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This book is dedicated to commemorate
the 70th birthday of

Professor Dr. Hsin-Sheng Tsay,

who has made an immense contribution to
the research on medicinal plants in Taiwan
and has trained and mentored thousands
of young minds in the techniques

of plant tissue culture and beyond.



Preface

The editors thought of bringing out this book given the importance of medicinal
plants in human health and vigorous ongoing efforts worldwide in the research and
development of medicinal plants. The book contains a plethora of information about
resources and conservation; biosynthesis and metabolic engineering; biotechnologi-
cal tools including bioreactor technology; phytochemical research; herbal medi-
cines and plant-derived agents in cancer prevention and therapy, in metabolic
syndrome management, and in the modulation of immune-related disorders; and
toxicology of medicinal plants. The book consists of 20 chapters, mostly review
articles written by experts in their respective fields.

Chapter 1 consists of ten case studies of promising new drug discovery resulting
from the Chinese herbal medicine (CHM)-derived products. In each case study, the
active principles of CHM have been elucidated. Chapter 2 describes the ethnophar-
macological role of Scutellaria lateriflora and its medicinal applications in detail.
Also, it contains a summary of the mechanism of action attributed to the neuropro-
tection and other pharmacological actions associated with S. lateriflora. Chapter 3
provides an overview of drug adulteration and evaluation of herbal products with a
special reference to the approaches in adulterant detection and regulatory perspec-
tives to control such malpractices. Also, adulteration in slimming phytotherapeutic
formulations and PDE-5 inhibitors in herbal formulations have been discussed.
Chapter 4 contains an overview of the application and challenges and success of
various candidate markers used in the DNA barcoding of plants. The development
of multilocus and tiered approaches along with the new frontier areas for applica-
tion of DNA barcoding of medicinal plants and its products has been analyzed in
detail. Chapter 5 summarizes the current development in “omics” approaches in the
investigation of selected pharmacologically bioactive compounds from three major
classes of secondary metabolites, terpenoids, alkaloids, and phenolics, which are
being used as drugs in the prevention or therapy of human diseases. Chapter 6
describes the research findings on in vitro plant regeneration, genetic transforma-
tion, and molecular characterization of some of the genes involved in the bacoside
biosynthesis in the memory booster plant Bacopa monniera (Brahmi). Chapter 7
pertains to the metabolic engineering of isoprenoid pathway using squalene synthase
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as a tool to enhance secondary metabolite contents in Withania somnifera
(Ashwagandha) or commonly known as Indian ginseng. Chapter 8 reviews the
reports on in vitro methodologies, the use of different elicitors, gene functions,
genetic modifications, and expression profiling for a better understanding of and to
enhance the constituents in Salvia miltiorrhiza. Chapter 9 reviews the work carried
out on in vitro propagation, somatic embryogenesis, and controlling hyperhydricity
(vitrification) in cultures of selected medicinal plant species in Taiwan. Chapter 10
describes the commercial production of paclitaxel, 10-deacetylbaccatin III (10-
DAB), and camptothecin (CPT) by the cultivation of plants by farming and produc-
tion of raw materials and target compounds by cell or hairy root cultures in
bioreactors. Chapter 11 provides comprehensive information on the biological
effects and pharmacological importance of lucidone, an active constituent of fruits
and leaves of Lindera erythrocarpa. Chapter 12 briefly describes various aspects of
pharmacokinetics, which need to be addressed to generate reliable data on safety
and efficacy of herbal drugs. Chapter 13 reviews the role of green tea in cancer pre-
vention and therapy. Chapter 14 presents a review on the traditional Chinese medi-
cine (TCM) oncology theory and its approach toward cancer, therapeutic effects,
and various anticancer compounds obtained from TCM herbal plants with the hope
of providing a better understanding of the role of drugs in the treatment of cancer.
Chapter 15 outlines the results of various scientific studies on Angelica species that
were reported to have anticancer and antitumor activities. Chapter 16 illustrates the
clinical utilization of Chinese herbal medicines acting on rheumatoid arthritis (RA),
elucidates their mechanism of action, analyses their limitations and problems, and
discusses their development and application prospects. Chapter 17 describes the
status, health sector responses, role of traditional medical practitioners, medicinal
plant use, and its challenges in the management of noncommunicable diseases in
Uganda. Chapter 18 explores possible immune molecular targets of disease-
modifying antirheumatic herbal agents and discusses their role in the management
of arthritic conditions. Chapter 19 describes the causes and pathophysiology of dia-
betes, its perspective in Ayurveda, and Ayurvedic plants having antidiabetic poten-
tial. Finally, Chapter 20 presents a brief overview of the mechanism of hepatotoxicity
and highlights the nexus between herbal medicines and liver injury. Also, it dis-
cusses the potential ways that can assure quality check of herbal medicines through
the imposition of regulatory laws, databases, and resorting to toxicogenomics.

