase in 
amino acid sequence and is highly stable [61, 62]. Two barnase molecules were 
fused serially to the single chain variable fragment (scFv) of humanized 4D5 
antibody which is directed against the extracellular domain of human epidermal 
growth receptor 2 (HER2). HER2 was overexpressed in a variety of human can-
cers. The 4D5 antibody facilitated the delivery of barnase to HER2/neu-pisitive 
cells and the penetration of barnase into target cells [64]. The immunotoxin 
induced apoptosis in HER2-overexpressing SKBR-3 and BT-474 human cancer 
cells in vitro. It suppressed human breast cancer xenografts in nude mice [65].

24.3.2  Bacterial Antimicrobial Proteins

Baciamin, a50-kDa antifungal protein from the culture broth of the bacterium 
Bacillus amyloliquefaciens, permeabilized fungal membrane but not rabbit 
erythrocyte membrane. Its antifungal activity was characterized by fair trypsin-, 
pH- and heat stability. It inhibited HIV-1 RT as well as the proliferation of breast 
cancer, colon cancer and hepatoma cells. It upregulated production of nitric 
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oxide by murine macrophages [66]. A monomeric 31-kDa antifungal protein pro-
duced by Bacillus licheniformis strain BS-3, designated as F2 protein, hindered 
the growth of Rhizoctonia solan (EC50 = 35.82 μg/mL), Aspergillus niger, and 
Magnaporthe oryzae. It was capable of hydrolyzing casein, but not o-nitrophenyl-
N-acetylglucosaminide, xylan, CM-cellulose, and colloidal chitin [67]. The lanti-
biotic nisin is a post-translationally modified antimicrobial peptide produced by 
some Lactococcus lactis strains, and utilized as a safe and natural preservative in 
the food industry. The nisin precursor was expressed as a His6-tagged peptide in 
Escherichia coli and purified with a nickel affinity column [68]. Laterosporulin, 
a novel 5.6-kDa bacteriocin (bacterial antimicrobial peptide) effective against a 
wide range of Gram-positive and Gram-negative bacteria, was purified from super-
natant of the culture of Brevibacillus sp. strain GI-9 grown under optimal condi-
tions [69].

BCP6 (ca. 1.1 kDa)1 exhibiting the N-terminal amino acid sequence A-I-N-X-
D-A-A-Y-L, has been purified from Bacillus sp. CS61 freshly isolated from the 
traditional fermented food kimchi.It demonstated activity against multidrug-resistant 
bacteria comprising methicillin-resistant Staphylococcus aureus, vancomycin-
resistant S. aureus and vancomycin-resistant enterococci with minimal inhibitory 
concentrations in the range 0.625-20 μg/mL [70]. DC-specific ICAM-3-grabbing 
nonintegrin (DC-SIGN, CD209) is a cell-surface adhesion factor which facilitates 
entry of viruses belonging to several virus families. A virtually complete suppres-
sion of JUNV infection was achieved after exposure of 3T3 cells stably expressing 
DC-SIGN to surface-layer (S-layer) protein of Lactobacillus acidophilus ATCC 
4365. On the other hand, inhibition was indiscernible in 3T3 wild type cells or 
in 3T3 cells expressing liver/lymph node-specific ICAM-3 grabbing nonintegrin 
(L-SIGN or DC-SIGNR or CD209L). Inhibition by S-layer protein was detectable 
only in the initial stages of viral infection. The S-layer protein is probably crucial 
for the exclusion of pathogens in this probiotic strain and may be useful as an anti-
viral agent [71]. Tostadin, a thermostable antibacterial nonapeptide purified from 
the fermentation medium of Brevibacillus brevis XDH, which is a wide -spectrum 
antagonistic bacterium isolated from the soil of Mountain Tai in China, exerted 
potent inhibitory effects on the growth of Staphylococcus aureus and Escherichia 
coli in vitro [72].

24.4  Conclusion and Future Perspectives

Polysaccharopeptide from the medicinal mushroom Coriolus versicolor has been 
used popularly in the orient such as China and Japan as complementary and alter-
native medicine for cancers and has been reported to reduce the untoward side 
effects of chemotherapy and radiation therapy [73]. A polysaccharide with anti-
proliferative, hypoglycemic, antioxidant and HIV-1 reverse transcriptase inhibi-
tory activities has been reported from the fruiting bodies of the edible abalone 
mushroom Pleurotus abalonus [74].It is known some lectins can pass through 
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the gastrointestinal tract without loss of biological activity. Hence it is likely that 
some of the aforementioned mushroom lectins behave similarly and their antipro-
liferative/antitumor activity may persist after oral consumption. Consumption of 
mushrooms, which contain lectins, laccases, proteases, antifungal proteins, RIPs, 
RNases, polysaccharopeptides and polyasccharides with antiproliferative/anti-
cancer activity may reduce the incidence of cancer and infectious diseases [74]. 
In addition, these mushroom proteins have the potential of development into new 
drugs with less side effects or drugs for combination therapy. Bacteria also pro-
duce a number of proteins and peptides with potentially exploitable activities for 
treatment of cancer and infections. It is hoped that continued research endeavors 
will disclose novel fungal and bacterial proteins/peptides with potent activity and 
new mechanisms of action against malignant and infectious diseases.
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Traditional Chinese Medicine (TCM) is an ancient medical system using experi-
ence-based therapies such as acupuncture and herbal medicine, which has been 
practised for thousands of years in the diagnosis, prevention and treatment of 
diseases in Asia [1, 2]. Recently, TCM has been promoted worldwide, is under-
going continuous globalization [3], and plans to be integrated with Western medi-
cine [4]. China has continuously increased its investment in R&D of TCM and 
has promoted international dialogues and collaborations, especially since the late 
2000s [5]. In 2009, the European Union funded a coordination project under its 
7th Framework Programme (FP7) entitled “Good Practice in Traditional Chinese 
Medicine (GP-TCM) Research in the Post-genomic Era”, in order to coordinate 
EU-China dialogues and collaborations in TCM research [6]. During the FP7 
GP-TCM project a large collaborative network of more than 200 scientists and 
clinicians from 112 institutions in 24 countries was established to work on the 
future perspectives of TCM research. The participating members were engaged 
for three and a half years in discussions on good practice issues related to various 
aspects of Chinese herbal medicine and acupuncture research. The project resulted 
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in recommendations on best practice related to various aspects of Chinese herbal 
medicine and acupuncture research, leading to state-of-the-art reports and guide-
lines published in an open-access special issue of Journal of Ethnopharmacology 
(2012;140:455–643) [7].The Good Practice in TCM Research Association 
(GP-TCM RA) has been founded as a sustainable follow-up organization of the 
FP7 project. Dedicated to (TCM) research, it will disseminate, validate and further 
develop good practice guidelines through continued interregional, interdisciplinary 
and intersectoral collaborations (http://www.gp-tcm.org). A Board of Directors 
(BoD) has been elected for the management of the Association (Table 25.1), and 
an Executive Council (ExC) consisting of the President, President-Elect, Past 
President, Secretary-General, and Treasurer will exercise executive power of 
the Association and perform the daily business according to established bylaws 
(http://www.gp-tcm.org/about/bylaws/). GP-TCM RA was officially launched in 
Leiden, the Netherlands, on April 16, 2012, and will be registered as a not-for-
profit organization/charity in the UK. Membership of the Association is open to 
scientists and practitioners who support the objectives and abide by the rules of 
the Association. The following Interest Groups will be established, based on the 
activities of the members:

•	 Quality Control;
•	 Pharmacology and Toxicology;
•	 Clinical Studies;
•	 Regulatory Aspects;
•	 Acupuncture—Moxibustion and Meridians.

