it







ALKALOIDS -
ALTERNATIVES IN
SYNTHESIS,
MODIFICATION AND
APPLICATION

Edited by Vasil Georgiev and Atanas Pavilov



Alkaloids - Alternatives in Synthesis, Modification and Application
http://dx.doi.org/10.5772/64120
Edited by Vasil Georgiev and Atanas Pavlov

Contributors

Annett Gefrom, Annette Zeyner, Diah Ratnadewi, Isadore Kanfer, Srinivas Patnala, Alejandro Cruz, Itzia I. Padilla-
Martinez, Maria Esther Bautista-Ramirez, Serbulent Gokhan Beyaz, Ahmet Celiktas, Havva Sayhan Kaplan

© The Editor(s) and the Author(s) 2017

The moral rights of the and the author(s) have been asserted.

All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced,
distributed or used for commercial or non-commercial purposes without INTECH's written permission.

Enquiries concerning the use of the book should be directed to INTECH rights and permissions department
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.

@) |

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not
be included under the Creative Commons license. In such cases users will need to obtain permission from the license
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2017 by INTECH d.o.o0.

eBook (PDF) Published by IN TECH d.o0.o0.

Place and year of publication of eBook (PDF): Rijeka, 2019. IntechOpen is the global imprint of IN TECH d.o.o0.
Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Alkaloids - Alternatives in Synthesis, Modification and Application
Edited by Vasil Georgiev and Atanas Pavlov

p.cm.
Print ISBN 978-953-51-3391-9

Online ISBN 978-953-51-3392-6
eBook (PDF) ISBN 978-953-51-4751-0


http://www.iceni.com/unlock-pro.htm

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

35®®+ 111,000+ 115M+

ailable International authors and editors Downloads

Our authors are among the

151 Top 1% 12.2%

Countries deliv most cited s Contributors from top 500 un sities

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y






Meet the editors

Dr. Vasil Georgiev obtained his PhD degree at the
Stephan Angeloff Institute of Microbiology, Bulgarian
Academy of Sciences, in 2009. He is an expert on biopro-
cess engineering and secondary metabolite production
by plant cells, tissue and organ cultures, functional
A genomics, metabolite profiling, development, and
improvement of plant in vitro production platforms.
In 2011, he was awarded by the Bulgarian Academy of Sciences with the
“Prof. Marin Drinov” prize for the outstanding research in biological sci-
ences. Dr. Georgiev did postdoctoral research at Florida A&M University,
USA (2012-2016). Since 2016, he is an associate professor in the Laboratory
of Applied Biotechnology at the Stephan Angeloff Institute of Microbi-
ology, BAS, and also joined the Department of Organic Chemistry at the
University of Food Technologies, Plovdiv, Bulgaria.

Prof. Atanas Pavlov completed his PhD degree in bio-
technology at the Stephan Angeloff Institute of Micro-
biology, Bulgarian Academy of Sciences, in 1998. From
2003 to 2005, he did postdoctoral research at the Insti-
tute of Food Technologies and Bioprocess Engineering,
University of Technologies, Dresden, Germany. In 2005,
he joined the Stephan Angeloff Institute of Microbiolo-
gy, Bulgarian Academy of Sciences, as an associate professor. In 2009, he
received his habilitation (DSci) and is, since 2010, a professor at the Labo-
ratory of Applied Biotechnology. Since 2011, he also holds a second profes-
sor position at the University of Food Technologies on Plovdiv, Bulgaria.
His research is mainly focused on the production of specific bioactive
metabolites by plant cell, tissue, and organ cultures.







Contents

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Preface XI

Alkaloids in Plant Cell Cultures 1
Diah Ratnadewi

Synthesis, Structure and Biological Activity of Ephedra
Heterocycles 25

Alejandro Cruz, Itzia I. Padilla-Martinez and Maria Esther Bautista-
Ramirez

The Local Anesthetic and Pain Relief Activity of Alkaloids 57
Havva Sayhan, Serbulent Gokhan Beyaz and Ahmet Celiktas

Sceletium Plant Species: Alkaloidal Components, Chemistry and
Ethnopharmacology 85
Srinivas Patnala and Isadore Kanfer

Reducing of Alkaloid Contents During the Process of Lactic Acid
Silaging 103
Annett Gefrom and Annette Zeyner






Preface

Alkaloids are a large group of natural, semisynthetic, and synthetic compounds which con-
tain basic nitrogen. The great diversity in chemical structures, sources of origin, pharmaco-
logical activities, and physiological actions predetermines alkaloids as an important research
target for many scientists from all over the world. The broad range in their biological activi-
ties and the amenability to chemical modifications rank the alkaloids among the most attrac-
tive candidates in new drug discovery researches.