The editors hope that this compendium of review articles will be very useful as a
reference book for advanced students, researchers, academics, business houses, and
all people concerned with medicinal plants.

Taichung, Taiwan Hsin-Sheng Tsay
Taipei, Taiwan Lie-Fen Shyur
Taichung, Taiwan Dinesh Chandra Agrawal
May 2016 Yang-Chang Wu

Sheng-Yang Wang
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pleted his Ph.D. in agronomy from the National Taiwan
University about 40 years ago. He worked with
Professor Toshio Murashige, University of California,
Riverside, for his Ph.D. on anther culture of tobacco.
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National Science Council, Taiwan. Participants (more than 500) in these workshops
came from about 40 countries. Professor Tsay was invited by 13 countries to conduct
plant tissue culture training workshops. He has a galaxy of students across the globe.
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Chapter 1
Chinese Herbal Medicine-Derived Products

for Prevention or Treatment of Diseases
Affecting Quality of Life

Kuo-Hsiung Lee, Susan L. Morris-Natschke, Yu Zhao, and Katie Musgrove

Abstract Chinese herbal medicine (CHM) has been used for several thousands of
years to treat human illness, which makes CHM the best source to provide valuable
and unique information for modern drug discovery and development. Development
of CHM products as adjunct therapies to augment the efficacy and offset the toxicity
of Western medicine is an excellent approach for rapid advancement into US FDA-
approved new drugs. Developing CHM products as high-quality dietary supple-
ments must particularly emphasize standardization through qualitative and
quantitative quality controls on single herbs and multiple herbs of the prescription
formulas by using the most advanced scientific technology, especially toxicity pro-
file testing. A combination of advanced medicinal chemistry and natural products
chemistry, coupled with cutting-edge life science technology, will play a very
important role for converting CHM products, especially the pure single active prin-
ciples, through modification and synthesis into clinical trial candidates very effi-
ciently and effectively. This chapter presents ten case studies of promising new drug
discovery resulting from CHM-derived products: compounds from Curcuma longa
(Jiang Huang), Antrodia camphorata (Chang-ku), Apium graveolens (Han Qin),
Momordica charantia (Ku Gua), Monascus purpureus (Hong Chi), Astragalus
membranaceus (Huang Chi), Scutellaria decoction (Huang Chin Tang), Eucommia
ulmoides (Tu Chung), Ligusticum wallichii (Chuan Chiung), and Lycium barbarum
(Kou Chi Tzu).
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CD
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COX
CRF
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FDA
FRET
FTIR
GAP
GCP
GI
GLP
GMP
GRAS
HBV
HCV
HIV
HIV-1
HPLC
HPV
IG5
1L
IND
iNOS
10IP
v
LBP
MALDI-TOF MS
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Acetylcholine

Acquired immunodeficiency syndrome
I-anilino-8-naphthalene-sulfonate
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Bioactivity-directed fractionation and isolation
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Chinese herbal medicine

Cyclooxygenase

Cancer-related fatigue

Deoxyribonucleic acid

Endothelium-derived hyperpolarizing factor
Epidermal growth factor receptor tyrosine kinase inhibitor
Food and Drug Administration

Forster-type fluorescence resonance energy transfer
Fourier transform infrared spectroscopy

Good agriculture practice

Good clinical practice

Gastrointestinal
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Good manufacturing practice

Generally recognized as safe

Hepatitis B virus

Hepeatitis C virus

Human immunodeficiency virus

Human immunodeficiency virus type 1
High-pressure liquid chromatography

Human papilloma virus
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Interleukin

Investigational New Drug

Inducible nitric oxide synthase
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Intravenous

Lycium barbarum polysaccharide

Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry

Momordica charantia insulin receptor (IR)-binding protein
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MCP Monocyte chemoattractant protein
MOEA Ministry of Economic Affairs
NBP 3-n-butylphthalide