Table 25.1  Founding board of directors of the GP-TCM RA

Prof. Dr. Rudolf Bauer, President; Institute of Pharmaceutical Sciences, Department of Pharma-
cognosy, Karl-Franzens-University Graz, Graz, Austria

Prof. Dr. De-an Guo, Vice President, President-Elect, Shanghai Research Centre for TCM Modern-
isation, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai, China

Dr. Tai-Ping Fan, Secretary-General, Department of Pharmacology, University of Cambridge, 
Cambridge, UK

Prof. Peter Hylands, Treasurer, Institute of Pharmaceutical Science, Department of Pharmacy, 
King’s College London, London, UK

Dr. Qihe Xu, Vice President and Deputy Secretary-General, Department of Renal Medicine, 
King’s College London, London, UK

Prof. Kelvin Chan, The University of Sydney and University of Western Sydney, Sydney, Australia
Prof. Pierre Duez, Laboratory of Pharmacognosy, Bromatology and Human Nutrition, Université 

Libre de Bruxelles, Brussels, Belgium
Prof. Aiping Lu, School of Chinese Medicine, Hong Kong Baptist University, Hong Kong, China
Prof. Nicola Robinson, Allied Health Sciences, Faculty of Health and Social Care, London South 

Bank University, London, UK
Prof. Monique Simmonds, Royal Botanic Gardens, Kew, Richmond, Surrey, UK
Prof. Rob Verpoorte, Institute of Biology, University of Leiden, Leiden, the Netherlands
Prof. Vivian Taam Wong, University of Hong Kong & Open University of Hong Kong, Hong 

Kong, China
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The major objectives of GP-TCM RA have been defined as follows:

•	 Perpetuate the interactive network established by the FP7 GP-TCM consortium;
•	 Promote discussion and implementation of good practice in TCM research and 

development, including the use of sustainably sourced materials;
•	 Advocate high-quality evidence-based research and development on TCM as 

well as on its integration with conventional medicine;
•	 Organise and co-organise scientific meetings;
•	 Nurture young TCM researchers at different levels supporting an interdiscipli-

nary approach, including BSc, MSc, PhD and post-doctoral programmes;
•	 Facilitate collaborations and sharing of resources, expertise and good practice 

among members, industry and regulatory agencies;
•	 Encourage collaborations with existing relevant societies, consortia and 

organisations;
•	 Strengthen interdisciplinary, interregional, and intersectoral collaborations in 

TCM research and development;
•	 Perpetuate good practice in publishing TCM research outcomes; and
•	 Disseminate scientific research outcomes and latest developments in regulatory 

sciences to stakeholders, industry, professional groups and the public.

The GP-TCM RA has identified the following fields in which there is a need 
for modernization.

25.1  TCM Resources and Quality Control

According to China’s State Administration of TCM (SATCM), 11,146 herbal, 
1,581 zoological, and 80 mineral materials have been used in TCM in China 
[8]. In the current version of the Chinese Pharmacopoeia (CP2010) 2,165 offi-
cial monographs of TCM raw materials and formulae are listed [9]. Also the 
European Pharmacopoeia is now publishing monographs on Chinese herbs [10]. 
For the future development of TCM, it must be guaranteed that the raw mate-
rials are produced in a sustainable way. Cultivation under controlled conditions 
and according to good agricultural practice (GAP) should be achieved as often as 
possible [11, 12]. The principles of daodi should be respected [13]. The identity 
and pharmaceutical quality must be controlled according to the pharmacopoeia 
standards [14]. Sometimes DNA-based methods may be needed for unambigu-
ous authentication [15]. Classical quality control measures such as those applied 
to single chemical drugs are not suited to ensure quality, efficacy and safety of 
TCM materials and products. In order to focus not only on single quality marker 
compounds, more holistic concepts need to be developed. New strategies, like 
metabolic fingerprinting [16, 17] or PhytomicsQC [18], which combines chemi-
cal fingerprinting, in vivo activity testing, and gene expression profiling, may 
be used in the future. Processing (paozhi) and post-harvest treatment are com-
mon features for Chinese herbal medicine [19]. In order to provide plant material 
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of consistent quality, these processes need to be scientifically investigated and 
Standard Operating Procedures (SOPs) and specific endpoints need to be defined. 
The issue of authentication and quality control of the materials used in clinical, 
animal and in vitro studies has been recognized also as an area in research that 
needs urgent improvement. Funding bodies, journals, academia and commercial 
suppliers should collaborate to address this fundamental issue on the basis of a 
checklist and good practice guidelines which have been developed during the 
FP-7 GP-TCM project [20].

25.2  Efficacy and Effectiveness of Chinese Herbal Medicine

Although TCM has been primarily an experience-based type of medicine, for 
future acceptance and for integration with Western medicine it is essential to dem-
onstrate efficacy in an objective and evidence-based manner. Randomized, con-
trolled clinical trials are still the Gold Standard of evidence-based medicine and 
should be applied also in clinical TCM research [21, 22]. In contrast to the reduc-
tionist approach of Western medicine, TCM is based on a different theory with a 
personalized and holistic view to describe health and disease, e.g. the Yin-Yang 
theory emphasizing the balance of functional systems [23]. Therefore, clinical tri-
als with TCM may have to follow a special strategy considering syndrome dif-
ferentiation [24, 25]. In addition, it is also important to perform research on the 
principles and significance of TCM diagnosis by systemic biomarker analysis and 
an omics-based approach [26, 27].

25.3  Acupuncture

A number of large-scale studies on the adverse effects, the efficacy and effec-
tiveness of acupuncture have recently been published [28–32]. A meta-analy-
sis, that pooled the data of 29 clinical trials on chronic pain, concluded that 
acupuncture is statistically superior to sham acupuncture [33]. Nevertheless, 
debates about acupuncture point specificity, acupuncture techniques and 
placebo effects do continue, and further research is necessary. Within the 
GP-TCM project, a summary of the current scientific understanding of the acu-
puncture meridian system and has been published [34]. The paper suggests also 
future strategies and approaches in the application of omics techniques and a 
systems biology approach to acupuncture research. In a survey of practition-
ers of traditional acupuncture in the EU and China, differences in acupuncture 
practice, education and training, as well as research priorities have been identi-
fied, which will influence the methodologies of future international multi-cen-
tre clinical trials [35].
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25.4  Mechanisms and Active Compounds

In order to understand the mechanisms of action of TCM, pharmacological in vitro 
and in vivo studies need to be performed considering systems biology and the lat-
est omics technologies [36–38] and recommendations for animal studies [39]. For 
the assignment of the active principles, databases of known constituents and in 
silico studies can be used [40]. Activity-guided isolation is still another efficient 
approach to isolate unknown active compounds with lead structures. However, 
multicompound and multitarget effects need to be considered. Chinese medicine 
has been considered as a treasure trove for new lead structures, and many highly 
effective compounds, like artemisinin or camptothecin have been already isolated 
[41]. In China in 2008, the “Herbalome Project” has been launched to clarify the 
chemical composition, structure and function of Chinese herbs and TCM formu-
lae, to establish a standard resource library, and to interpret the synergistic and 
complementary mechanisms of multiple components in TCM drugs on multiple 
targets [42, 43].

25.5  Safety and Adverse Effects

Traditional use is only an indication of acute safety but certainly not a proof of 
absence of mid- or long-term toxicities. Intoxications with aristolochic acid con-
taining herbs [44, 45], toxicity of pyrrolizidine alkaloids [46], aconite poison-
ing [47], and herb-drug interactions [48], have become a major issue. Therefore 
research on adverse side effects [49] and establishment of an efficient pharma-
covigilance system is highly needed [50, 51]. Also a pharmacogenomics-based 
approach for the prediction of toxicity may be used [52].

25.6  Legislation and Regulation of Chinese Herbal 
Medicine

In many countries, regulations for herbal medicines are in place [53]. However, 
these regulations are not always adequate and may need adjustment [54]. Also in 
this field, omics-based methodologies have been suggested in order to consider the 
complexity of herbal products [55]. While in United States botanicals are mostly 
considered as dietary supplements, Europe has established a sophisticated regulatory 
system for herbal medicinal products (HMPs) with monographs on quality, efficacy 
and safety (Fig. 25.1) [56]. The European Directorate for the Quality of Medicine 
and HealthCare (EDQM) in Strasbourg is elaborating monographs for the European 
Pharmacopoeia, which is legal in 36 European countries. These monographs define 
the quality of herbal drugs and preparations and provide validated quality control 
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methods. They can be used to provide quality data in the application for market-
ing authorization of corresponding products. A TCM Working Party has been 
established and is currently elaborating monographs on Chinese herbs. So far 31 
monographs of Chinese herbs have been adopted by the European Pharmacopoeia 
Commission. Drafts of 17 other monographs have been published with open access 
in PHARMEUROPA (http://pharmeuropa.edqm.eu/home/). Interested parties are 
encouraged to follow this process and to send in comments via the national authori-
ties before the final adoption by the European Pharmacopoeia Commission.

The Committee on HMP (HMPC) at the European Medicines Agency (EMA) in 
London is responsible for monographs covering efficacy and safety issues, and is pre-
paring a draft list of herbal substances, preparations and combinations (a “European 
positive list”) and establishing Community monographs for well established and 
traditional HMP. These monographs can be used for the application for marketing 
authorization of products. Since no Chinese herbal drugs have been considered so far, 
it is suggested to establish a Sino-European Cooperative to draft such monographs.