NOS Nitric oxide synthase

RCT Randomized controlled trial

RMR Red mold rice

SFDA State Food and Drug Administration
TCM Traditional Chinese medicine
TNF Tumor necrosis factor

usS United States

WHO World Health Organization

1.1 Introduction

Generations of Chinese people have used Chinese herbal medicine (CHM), the
most important medicine of traditional Chinese medicine (TCM), for thousands of
years for disease prevention and treatment. CHM and their active principles and
derivatives provide a broad and profound base for the discovery of effective and safe
dietary supplements, in addition to new medicine for the prevention or treatment of
diseases affecting quality of life. The symbiotic relationship between the ancient
practice of CHM, with its thousands of years of experience, and the modern tech-
nology and scientific advancements of today has proven to be the key to effective
new drug discovery and development.

The knowledge base of CHM is both vast and diverse. Chinese medicines are all
derived from natural products, with roughly 90 % coming from plants. Approximately
5000 plant species with therapeutic value have been identified, many of them used
as Min Chien Yao, or folk drugs. About 500 of them are commonly prescribed by
doctors of Chinese medicine based on a series of systemic and self-contained theo-
ries (Chung Yao, Chinese Materia Medica). This systematic approach is necessary
because most CHM-derived products involve multicomponent processed herbal for-
mulations. Although CHM does not provide the same scale and scope of modern-
day clinical trials, they no doubt offer a vast knowledge base from which to gain
valuable insights relevant to current chronic health issues. The combination of CHM
and modern scientific practices has the potential to lead to both new clinical trial
candidates and adjunct therapies for current Western medicine treatments (Lee et al.
2013).

In 2013, the authors detailed several case studies of modern drug discovery from
CHM, including ephedrine/pseudoephedrine from Ephedra sinica (Ma Huang),
indirubin from Indigofera tinctoria (Qing Dai — Dang Gui Long Hui Wan), and
artemisinin from Artemisia annua (Qing Hao) (Lee et al. 2013). It should be noted
that Tu Youyou from the China Academy of Chinese Medical Sciences, Beijing,
was recognized in 2011 with the Lasker-DeBakey Clinical Medical Research Award
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and in 2015 together with Drs. Satoshi Omura and William C. Campbell, with the
Nobel Prize in Physiology or Medicine, based on her outstanding contribution for
the discovery of artemisinin in malaria therapy. Tu Youyou is credited with the
inspiration and diligence to probe the ancient CHM literature for an applicable solu-
tion to malaria, which ultimately led to the identification of artemisinin/qinghaosu
as the effective active principle. Dr. Yi Zhao of Guangxi Traditional Chinese
Medical University, China, also made a significant contribution with regard to the
elucidation of the pharmacological effect, as well as the mechanism of action of
artemisinin/qinghaosu as evidenced in his academic papers entitled Studies on
Artemisia annua L./Qinghaosu (Zhao et al. 1986, 1987; Zhao 2011). Overall, the
discovery of artemisinin serves as the best example of producing a world-class new
drug from ancient CHM via modern medicinal chemistry studies.

1.1.1 Current Areas of Interest for CHM-Derived Drugs

Chronic diseases such as diabetes, arthritis, heart disease, high blood pressure, etc.
can be debilitating to patients and can drastically alter their quality of life. CHM has
the potential to offer solutions to many of these modern chronic diseases. Some of
the current areas of interest for scientists focusing on CHM-derived drug discovery
are as follows: antioxidant and antiaging activity, blood pressure-lowering effects,
hypolipidemic action, blood sugar-lowering effects, antiallergic functions, and anti-
arthritis properties. While we highlight quite a few CHM-derived drugs in our case
studies, there are other notable discoveries concerning the treatment and prevention
of these devastating chronic diseases.

In the coming years, CHM will lead to many new clinical trial drug candidates.
The ancient practices of CHM combined with modern scientific evidence have
clearly demonstrated that CHM can be a promising treatment modality for chronic
diseases to greatly improve quality of life for patients. This combination of ancient
and modern-day principles may also lead to a higher probability of success and a
more efficient scientific process. This chapter presents ten case studies of promising
new drug discovery resulting from CHM-derived products: compounds from
Curcuma longa (Jiang Huang), Antrodia camphorata (Chang-ku), Apium graveo-
lens (Han Qin), Momordica charantia (Ku Gua), Monascus purpureus (Hong Chi),
Astragalus membranaceus (Huang Chi), Scutellaria decoction (Huang Chin Tang),
Eucommia ulmoides (Tu Chung), Ligusticum wallichii (Chuan Chiung), and Lycium
barbarum (Kou Chi Tzu).
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1.2 Bringing TCM to Mainstream

1.2.1 Obstacles for Bringing TCM to Mainstream

Lack of standardization is a major obstacle to the development of CHM as world-
class dietary supplements and new medicines. Unless herbal products can be guar-
anteed to be efficacious and safe with validated quality and consistency, they cannot
be patented or tested in clinical trials. Even their commercialization and marketing
as dietary supplements are weakened without such assurances. Four issues to be
addressed in bringing CHM products into the mainstream pharmaceutical market
are as follows: high quality, high consistency, high safety, and high efficacy. Good
methods of quality control should be applied at all stages, including plant growth,
production, processing, and storage. In addition, the products should be validated as
being from the correct plant species, plant strain, and plant part as well as uniform
from manufacturer to manufacturer and from batch to batch. The products must be
free of toxicity and contaminants (e.g., heavy metals) with all of their constituents
characterized. Possible interactions with other drugs must be determined, and con-
trolled clinical trials should be performed to prove efficacy.

1.2.2 Methods for Bringing TCM to Mainstream

Two main areas for development of CHM products are as adjunct therapies to
Western medicine and for prevention or treatment of diseases that are difficult to be
treated satisfactorily with Western medicine. Strategies for development of CHM-
based world-class new drugs should emphasize using medicinal chemistry
approaches to study the active principals of CHM and to modify the lead compound
into suitable clinical trial candidates. Furthermore, mechanism of action studies on
active principles, active extracts, and effective formulas of CHM can provide needed
scientific proof and future directions for new drug research. Also, it would be
extremely helpful to establish international collaborative platforms for develop-
ment of CHM-based new drugs.

Two examples of new botanical drugs already approved by the US FDA are
Veregen (MediGene, Germany) in October 2006 and Fulyzaq (Salix Pharmaceuticals,
USA) in December 2012. These products were indicated for use against human
papilloma virus (HPV) and noninfectious diarrhea in adult patients with HIV/AIDS
on antiretroviral therapy, respectively. Their major constituents are kunecatechins
(component mixture from a green tea extract) and crofelemer (an extract from
Croton lechleri), respectively.

A national program for developing world-class new botanical drugs was initiated
by the Ministry of Economic Affairs (MOEA), Taiwan, during 2000-2005 (Lee
2015). The seven-person committee (Committee for Promotion of Chinese Herbal
Medicine Industry and Technology) received FDA approval for four Investigational
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New Drug (IND) applications for partially purified Chinese herbal medicine prod-
ucts for clinical trials, established a platform technology to produce high-quality
herbal medicine products with cutting-edge methodology for quality control, and
founded excellent preclinical and IND-related infrastructures, including good agri-
culture, laboratory, manufacturing, and clinical practice (GAP, GLP, GMP, and
GCP). Both the software and hardware of these infrastructures were set up to inter-
national standards (Lee 2015).

Medicinal chemistry is the art of combining chemistry and biology for optimal
drug discovery, and these two research areas are complementary, just like yin and
yang of TCM. The discovery of new bioactive compounds depends on valid biologi-
cal assays, and new chemistry can make the discovery of new biological targets
possible.

CHM-derived world-class new drugs and high-quality dietary prescriptions can
come from three sources: herbal formulas, extract fractions, and single herbs. As
mentioned above, the quality control of herbal formulas is critical, while any modi-
fication and improvement should be followed by reevaluation of efficacy and toxic-
ity. In all cases, herbal formulas should continue to be used according to the
conformation dictated by TCM diagnosis and principles. Both herbal formulas and
single herbs from those formulas can be subjected to pharmacological testing as
well as bioactivity-directed fractionation and isolation (BDFI) to discover active
fraction mixtures and active single natural product lead compounds, respectively.
After the structures of the active lead compounds are elucidated, an optimized lead
can be pursued through an iterative cycle that includes the design of modified ana-
logs, synthesis of these analogs, bioactivity screening, and analysis of results.
Various preclinical studies to discern mechanism of action and other pharmacologi-
cal properties (solubility, pharmacokinetics, etc.) are important to make sure that a
lead is a viable clinical trial candidate. The goals of the lead development process
are to improve pharmacological profiles by increasing activity, decreasing toxicity,
or circumventing metabolic, pharmacokinetic, solubility, or drug-resistance prob-
lems. The following case studies will highlight the rationale, diversity, and strength
of these processes as well as introduce several examples of CHM-derived drugs
used now or in the future to treat or prevent diseases affecting quality of life.