25.7  Conclusion

The various challenges of TCM research can only be solved in an interdiscipli-
nary network, using the most advanced methodologies of the post-genomic era. 
The expertise of the FP7 GP-TCM consortium and the ideas of new members will 
enable the Good Practice in TCM Research Association to develop and implement 
good practice in TCM research and to modernize TCM in an integrative manner.
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Abstract Traditional Chinese medicine (TCM) has demonstrated its effectiveness 
in the treatment of ailments and diseases over a long history of application, but its 
wider acceptance has been hindered by a lack of scientific evidence for efficacy 
and safety as well as a barrier of languages and cultures. In the 1990s, biotech and 
pharmaceutical companies have started to take interest in traditional medicines in 
their efforts to replenish the drying pipelines, yet the results were not sufficiently 
impressive to warrant extensive attention. Recently, along with the rapid advance-
ments in biology and new technologies, there is a resurgent interest in the potential 
of the ancient medicine. Given our proximity to the Chinese mainland, our insti-
tute has utilized TCM as a source of potential drug candidates as well as a probe 
for understanding complex signaling pathways. This chapter describes the applica-
tion of a number of versatile high throughput techniques for identifying therapeu-
tic agents from TCM preparations. The rationale and principles for each approach 
will be discussed and illustrated with examples.

26.1  Introduction

In recent years we have witnessed an unprecedented accumulation of knowledge on 
molecules and molecular processes that sustain the functions of cells. This together 
with significant advances in technological development has provided a rich knowl-
edge base for understanding human disease physiology. However, the productivity 
performance of drug research has been disappointing over the past two decades. 
New strategies are required to revitalize the discovery and development process, and 
to improve the introduction of new medicinal agents to meet unmet medical needs. 
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The emerging field of systems biology provides an answer by enabling the study of 
living systems from a holistic perspective. It represents an integration of concepts 
and ideas from a wide array of disciplines; and strives to gain a system-level under-
standing of biological systems by examining the structure and dynamics of cellular 
and organismal functions, rather than the characteristics of isolated parts of a cell or 
an organism [1]. This new framework of analysis opens up the possibility of study-
ing the synergistic effects of complex mixtures in biological systems [2], and puts 
forward a new concept of “magic shrapnel” drug which acts on multiple molecu-
lar targets [3]. Traditional medicines, such as TCM and Indian Ayurveda, have been 
reinvestigated with this new approach and are becoming important sources for the 
discovery of novel therapeutic agents and for designing multi-targets drugs [4].

TCM has evolved over thousands of years with remarkable effectiveness in 
the treatment of various ailments and diseases. It has been reported that there 
are 12,870 kinds of TCM resources, including plants, animals and mineral sub-
stances [5]. The wealth of empirical experience and the vast variety of TCM 
materials increase the prospects for obtaining biologically active hits to specific 
diseases, representing a tremendous advantage to drug discovery and development. 
The best known TCM-derived drug around the world is probably the potent anti-
malarial artemisinin [6, 7]. Other classic examples of TCM successfully adapted 
by the Western pharmaceutical and nutraceutical industries include Tripterygium 
wilfordii which is being developed as a botanical drug for rheumatoid arthritis, 
and Camellia sinensis which is used as functional beverage and a component of 
dietary supplements [8]. A recent analysis using the artificial intelligence meth-
odology indicates that ~60 % of the molecules in Chinese Medicine Compound 
Database possess drug-likeness, affirming that TCM is an excellent source of 
drug-like molecules [9]. As illustrated by the recent dedication of a Nature sup-
plementary to the theme (Vol. 480 No. 7378 supp ppS81–S121), there is a growing 
interest worldwide in harnessing the therapeutic potential of TCM.

High-throughput screening (HTS) is a core function in the drug discovery pro-
cess that enables the testing of large number of candidate molecules in a biological 
assay. The primary goal is to identify hits or leads, compounds that affect a par-
ticular biological target in the desired manner. It involves large, highly automated 
liquid handling and detection systems that allow thousands of compounds to be 
screened for biological activity against a test assay. This chapter provides an over-
view of the application of HTS in TCM-based drug discovery, from the selection 
of herbal materials to preclinical assessments (Fig. 26.1), with examples to illus-
trate the viability of this approach.

26.2  TCM Selection

The common approaches to develop new treatments from TCM focus on: (1) single 
molecules from the herbs, (2) standardized extracts from a single herb, and (3) herbal 
formula with definite composition. A broadly applicable methodology to select study 
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samples is to exploit the rich medical literature which provides details on the empiri-
cal indications and usage of the TCM products. The effectiveness of this approach 
can be shown in a recent study which identified herbs with potential beneficial effects 
on cognitive functioning [10]. Another line of research is to study structure–activity 
relationships of families of TCM-derived compounds, such as phenylethanoid gly-
cosides, to gain insights of potential leads for drug design [11]. Recent advances in 
chemoinformatics have added to the tools available for TCM-based drug discovery. 
Techniques such as database construction, molecular similarity searching, virtual 
screening and inverse docking, provide hints and guidance on selecting diverse com-
pounds for screening and optimization [12]. Several studies dealing with the vir-
tual screening of Chinese herbs have led to the identification of compounds that are 
inhibitors of specific enzymes or receptors [13]. The combination of these techniques 
would enable a more unified and knowledge-based approach to assemble TCM-
derived chemical libraries for efficient screening. One note of caution is that the 
holistic concepts of drug administration in TCM have not yet been fully incorporated 
into the current approaches for identification of candidate drugs from the traditional 

Fig. 26.1  An overview of TCM-based HTS process. The selection and matching of TCM and 
drug targets are based on extensive literature review. Selected TCM herbs are extracted by stand-
ardized procedures. Drug targets can be incorporated into HTS assays directly or engineered 
into recombinant cell lines expressing adapter proteins (e.g., chimeric G proteins). A thorough 
understanding of the structure and functions of the drug target, as well as the signal transduc-
tion pathways being regulated, can facilitate the development of assay tools (e.g., reporter genes). 
Hits identified in the HTS platforms will undergo secondary confirmation and lead optimization, 
before being subjected to in vitro ADME
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medicine. Further research into experimental and clinical sciences would be needed 
to explain how TCM can exert effects in multi-factorial and complex conditions like 
Alzheimer’s and vascular dementia [14].

TCM products selected with different approaches are placed through differ-
ent protocols to prepare for experimental screening. A typical procedure in use 
includes general solvent extraction and further fractionation with reverse-phase 
high performance liquid chromatography (HPLC) or normal phase-HPLC. The 
raw material is first extracted by a series of solvents with different polarities at 
distillation temperature. Extracts thus obtained are subjected to reverse-phase or 
normal phase fractionation according to the solvent properties. Conditions for 
chromatographic separation are optimized to ensure complete elution of various 
components. The eluted samples are collected either directly into 96-well plates 
or test tubes for redistribution into multiple 96-well plates. The initial microplate 
sets are often termed the “mother plates” in which the samples can be stored 
dried. The plates are stored at –20 °C and replicated later into multiple “daughter” 
microplate sets, each replicate set being designated for a particular HTS platform. 
Corresponding electronic data files can be created for each microplate prepared, 
thereby allowing the samples to be tracked through the subsequent processes.