1.3 Case Studies Highlighting CHM-Derived Drugs Used
to Treat/Prevent Diseases Affecting Quality of Life

1.3.1 Curcuma longa (Turmeric)
1.3.1.1 Introduction
Curcuma longa (Chinese: Jiang Huang #%%%) is a rhizomatous herbaceous peren-

nial member of the Zingiberaceae family. More commonly known as turmeric, it is
native to tropical Southeast Asia and now cultivated in the tropical and subtropical
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regions of the world, especially in India and China. Turmeric has a long historical
use as a traditional medicine. In Ayurveda medicine, turmeric is primarily used as a
treatment for inflammatory conditions. In TCM, it is used to treat biliary disorders,
anorexia, cough, diabetes, wounds, hepatic disorders, and rheumatism. It has also
been used as a sinusitis stimulant, aspirant, carminative, emmenagogue, astringent,
detergent, and diuretic (Gupta et al. 2015). Besides its medicinal use, turmeric has
long been part of the daily diet in Asian countries and has not been shown to cause
any toxicity. Turmeric powder and many other extracts from the rhizomes were
found to possess versatile bioactivity, including wound-healing, anti-inflammatory,
hypolipidemic, cytotoxicity, antiprotozoan, antibacterial, antifungal, and antifertil-
ity effects (Chattopadhyay et al. 2004).

1.3.1.2 Chemical Constituents

To date, over 200 compounds have been identified from turmeric. These compounds
belong to various structural types including diarylheptanoids (curcuminoids), dia-
rylpentanoids, phenylpropene, phenolic compounds, monoterpenes, sesquiterpenes,
diterpenes, triterpenoids, alkaloid, sterols, and fatty acids (Anonymous 1999b).

Curcuminoids with an aryl-C7-aryl skeleton, include curcumin (curcumin I, 1,
Table 1.1), demethoxycurcumin (curcumin II, 2, Table 1.1), bisdemethoxycurcumin
(curcumin I, 3, Table 1.1), p,p’-dihydroxydicinnamoyl methane, p-
hydroxycinnamoyl-feruloylmethane, dihydrocurcumin, etc. Sesquiterpenes include
ar-turmerone (4, Table 1.1), a-turmerone (5, Table 1.1), f-turmerone (6, Table 1.1),
curlone, etc. Dried turmeric rhizomes usually contain 1.5-5% essential oils.
Compounds 4-6 are the major sesquiterpenes of the essential oils, and these com-
pounds may account for at least 40 % of essential oils of turmeric rhizomes.

The pharmaceutical products of turmeric are dried whole rhizomes, ground tur-
meric, turmeric oils, turmeric oleoresin, and curcumin. The quality control of tur-
meric has been thoroughly reviewed (Li et al. 2011). Curcuminoids are the main
active compounds. They are primarily accumulated in turmeric rhizomes (3—15 %)
with curcumin (1, Table 1.1) as the principal constituent. The contents of curcumi-
noids in turmeric rhizomes often vary with varieties, locations, sources, and culti-
vation conditions. According to the Indian Pharmacopoeia in 1996, dried turmeric
rhizomes should contain not less than 1.5 % of curcumin (1) (w/w) (India 1996).
The Pharmacopoeia of the People’s Republic of China (2005) requires no less than
1.0% of curcumin (1) content (w/w) in dried turmeric rhizomes (Anonymous
2005). The Thai Herbal Pharmacopoeia recommended that dried turmeric should
contain no less than 6 % of turmeric oil (v/w) and 5 % of total curcuminoids (w/w)
(Thaikert and Paisooksantivatana 2009). The WHO (World Health Organization)
suggests that not less than 4.0 % of volatile oil, and not less than 3.0 % of curcumi-
noids should be present in turmeric (Anonymous 1999d). The quality control of
rhizomes, powders, and extract products was reported through defining and verify-
ing the presence of curcumin (1), demethoxycurcumin (2), and bisdemethoxycur-
cumin (3) and determining their concentrations by HPLC chromatogram (Li et al.
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Table 1.1 Structures of selected bioactive compounds from plant species in the case studies
Case
study Natural species | Examples of active compounds or modified derivatives
1 Curcuma longa w\‘i
1 (Curcumin) Ry = OCHj3, R, = OCH3
g zg;?:::@;ﬁgg:g&xﬁ&w _O'_? ';,32 _Rf_( oy (ar-Turmerone) 5 (a-Turmerone) 6 (#Turmerone)
7 (JC-9 = ASC-J9) R; = OCH3, R, =CHj
2 Antrodia
camphorata
OMe 8 (Antroquinonol)
. CaH
3 Apium R
o] 9 (S-(-)-3-n-Butylphthalide,
graveolens ©i‘<\ LS
o
4 Momordica
charantia
(Charantin: mixture of sitosteryl
5 Monascus
purpureus
o ‘ o 11 (Monascin) R = CsHqq
12 (Ankaflavin) R = C7H45
o
6 Astragalus Immunostimulating polysaccharides
membranaceus
7 Scutellaria
. . HO.
baicalensis
(one of four HO' 14 (Baicalein)
herbs in Huang oH ©
Chin Tang
) COOH
8 Eucommia H HQ W
. X
ulmoides 15 (Geniposidic & 16 (Aucubin)
acid)
H H
HO OGlucose HO OGlucose
. . H,C.
9 Ltgustlcum I I 7 (Tetramethylpyrazine = ligustrazine =
wallichii chuanxiongzine)
10 Lycium Lycium barbarum polysaccharides (LBPs)
barbarum

2011). Turmeric oils and oleoresins with various promising activities have been
marketed globally. To control the quality of these products, Ar-turmerone (5), tur-
merone (6), and f-turmerone (7) are usually employed as chemical markers, for
example, a minimum of 40 % of these compounds in turmeric oils and oleoresins
are required (Li et al. 2011).
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1.3.1.3 Bioactivity

The primary active compound of turmeric is curcumin (1, Table 1.1), which is also
responsible for turmeric’s vibrant yellow color. Curcumin was isolated in 1815,
obtained in crystalline form in 1870, and ultimately identified as 1,7-bis-(4-hydroxy-
3-methoxyphenyl)-1,6-heptadiene-3,5-dione-(1E,6E) (Mitobdzka and Lampe
1910). Chemically, curcumin is a diarylheptanoid, in which two ferulic acid frag-
ments are connected by a methylene bridge. The -diketone moiety of curcumin can
undergo keto—enol tautomerism (Fig. 1.1) and exists entirely in the enol form in
both solution and solid phases (Pedersen et al. 1985).

Extensive studies have indicated that curcumin possesses versatile bioactivity,
including anticarcinogenic, immunomodulatory, antioxidant, anti-inflammatory,
anti-angiogenesis, anticancer, chemopreventive, anti-Alzheimer’s disease, anti-
thrombotic, antimalarial, anti-rheumatoid arthritis, anti-HI'V, wound healing, anti-
hepatotoxic, anti-psoriasis, hypoglycemic, and antihyperlipidemic effects. Thus,
curcumin has therapeutic potential against a wide range of diseases, such as

diketone molety 1.3-keto-encl moiety

P N— —_——
: o OH O
EH:COMC@H, HiCO. S b2 OCH;8
; | ] -— |
Ho™ 7 # OH HO™ oH |
P e—— — —_— 2
! Feruloyl moiety Feruloyl moiety Feruloyl moiety Feruloyl moiety |
! keto form enol form
1, Curcumin
Ry Ry
o OH R X R
I p M*“/“X:’ :
Ar Ar e
Ri Rs F*s/ﬁ/\ﬁs
1 Ry Ry
n
N g ™ Ra Ry o o Ry Ry Ry
Rs O S e O Ry Ry S o Ra RSW\H Ry
R R,F | o
Ry 1 Re Ry 1 = R, R‘/v R; .
Rs Fe Rs Rs Rs R
lla I e
i Ry Ry
Rge,_oy oSy e Ry Ran R
| i I| |
Ry = = Ry Ry & o Ry
X=CHorN . .
¥ =0, or NH, NRy Ry = =0, OH, or =NR
' ' R2 = =0, or OH, or =NRor H
ld el
i /\j\/\ /\j\/\
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" g R =Me, H Rj Rs
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Fig. 1.1 Tautomerism of curcumin and design of different analogs