26.3  Target Selection

A drug target refers to a key molecule that has a proven function in the pathophysi-
ology of a disease, and the activity can be modulated by a drug. A consensus num-
ber of 324 drug targets had been proposed for all classes of approved therapeutic 
drugs in 2006 [15]. The central challenge of selecting good drug targets for TCM is 
posed by the lack of mechanistic insights into the synergistic effects of the mixture 
of constituents. We have employed the strategy to characterize the actions of herbal 
medicines at disease-specific molecular targets followed by subsequent identifica-
tion of chemical compounds underlying these molecular effects.Following this line 
of reasoning, a research program was initiated to characterize in vitro molecular 
actions of TCM drugs that are often used for the treatment of stroke. The results 
indicate that these drugs possess activity at disparate molecular targets in the sign-
aling pathways involved in N-methyl-D-aspartate (NMDA) receptor-mediated 
neuronal injury and death [16, 17]. Over the past few years, the systems biology 
approach has enabled researchers to investigate the actions of TCM in a dynamic 
biological system. Applications of various omic analytical techniques have been 
used to study the biological effects of Chinese herbal medicine in a wide range of 
conditions, such as cancer, fibrosis, gastrointestinal and cardiovascular diseases, 
metabolic and immune disorders, neurological and psychiatric conditions [18]. The 
recent use of metabonomics has yielded some successes in identifying early bio-
chemical changes in Chinese medicine syndromes [19]. Further research endeavors 
in this direction would help to unravel the multi-target therapeutic concept of TCM 
and facilitate selection of ideal targets for TCM-based drug discovery.
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While disease relevance is the main driver when choosing a therapeutic tar-
get, the process is also influenced by a complex balance of scientific, medical and 
strategic considerations [20]. The known drug targets could be broadly divided 
into four major classes. They are: (1) G Protein-Coupled Receptors (GPCRs), (2) 
nuclear (hormone) receptors, (3) ion channels, and (4) enzymes including the dif-
ferent protein kinases. Pharmacologically active compounds that act via GPCRs 
constitute the largest category of clinical drugs in current use. New estimates show 
that the global market for GPCRs targeting drugs will reach US$120.5 billion 
by 2017 [21]. There are three different G protein subtypes; each corresponds to 
the activation of a different intracellular second messenger system. Traditionally, 
this has meant that measuring the ability of a series of ligands to activate differ-
ent GPCRs requires the establishment of three different assay platforms. We 
have developed a proprietary universal G protein adapter technology (US Patent 
6,462,178) that allows GPCRs with different G protein-coupling specifications to 
be screened using a single assay format. Based on these considerations, our initial 
efforts were directed to screen for TCM extracts or compounds that act on GPCRs.

26.4  HTS Assay Development

The first step in the HTS process is the development of a testing method or screen. 
Screen development involves the miniaturization of prototype assays and the opti-
mization of HTS operations. Often a biological assay in its earliest form is highly 
cumbersome and suitable only for validating biological activity. The assay readout 
may be only semi-quantitative and impractical for HTS. Assay methodologies have 
to be reduced to a simple microplate-based design, producing a quantitative read-
out which can be measured in a microplate-compatible instrument. For speed, ease 
of use and maximum reproducibility, the screening protocol should incorporate as 
few steps as possible. Moreover, in vitro assays are performed in artificial envi-
ronments in which the biological system studied can be unstable or exhibiting an 
activity below its potential. We have miniaturized a number of assays to the micro-
plate format, and subjected them to a rigorous validation process before they are 
used for the routine assay of TCM libraries. Hits derived from the assays described 
in the following paragraphs are confirmed by standard biochemical assays such as 
those that measure intracellular second messengers. Most HTS assays employed in 
the pharmaceutical industry are amenable to TCM-based drug discovery.

26.4.1  Cell-Based Assays

Most available drug targets for selected therapeutic areas can be incorporated into 
cell-based assays for screen development. This entails cloning of specific drug 
receptors and enzymes, expression of recombinant proteins, and establishment of 



392 C. C. K. Wong and Y. H. Wong

recombinant cell lines. The cDNAs of the molecular targets are verified by restric-
tion digests and the functional expressions of receptors are determined by tran-
sient transfections (Fig. 26.1). Where available, the human molecular targets are 
introduced into cultured cell lines for cell-based drug screening. In the absence 
of human constructs, rat or mouse molecular targets are preferred since more 
pharmacological data are available for these species. Particular efforts have been 
devoted to generate cell lines each stably expressing a Gα16/z chimera for high-
throughput assays [22]. GPCRs represent the largest and most lucrative class of 
therapeutic targets as they control an enormous array of diverse biochemical, 
physiological and disease processes. The understanding of how GPCRs detect 
extracellular signals and transduce them to intracellular G proteins and second 
messenger pathways has led to the development and exploitation of chimeric and 
promiscuous G protein α subunits. These adaptors, such as qi5, Gα16 and 16z44, 
allow signals from diverse GPCRs to be directed to the generation of an easily 
detectable product. This has enabled almost any GPCR to be incorporated into 
screening platforms such as fluorometric imaging plate reader (FLIPR), aequorin 
assays, yeast autocrine selection and microarray assays. The use of cell lines sta-
bly coexpressing chimeric Gα protein [22–24] and GPCRs simplifies the drug 
screening process and aids in the deorphanization of new receptors.

26.4.2  Reporter Gene Assays

Amongst the different types of assays developed for the detection of bioactiv-
ity in extracts, fractions, as well as purified compounds of herbal origin, reporter 
gene assays are highly versatile and reliable. The reporter gene unit consists of 
a promoter and a reporter gene. The promoter region binds transcription factors 
that can be activated either by a broad range of biochemical pathways or by the 
selective activation of individual targets [25]. A variety of reporter genes allow 
users a choice of signal that can be tailored to the required sensitivity, the avail-
able detection apparatus, the cellular system employed, and the required compat-
ibility with multiplexed assays. The reporter genes that are of particular relevance 
to natural product assay include: chloramphenicol acetyltransferase (CAT), 
β-galactosidase, aequorin, green fluorescent protein and its derivatives, luciferase, 
secreted placental alkaline phosphatase (SPAP) and β-lactamase. The latter two 
are called extracellular reporter genes for their ability to encode proteins that are 
secreted into the culture medium. The reader can refer to other reviews for more 
details on their basic methodology, capacities and limitations. We have success-
fully adapted a number of luciferase and aequorin assays into 96-well format for 
the screening of ligands for GPCRs and other targets [26]. In an early investiga-
tion, we have used a reporter gene assay to detect the presence of phytoestrogens 
in a TCM formula, Bupleurum and Peony Formula, which possesses a clinical 
history for the treatment of menopausal syndrome and menstrual irregularity. The 
assay employs two different cDNA components to detect responses of HeLa cells 
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to oestrogenic substances. The first component, the Gal4-HEGO chimeric recep-
tor, consists of the ligand binding domain of the oestrogen receptor linked to the 
DNA binding domain of the yeast transcription factor, Gal4. In addition, a lucif-
erase reporter gene was used that consists of the firefly luciferase cDNA regulated 
by the rabbit β-globin basal promoter and five tandem consensus Gal4 response 
elements. Induction of reporter gene expression is dependent upon ligand activa-
tion of the chimeric receptor [27]. Using a 96-well format in a microplate lumi-
nometer, this assay proved to be sensitive to concentrations of the formula as low 
as 0.02 % (w/v), suggesting that this system is suitable for use as a quick, sen-
sitive and quantifiable bioassay for detecting the presence of phytoestrogens in 
complex TCM formulas.

26.4.3  Cell Growth and Viability

Despite the numerous attempts to meet the huge needs, drug development for cen-
tral nervous system (CNS) disorders remains challenging. A variety of compounds 
isolated from herbal preparations exhibited pro-survival effects in various neuro-
toxic models [28]. Although the underlying mechanisms have not been delineated 
for most compounds, TCM is undoubtedly a valuable source of neuroprotective 
agents. Neuronal loss occurs as an essential feature in acute or chronic neurode-
generative disorders. It has long been recognized that many factors can trigger 
secondary auto-destructive reactions within the CNS, including excitatory amino 
acids, eicosanoids, lipid degradation products, tissue cations, inflammation, and 
immune responses. These secondary injury factors are released or activated over 
a period from seconds to days after the primary insult and may act either sequen-
tially or in parallel to cause delayed or expanding cell death. We have developed 
a number of assays in 96-well format for early recognition of drug candidates, 
including:

TrkA Fibroblast Survival Assay: Nerve growth factor (NGF) is one of the neuro-
trophins that supports the survival and differentiation of a variety of neurons. Any 
TCM-derived small molecules that mimic or induce NGF activity may represent 
potential treatment for neurodegenerative diseases. An effective way to screen for 
the NGF-like activities of TCM compounds is to evaluate their survival effects on 
cell lines expressing TrkA, the high-affinity receptor for NGF. Upon serum depri-
vation, the survival of these cells is dependent on the presence of NGF-like growth 
factors in TCM preparations. Quantification of cell survival is based on the tetra-
zolium salt (MTT) assay that specifically detects the metabolic activity.

Prevention of Neuronal Cell Apoptosis: Caspase-3, a member of the cysteine 
aspartase family, is activated early in apoptosis and involved in a cascade of proteolysis 
of several important molecules that facilitate the process of cell death. A colorimetric 
assay using neuronal cell lines can be used to evaluate the inhibitory effects of TCM 
preparations on the enzyme.
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26.4.4  Enzymatic Assay

Another important treatment approach for CNS diseases involves reversible 
inhibition of acetycholinesterase (AChE), thereby combating the loss of ace-
tylcholine caused by the death of cholinergic neurons [29]. We have established 
a high throughput assay to screen for potential inhibitors of AChE activity. The 
traditional colorimetric method involves a series of biochemical reactions. The 
presence of the AChE inhibitors in TCM preparations inhibits the breakdown of 
the substrate acetylcholine-iodide (ACh-I) to acetic acid and choline, a reaction 
catalyzed by the AChE; and hence preventing the reaction of acetic acid and the 
chromogen 5,5′-dithio-bis(2-nitrobenzoic) acid (DTNB) to form yellow anions of 
5-thio-2-nitro-benzoic acid. An AChE inhibitory curve and the IC50 can be deter-
mined using a series of drug concentrations. We have optimized a new and rapid 
protocol that can monitor the inhibitory effect of the drugs using fluorescence 
multi-well plate scanner. The activity of AChE is indirectly monitored using a sen-
sitive fluorogenic probe 10-acetyl-3,7-dihydroxyphenoxazine which detects H2O2, 
the secondary breakdown product of choline by choline oxidase. The reaction is 
performed in multi-well plates and the fluorescence emitted correlated with the 
potency of the drug. One of the advantages of using this one-step protocol is the 
significant reduction in the experimental time involved. Moreover, potential inter-
ference due to the inherent color of the samples, a problem often encountered with 
the colorimetric method, is minimized.

26.5  Functional Assays

Many TCM preparations are associated with a broad range of immunomodulatory 
activities. The activation of immune-responsive cells via a variety of membrane 
receptors is frequently coupled to the activation of various sequential kinase cas-
cades [30]. In general, receptor activations often lead to the stimulation of mito-
gen-activated protein kinases (MAPKs). Different subtypes of MAPKs including 
extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and 
p38 MAPK regulate the stimulatory phosphorylation of transcription factors, such 
as Elk, c-Jun and ATF-2 [31]. Increased activities of these intracellular signal-
ing events often result in the activation of immune-responsive cells, and the sub-
sequent changes in cytokine production which serve as modulators for different 
phases of the immune response. Hence, detection of the signaling intermediates in 
their stimulatory phosphorylated forms and the production of cytokines can serve 
as useful indicators of whether administration of a pharmacological agent is linked 
to immune-modulatory effects. To prove the practicality of this approach, we have 
conducted different studies to demonstrate how TCM formula, herbal extract, and 
constituents regulate intracellular signaling pathways of immuno-responsive cells 
such as Jurkat T-lymphocytes and THP-1 monocytes [32–35]. These cell models 
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can be utilized to screen for the active constituents in TCM preparations capable 
of modulating immuno-responses.

Other approaches may also prove useful in characterizing TCM products with 
anti-inflammatory activity. In the study of the popular TCM nutraceutical ‘Kwei 
Ling Ko’ (KLK; Tortoise shell-Rhizome jelly), we investigated the effects of KLK 
extract on peroxisome proliferation-activated receptor (PPAR) pathway. PPARs are 
members of the nuclear hormone receptor/transcription factor superfamily with 
multiple roles in adipocyte differentiation, glucose homeostasis, immunomodula-
tion and anti-inflammatory regulation. As PPAR is required for adipocyte induc-
tion, we used adipogenesis as a possible screen for the activation of the PPAR 
pathway, and showed that KLK extract was able to induce the adipocyte dif-
ferentiation of fibroblast cell lines. The activity of nuclear factor-κB (NFκB), a 
transcription factor responsible for the regulation of proinflammatory genes, was 
down-regulated in response to the extract. Luciferase reporter gene assays further 
demonstrated that KLK inhibited both basal and tumor necrosis factor-α-stimulated 
NFκB activation. These results give insights on possible mechanism through which 
some TCM preparations manifest their anti-inflammatory effects [36].

26.6  Cytotoxicity Assay

In view of the high attrition rate in drug discovery, there is a strong need to detect 
drug toxicity at early stages. In vitro cytotoxicity testing has become an integral 
aspect of drug discovery, and a variety of different cell lines have been used to pre-
dict organ specific toxicity [37, 38]. The human HepG2 hepatocellular carcinoma 
cell line is of particular interest as the liver is the primary site for drug metabo-
lism. A wide array of assays has been developed to measure different indicators of 
cytotoxicity on the cell line [39]. Furthermore, the cells can provide useful mecha-
nistic information regarding the chemotherapeutic potential for controlling malig-
nant hepatocyte growth of liver cancer [40, 41]. We have employed the model to 
study the JNK and p38 subgroups of the MAPK family, which are closely associ-
ated with cellular death signals from membrane receptors and extracellular stress 
[42, 43]. An early study using this approach revealed that the TCM compound, 
protocatechuic acid, is capable of inducing JNK-dependent hepatocellular carci-
noma cell death [44].

26.7  Pharmacokinetics

A large number of drug candidates exist that are both very potent and effica-
cious in eliciting highly selective responses at molecular targets in vitro, but are 
devoid of measurable effects when given in vivo and hence are of little or no util-
ity as therapeutic agents. The possible causes are either that the compounds are 
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not readily absorbed from the site of administration or are rapidly metabolized or 
excreted. Defining absorption, distribution, metabolism and excretion (ADME) of 
a drug is important not only to determine its ultimate utility in treating disease but 
also to predict ancillary effects such as drug/drug interaction. Implementation of 
high-throughput ADME screening strategies at early stage would facilitate early 
discrimination of leads and failures. Furthermore, new pharmacokinetics tools are 
available to provide reliable means for screening and identifying the potentially 
bioactive components contributing to the pharmacological effects of TCM [45]. 
We have incorporated the following in vitro models in our drug discovery program 
[46–48]. The results from these studies give important parameters for the further 
development of drug candidates.

Caco-2 model: The use of intestinal epithelial cell lines for oral absorption 
screening has become increasingly important at the early stage of drug discovery. 
Amongst various in vitro systems, the Caco-2 model has become the most popu-
lar choice due to its high throughput potential and reliability. The Caco-2 model 
is suitable for screening purposes such as the identification of drugs with poten-
tial absorption problems and to select drugs candidates with adequate absorption 
characteristics from a series of pharmacologically active molecules. It can provide 
comparative information on the intestinal absorption, metabolism and the mucosal 
toxicity of drug molecules with high throughput.

Rat liver microsomal model: Metabolic transformation of a drug determines the 
time it circulates in the body (half-life), which in turns determines the effective-
ness and safety of the drug. For this reason, candidate drug compounds are often 
screened early in the discovery process for metabolic stability. Biotransformation 
occurs in many tissues, such as the kidneys and intestine, but by far the most 
important organ is the liver. A common system for measuring hepatic metabolism 
uses liver microsomes, a subcellular fraction containing major drug-metabolising 
enzymes, including the cytochrome P450 family and flavin monooxygenase. The 
liver microsomal system offers high throughput at a low cost, and is one of the 
best-characterized in vitro systems for drug biotransformation research that is sim-
ple to use.

Apart from the general characterization of the pharmacokinetics of TCM-based 
drug candidates, it would be advantageous to evaluate the ability of the drug can-
didate to penetrate the blood–brain barrier (BBB). The BBB consists of a continu-
ous layer of endothelial cells joined by tight junctions at the cerebral vasculature. 
It represents a physical and enzymatic barrier to restrict and regulate the penetra-
tion of compounds into and out of the brain and maintain the homeostasis of the 
brain microenvironment. Brain penetration is essential for compounds where 
the site of action is within the CNS, whereas BBB penetration needs to be mini-
mized for compounds that target peripheral sites to reduce potential CNS-related 
side effects. Therefore, it is critical during the drug discovery phase to design and 
select compounds having appropriate brain penetration properties for drug tar-
gets that reside within and outside the CNS. A number of in vitro BBB models are 
available for drug screening [49].
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Monoculture of Primary Endothelial Cells: Primary cultures of brain vascular 
endothelial cells have been reported to be derived from various sources, namely, 
bovine, mouse, rat, porcine, non-human primate and human. Brain microves-
sels are isolated from cortex and digested to produce endothelial cells for growth 
in cell culture. The endothelial monolayer can be grown on porous membranes, 
which can be placed in side-by-side diffusion chambers for measurement of drug 
transport across the monolayer in vitro. The resulting cultures are usually of high 
purity (>95 %) with BBB properties well conserved.

Monoculture of Immortalized Brain Endothelial Cells: A number of immortal-
ized brain endothelial cell lines are available. The advantages of using genetically 
engineered brain endothelial cell lines are that they are easy to culture and can be 
used in HTS assays. Furthermore, they provide a homogenous and phenotypically 
stable population of cells.

Co-cultures: The in vitro models that best mimic the anatomical conditions 
of BBB are co-cultures in which astrocytes and/or pericytes are included [50]. 
Several co-cultures have been established with primary astrocytes, glial cells, 
pericytes, neurons and blood cells, in all possible combinations with a variety of 
sources of BBB endothelial cells. These models represent more predictive tools to 
determine permeability of drug candidates across BBB.

26.8  Examples of Drug Leads Isolated from TCM

We have taken TCM extracts and compounds through the different HTS platforms, 
identified hits, verified lead candidates in secondary screens, determined the selec-
tivity profiles of the lead candidates, and further characterized the lead candidates 
to a stage appropriate for the filing of patent applications. Several drug candidates 
have been advanced into scale-up manufacturing and pre-clinical studies. Some 
examples are listed below.

26.8.1  Melatoninergic Ligands

Melatonin (N-acetyl-5-methoxytryptamine), the pineal gland hormone, is widely 
distributed in mammalian tissues and exerts its action via two melatonin receptor 
sub-types, MT1 and MT2. Melatonin is known to play functional roles in regu-
lating circadian rhythms and seasonal reproduction. In recent years, growing evi-
dence has also linked melatonin to a variety of other body systems and disease 
states, thus highlighting its significance as a therapeutic agent. However, due to its 
properties, melatonin is ineffective in clinical use, thus prompting the development 
of melatoninergic ligands that mimic the actions of melatonin but in a manner that 
is more potent and specific for melatonin receptors. While there are over seventy 
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patents on melatoninergic ligands, success in developing therapeutically effective 
melatoninergic ligands is limited [51].

We have successfully identified novel isoquinolinone compounds that act as 
agonists at the melatonin MT1 and MT2 receptors, but not at the Xenopus mela-
tonin receptor. The compounds are derived from an herb from Northeastern China 
and Shanxi province that has long been used for the treatment of epilepsy and 
cerebral ischemia. Recent studies suggest that melatonin agonists are useful in 
the treatment of pain and in the prevention or treatment of convulsions, includ-
ing epilepsy. The identification of isoquinolinone compounds with melatonin ago-
nistic effects is thus in accordance with the clinical application of the herb. The 
target-selectivity of the compounds was subsequently confirmed by re-screening 
against multiple GPCRs in the FLIPR platform. The compounds only served as 
agonists at the melatonin MT1 and MT2 receptors amongst 30 different GPCRs, 
including representative candidates from aminergic, dopaminergic, serotonergic, 
muscarinic, GABAergic, and peptidergic receptors. Further characterizations were 
conducted using recombinant cell lines stably expressing either the melatonin MT1 
or MT2 receptors. These confirmed their efficacy at these two receptor subtypes 
as well as indicating their potencies in comparison with current melatonin ago-
nists. Several families of derivatives with distinctive structural features have been 
synthesized based on the natural single compounds [52]. Structure–activity rela-
tionship analyses of selected series of compounds have been conducted to obtain 
valuable information for further development of more selective and metabolically 
stable compounds, which could potentially be used for treating insomnia, cancer, 
diabetes and neurodegenerative diseases. A schematic presentation of the process 
is given in Fig. 26.2, which also represents the general workflow involved in many 
TCM-based HTS.

26.8.2  Telomerase Activators

Our capabilities and achievements in TCM-based drug discovery have led to a 
growing number of collaborative opportunities with major pharmaceutical com-
panies. A notable example is the long-time strategic partnership with the San 
Francisco-based Geron Corporation. We have employed a systematic approach to 
screen TCM products with Geron’s proprietary telomerase technology, and suc-
cessfully identified small molecule compounds with strong telomerase modula-
tion activity. Amongst these are astragaloside IV, the major active constituent of 
Astragalus membranaceus, and its alycone derivative cycloastragenol. Telomerase 
is a specific ribonucleoprotein reverse transcriptase capable of synthesizing or 
maintaining the length of a telomere through adding hexameric DNA repeats to 
telomeric ends [53]. Controlled telomerase activation has emerged as an attrac-
tive approach to restore the regenerative or functional capacity of cells afflicted 
with degenerative conditions or chronic stress [54–59]. In contrast to most nor-
mal somatic cells, which show little or no telomerase activity, immune cells 



39926 High-Throughput Screening in Traditional Chinese Medicine

up-regulate telomerase in concert with activation. During aging and chronic 
HIV-1 infection, there are high proportions of dysfunctional CD8+ cytotoxic 
T lymphocytes with short telomeres. In vitro studies showed that cycloastrage-
nol can transiently activate telomerase, retard telomere shortening, increase pro-
liferative potential, and thereby enhance cytokine/chemokine production and 
antiviral response of CD8+ T lymphocytes from HIV-infected patients [60]. Our 
study further revealed that both astragaloside IV and cycloastragenol can stimu-
late ERK phosphorylation in multiple cell types through activation of the Src/

Fig. 26.2  Steps involved in the identification of novel melatoninergic compounds from Chinese 
medicine
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MEK/ERK pathway [61]. Another study indicated that cycloastragenol can be 
efficiently absorbed through intestinal epithelium; but it undergoes extensive first-
pass metabolism in rat and human liver microsomes, thereby reducing its oral bio-
availability [46]. Nonetheless, these findings provide a new direction for screening 
potential drug leads and investigating mechanisms underlying the beneficial 
effects of TCM.

26.9  Future Perspectives

The pharmaceutical industry is currently facing challenges of epic proportions. 
The cost of developing a new drug has increased, as have total R&D expenditures, 
while the rate of introduction of new molecular entities has at best remained con-
stant and attrition rates have risen sharply [62]. It indicates that the pool of easily 
discoverable new drugs has been temporarily depleted. Another probable reason 
is that there is a shift in demand toward drugs for chronic and degenerative ill-
nesses. Lengthier and more extensive clinical trials are required to demonstrate the 
effects of these types of drugs. The major pharmaceutical companies are facing 
serious shortages of quality drug candidates in their product pipelines. TCM offers 
tremendous advantage by allowing a “knowledge-based” drug discovery program 
through which the screening of TCM preparations is guided by the wealth of 
empirical experience. The TCM-based HTS program outlined above allows thou-
sands of compounds to be screened against a test assay, and achieving a hit rate 
much higher than random library screening. It is envisioned that the combination 
of TCM and new technologies will provide novel treatment regimens to combat 
the debilitating consequences of diseases and disorders.
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Abstract Nature nourishes an inexhaustible drug bank which can be exploited 
to treat human diseases. On the way to find different natural drugs, significant 
strides have been made, including the discovery of antitumor drugs (such as 
paclitaxel/taxol), drugs against chronic diseases (such as ginsenosides, geni-
pin), and drugs against infectious diseases (artemisinin) or even drugs that pro-
mote longevity (resveratrol, rapamycin, and spermidine). In this chapter we will 
give a brief description of the previous accomplishments and current problems on 
drug screening from natural sources. Further perspectives in this field will also be 
discussed.

27.1  Introduction

People are lucky to enjoy their lives in this new millennium which is characterized by 
a high living standard, convenient traffic to various parts of the world, state-of-the-art 
techniques which provide us with modern medical services and greatly  prolong peo-
ple’s lifespan. Unfortunately, due to the tight working schedule, unhealthy diet and 
living style, as well as an increased exposure to a variety of environmental pollutants 
and carcinogenic agents, we are facing a severe chronic non-communicable disease 
burden (such as diabetes, cardiovascular diseases, and neurodegenerative  diseases) 
while at the same time encountering attacks of infectious diseases (exemplified by 
AIDS, SARS, bird flu, swine influenza) [1, 2]. Furthermore, not only patients but also 
normal people would like to extend their life expectancy [3]. There has been a long 
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history in medicinal researchers building our ongoing knowledge base in the afore-
mentioned diseases. Natural compounds provide a promising approach.

27.2  Achievements on Drug Discovery From Nature

In view of the finding that more than half of all the drugs worldwide originate 
from natural products and their synthetic derivatives, it is gratifying that we can 
locate drug candidates from nature for currently un-curable diseases. Scientists 
have found many natural compounds with promising health benefits from plants, 
bacteria, animals, and even trace and rare metals and elements.

27.2.1  Antitumor Compounds

Because of the daunting challenge that curing cancer poses on human health, 
there are a plethora of studies on antitumor drugs with successful examples that 
have been established. Firstly, green tea (the leaves of Camellia sinensis) is the 
first used beverage in Asia, and the fourth in USA. Epigallocatechin-3-gallate 
(Fig. 27.1a) is the major polyphenol in green tea and shows potent antitumor 
effects. The underlying mechanism of its chemopreventive effects is ascribed to 
cell cycle arrest and the induction of apoptosis in tumor cells [4]. Secondly, a pen-
tahydroxy glucosyl flavone, gossypin (Fig. 27.1b) purified from Hibiscus vitifo-
lius, has shown antitumor activity in a variety of tumor cells in vitro and in vivo. 
In addition to the inhibition of topoisomerase I and II, the antitumor effects of 
gossypin are also attributed to its ability to inhibit the NF-κB activation pathway 
[5]. Thirdly, as one of the internationally best-selling cancer drugs, paclitaxel 
(commerciallynamed taxol, Fig. 27.1c) is a natural compound acquired from the 
needles of the endangered Pacific yew (Taxus brevifolia) [6]. It was approved by 
the FDA in 1992 for treatment of ovarian cancer, and since then the use of this 
drug has been extended to breast, lung, head and neck cancer. One more example 
that deserves mention is daidzein (Fig. 27.1d), an isoflavone phytoestrogen from 
soybean (Glycine max). The biologically active forms of daidzein are equol and 
O-desmethylangolensin (O-DMA) produced by intestinal bacteria. Daidzein has 
been recorded with the ability to reduce the risk of breast and prostate cancers [7].

Some anti-leukaemia medicines have been discovered from nature, such 
as Indirubin (Fig. 27.1e), homoharringtonine (Fig. 27.1f) and arsenic trioxide. 
Indirubin is a red-coloured compound, minor but active ingredient of the herbal 
drug Danggui Longhui Wan used to treat chronic myelocytic leukaemia (CML). 
Hoessel et al. unveiled the molecular mechanisms associated with the inhibition 
of cyclin-dependent kinases, and the inhibition of proliferation in tumor cells due 
to arrest in the G2/M phase [8]. On the other hand, homoharringtonine is a nat-
ural compound from the evergreen tree Cephalotaxus harringtonia, which shows 
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promise for treating chronic lymphocytic leukemia (CLL). Homoharringtonine 
can reduce expression of the intrinsically short-lived antiapoptotic protein myeloid 
cell leukemia-1 (Mcl-1) as well as induce apoptosis in CLL [9]. In addition, the 
Chinese medicinal formula Realgar-Indigo naturalis is effective in treating human 
acute promyelocytic leukaemia (APL) with a complete remission rate of over 95 %. 
The major active ingredients are tetraarsenic tetrasulfide, indirubin and tanshinone 
IIA, and their leukemia killer function is mainly caused by intensified ubiquitina-
tion/degradation of myelocytic leukemia-retinoic acid receptor alpha (PML-RARα) 

Fig. 27.1  Structures of different natural compounds with medicinal benefits. For details of the 
medicinal activities of each compound, please refer to the manuscript for details

27 Achievements, Questions Arising and Future Outlook



410 E. F. Fang and T. B. Ng

and G1/G0 phase arrest [10]. However, the most famous and universally accepted  
anti-APL therapy is all-trans retinoic acid (ATRA) with arsenic  trioxide (As2O3). 
This combination therapy leads to lasting remission of APL. As2O3 functions by 
binding to the RBCC domain of PML-RARα, followed by PML oligomerization, 
finally resulting in enhanced SUMOylation and degradation [11].

27.2.2  Compounds Targeting on Chronic Diseases

Liver diseases constitute a substantial percentage of human chronic diseases. 
Genipin (Fig. 27.1g) has been regarded as a potent therapeutic agent for differ-
ent cholestatic liver diseases. It is an aglycone metabolite of geniposide produced 
as a result of the action of intestinal bacteria. Geniposide serves as an effective 
constituent of Gardenia jasminoides used as a component of the choleretic and 
hepatoprotective drug Inchin-ko-to in China and Japan [12]. The medicinal effect 
of genipin in the liver is attributed to its ability to enhance multidrug resistance- 
associated protein 2 (Mrp2)-mediated bile formation and organic anion transport 
[12]. Another example is ginsenosides from Ginseng (genus Panax). As an impor-
tant component of herbal medicine as well as one of the most extensively used 
botanical plants in the west, ginseng has been used to promote a protective immune 
response in patients and the regulation of angiogenesis. Dr. Fan and colleagues 
found that there were two main ginsenosides, Rg1 and Rb1 (Fig. 27.1h, i): the first 
one exhibited angiogenic activity whereas the latter inhibited the earliest step in 
angiogenesis [13]. The promotion of functional neovascularization, endothelial cell 
proliferation and tubulogenesis has been validated in both in vitro and in vivo stud-
ies [13]. An additional example is curcumin (Fig. 27.1k) which is a constituent in 
the daily used spice turmeric (Curcuma longa rhizomes). Curcumin has been stud-
ied extensively. It demonstrates anti-oxidant, anti-inflammatory, anti-angiogenic, 
and anti-tumor activities [14].

27.2.3  Autophagy-Inducing agents and Their Health Benefits

Autophagy encompasses the different routes that cells employ to deliver damaged 
organelles and unused long-lived proteins to lysosomes for degradation, which in 
turn provides nutrition for the cells. It has been reported that the defect of different 
autophagies (including macroautophagy, microautophagy, and chaperone-mediated 
autophagy) or even a specific type of macroautophagy (such as mitophagy) constitutes 
the etiology of different accelerated-aging diseases, tumors, and neurological diseases 
[15, 16]. Observational and intervention studies in cells, animals, and some conducted 
on humans have suggested the anti-ageing, antitumor, and anti-neurodegenerative 
activities of some autophagy-inducing agents such as resveratrol, rapamycin and sper-
midine. Their structures are shown in Fig. 27.1j, l, and m, respectively.
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The compound which has formed the subject of the most comprehensive inves-
tigations is resveratrol, a natural phenol produced by different plants, especially 
grapes. Resveratrol manifests anti-diabetic activity, extends the lifespan of dif-
ferent species by the increase of insulin sensitivity, SIRT1, AMPK and PGC-1α 
activity, mitochondrial number/function and the improvement of motor function 
[17, 18]. The second autophagy-inducing natural compound rapamycin is a com-
pound extracted from the bacterium Streptomyces hygroscopicus present in a soil 
sample from Easter island (Rapa Nui).It exhibits therapeutic potential against a 
pre-aging disease Cockayne syndrome by up-regulation of mitophagy [3, 16]. The 
third example is spermidine which is a polyamine involved in cellular metabolism. 
It is rich in human semen and also in grapefruits, and peas (Pisum sativum) [19, 
20]. An interesting report by Eisenberg and coworkers disclosed that administra-
tion of spermidine extended the lifespan in various ageing models by the regulation 
of epigenetic modifications, induction of autophagy and concurrently inhibition of 
necrosis [21].

27.2.4  Natural Compounds Against Infectious Diseases

Malaria, AIDS and tuberculosis are the three most devastating infectious diseases 
worldwide, for they cause high morbidity and mortality [22]. Malaria is the most 
common life-threatening infection accounting for around 1 million deaths every 
year. Artemisinin, the world’s most important anti-malaria medication, is a natu-
ral compound harvested from Qinghao (Artemisia annua) by Chinese scientists in 
the 1970s [23]. Artemisinin could be located in mitochondria of Plasmodium falci-
parum, followed by the damage of mitochondrial function, production of reactive 
oxygen species, and finally induced death of Plasmodium falciparum [24]. Some 
herbal plants also show anti-HIV activity such as Tian Hua-fen (Trichosanthes 
kirilowii) [25] and bitter melon (Momordica charantia) [26]. Their active constitu-
ents are trichosanthin and MAP30 (for details please refer to the chapter by Prof. 
Sylvia Lee-Huang). In addition, crude extracts of some herbal plants (Polyalthia 
sp., Haplophragma adenophyllum, Annona reticulate L., Aegle marmelos L. 
Correa.) showed a tuberculosis inhibition rate exceeding 90 %. However, the 
 bioactive components as well as the molecular mechanisms have not been fully 
elucidated and deserve further studies [27].

27.3  Current Questions on Drug Discovery

Scientific studies over the centuries suggest that nature nourishes an inexhaustible 
drug bank for combatting human diseases [28]. On the way to discovering differ-
ent natural drugs, though significant achievements have been made, some ques-
tions remain to be answered and new issues should be addressed.
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27.3.1  Establish Good in vitro, ex vivo, and in vivo Screening 
Models to Mimic Gut Environment

The current in vitro drug screening methods are effective for some but not all of 
the bioactive natural compounds. For instance, humans cannot absorb the original 
forms of ginsenoside Rb1, geniposide [12] and daidzein [7] directly. Only with the 
help from the digestive action of different gut bacteria, their respective active forms 
(20-O-β-D-glucopyranosyl-20(S)-protopanaxadiol; genipin; equol and O-DMA) are 
then taken up by the gut to exhibit their medicinal activities. In view of this, it is 
suspected that some promising medicinal compounds may be missed when the com-
mon in vitro drug screening system is employed. Besides exerting effects on drug 
bioavailability, adsorption, and toxicity, recent studies also provide evidence that the 
gut microbiota play a role in the onset and progression of some diseases, such as 
diabetes, fatty liver phenotype, and inflammatory bowel disease [29].The human gut 
microbiota consist of trillions of microbes with a collective genome (named micro-
biome) that contains 100 fold more genes than the host genome [29]. Future work 
to unveil the mystery of gut microbiota and their pros and cons to human health will 
undoubtedly assist us to establish a more comprehensive drug testing system.

27.3.2  Synergistic Effects of Some Natural Compounds

Results from recent investigations on drug discovery indicate that there is synergism 
in the actions of some compounds, which have no medicinal effects respectively, 
but the synergistic effects emerge if they are applied together. Examples can be 
found in Realgar-Indigo caturalis formula and Sho-saiko-to. Realgar-Indigo catu-
ralis formula has been confirmed to be a good treatment for APL. There are differ-
ent functions of the three active ingredients: tetraarsenic tetrasulfide, indirubin and 
tanshinone IIA. Tetraarsenic tetrasulfide works as the ‘sovereign’ as it takes up the 
role to bind on and damage PML-RARα. On the other hand, indirubin assumes the 
role as the ‘assistant’ to exhibit an anti-proliferative effect on leukemia cells. The 
‘minister’ goes to tanshinone IIA which inhibits the migration of tumor cells [10]. 
In addition, the anti-hepatocellular carcinoma efficacy of Sho-saiko-to is attributed 
to different medicinal components whereas no single component can contribute to 
the effect [30]. It deserves mention here that the ‘isolation of one active compound’-
dominated screening methodology may suffer from the drawback of missing the 
point when applied to medicinal formulas [31]. A new drug screening system target-
ing on this point would help to optimize screening efficiency.

27.3.3  Harmony with Nature on the Modernization of 
Ethnomedicine

As a complex multi-disciplinary system, ethnomedicine refers to the investiga-
tion of traditional medical practice with cultural interpretations, and addresses the 
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healthcare-seeking process as well as healing practices [32]. Representatives of 
ethnomedicine encompass, among others, Traditional Chinese Medicine (TCM), 
Siddha, and Ayurveda, which offer rich pickings for modern drug development. 
Though ethnomedicine has some literature records and shows long-purported health 
benefits with little side effects, the chemical composition, dosages and toxicity of 
the plants/components in the ethnomedcal formulas are not well-known/clearly 
defined, and are sometimes illegal. For example, Aristolochia spp. had been used 
as herbal remedies in mainland China and Taiwan for a long time, but were banned 
by the Chinese government in 2003 as this type of herbs contains the carcinogenic 
compound aristolochic acid (AA). Chen and colleagues carried out a molecular epi-
demiologic study in Taiwan, and lifted the veil on the mechanism which happened 
in the upper urinary tract. The active form of AA aristolactam bound to DNA, fol-
lowed by mutation in the TP53 tumor-suppressor gene and two oncogenes FGFR3 
and HRAS, and finally caused urothelial cancer [33]. Current and future toxicologi-
cal studies on herbal medicines will help to ensure the safety of the treatment.

It is no surprise to us that some precious components in TCM formulas originate 
from endangered animals, such as tigers, bears, rhinoceroses, and some turtle and 
tortoise species. Though China banned domestic trade of tiger tissues in 1993, the 
allegedly large health benefits of tiger parts as well as high-return black market are 
the incentives for the continual sale of tiger products [34]. Another example is bear 
bile which is believed to mitigate fever, protect the liver, improve eyesight, down 
gallstones, and others. Unfortunately, the way to collect bile from a reared bear is 
painful, distressing, and may cause disease in the animal [35]. Furthermore, many 
turtle and tortoise species are at risk since they are over-captured for their shells 
which are a main component in some jelly formulas believed to reinforce human 
body immunity and restrain tumorigenesis [36]. Well-designed animal experi-
ments (and/or clinical trials) should be conducted to investigate the alleged medici-
nal benefits of these samples. If the samples are devoid of the alleged activities, 
such therapies should be banned, and public education should be launched. Even 
if the applications pan out well, due to the scarcity of natural supplies we should 
promote the use of substitutes generated by modern technology. It is noteworthy 
that the antimalarial drug artemisinin [37], and the wide-spectrum antitumor drug 
paclitaxel/Taxol [38] can be synthesized in the laboratory. These improvements 
could accelerate production and lead to a significant reduction in the price.

27.3.4  Mechanistic Studies: The Crosstalk Between Apoptosis 
and Autophagy

Apoptosis and autophagy are two types of cell death both linked to the antitumor 
and other chemotherapeutic mechanisms of natural compounds. For instance, the 
antitumor mechanisms of trichosanthin [39], MAP30 [40] and RNase MC2 [41, 42] 
are attributed to the induction of both caspase-8 and caspase-9 regulated apoptotic 
cascades. Regarding autophagy, besides the above mentioned anti-ageing and anti- 
neurodegenerative activities, it is also implicated in the antitumor action of some 
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medicinal components. However, in contrast to the explicitly defined role of apoptosis 
in the antitumor effects of some drugs, the functions of autophagy in human health are 
controversial. It has been noticed that (a) in some circumstances autophagy is the only 
way to elicit the antitumor activity [43]; (b) sometimes the synergistic effects of apop-
tosis and autophagy induce tumor cell death [44]; (c) whereas there are also reports 
demonstrating that autophagy diminishes the antitumor effect [45]. In view of the find-
ings that (a) ASPP1 and ASPP2 regulate the tumor-suppressive function of p53 and 
(b) iASPP (an inhibitory member of the ASPP family) is a key inhibitor of p53 [46, 
47], and (c) p53 is associated with both cell death types [48], the functions of ASPP1, 
ASPP2, iASPP, and p53 in the crosstalk merit investigations. We may be able to depict 
a panorama of the crosstalk between apoptosis and autophagy soon.

27.4  Future Perspectives

As a melting pot of eastern and western cultures, Hong Kong also plays a sig-
nificant role in the discovery of new drugs of natural origins [49]. There are some 
major institutes such as Institute of Chinese Medicine at The Chinese University 
of Hong Kong, School of Chinese Medicine at The University of Hong Kong, 
and the Biotechnology Research Institute at Hong Kong University of Science 
and Technology. Out of China, GP-TCM (Good Practice in Traditional Chinese 
Medicine Research in the Post-genomic Era), the first EU-funded Coordination 
Action consortium dedicated to TCM research has been established. In addition to 
TCM, there are some other sources for the purification of natural medicinal com-
pounds and the work is being undertaken as exemplified by the dedicated efforts 
of researchers at different universities and institutions referred to in this book. In 
future drug development, one should extend the simple purification and testing 
procedure to a wider scope: give consideration to synergistic effects, human gut 
microbiota, high-qualify clinical trials, patent applications, and even environment/
animal protection to drug substitution.

On the road to drug discovery, some new ideas/concepts are generated such as 
medical systems biology [50] and a new health care system centered on the 4Ps 
(Predictive, Preventive, Personalized, and participatory). Such new ideas will 
assist the direction in drug screening. The repertoire of natural medicinal com-
pounds is a treasure. But they represent merely a small portion discovered from 
nature and a great many await to be discovered.

27.5  Disclaimer

This article was written in a personal capacity (E.F.F.) and does not represent the 
opinions of the US Food and Drug Administration, the US Department of Health 
and Human Services, or the US Federal Government.
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