The book Alkaloids — Alternatives in Synthesis, Modification, and Application collects several re-
searches by eminent authors, summarizing the recent advance in research. The book encom-
passes a diverse palette of different topics related to sustainable supply of valuable
alkaloids, their chemical modification, and synthesis of analogues with improved pharma-
cological properties and reduced side effects through the concerns for monitoring and
standardization of alkaloid content in raw and fermented natural products. The book in-
cludes five chapters, guiding us through nonconventional approaches for alternative bio-
production of alkaloids, the application of modern chemical methods of asymmetric
synthesis for production of synthetic and semisynthetic alkaloid derivatives, historical over-
view of medicinal application of alkaloids as anesthetics and in management of pain, appli-
cation of alkaloid fingerprint for chemotaxonomy, quality control and standardization of
plant material, and, not at last, the importance of monitoring and reducing the alkaloid con-
tent in animal feedstuffs.

The first chapter provides a detailed overview of recent advances in application of plant bio-
technology for in vitro production of alkaloids. Belonging to the class of secondary metabo-
lites, responsible in cell defense, the alkaloids are accumulated in very low concentrations in
plant tissue, and, therefore, a processing of large amount of raw material is necessary to se-
cure their regular supply. The chapter describes the recent tendency for the use of plant cell
suspension cultures as alternative source for continuous production of alkaloids with valua-
ble properties. Different factors affecting the alkaloid accumulation and strategies for im-
proving systems productivity yields are discussed, and the limitations slowing-down the
commercialization of that technology are pointed.

The second chapter discusses the recent methods and synthetic methodology, applied in
production of acyclic and heterocyclic derivatives of ephedra alkaloids. Ephedrine is an al-
kaloid isolated from Ephedra spp., which is used as sympathomimetic drugs to treat cardiac
arrest, bronchial asthma, obesity, lowering blood pressure, etc. With the advance in modern
chemistry, ephedrine has been broadly used in asymmetric synthesis to produce physiologi-
cally active derivatives with improved pharmaceutical properties. The strategies for synthe-
sis of such optically pure compounds are presented, and their potentials as candidates for
new drugs are discussed.

Plants accumulating alkaloids have been used to relieve the pain by traditional healers all
over the world from time immemorial. Nowadays, the modern medicine still relies on these
phytochemicals and their closely related synthetic and semisynthetic analogues for anesthe-
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sia and management of pain during many medicinal manipulations. The third chapter of
this book is a comprehensive review on the history, mechanism of action and medical appli-
cation of bioactive alkaloids with anesthetic, pain-relief, and psychoactive actions, and their
chemically improved derivatives.

The fourth chapter is focused on chemistry and ethnopharmacology of alkaloids from Scele-
tium plants. Special attention is paid on the importance of alkaloid profiling and chromatog-
raphy fingerprint for chemotaxonomy and identifying of closely related Sceletium species.
The advantages of proved and powerful analytical techniques such HPLC, LC-MS/MS, and
CZE are discussed in a light of quality control and standardization of alkaloid content in
Sceletium-based products.

The last chapter of the book presents the results of detailed research on improvement of nu-
tritional values of animal feedstuffs. This chapter comes to remind us that the alkaloids are
not always desirable ingredients. In a case of lupine grains, the accumulated alkaloids are
anti-nutritional factors causing decrease in farm animals" performance. The research investi-
gates the effectiveness of silaging process by using the lactic acid bacteria to decrease the
alkaloid content in lupine grains. The importance of monitoring and control of alkaloids
concentrations in final silage are discussed.

By accepting the challenge for compilation of this book, we aimed to raise the curiosity and
generate new ideas in broad range of students, scientists, chemical engineers, physicians,
and young explorers by enlightening some very interesting and highly perspective areas in
alkaloid research. We believe that we greatly succeeded in this goal.

We would like to express our sincere thanks to all contributing authors for their efforts and
professional expertise in realization of this book. We hoped that our shared efforts will open
new horizons in alkaloid research.

Assoc. Prof. Vasil Georgiev

Laboratory of Applied Biotechnology

Stephan Angeloff Institute of Microbiology, Bulgarian Academy of Sciences
Bulgaria

Department of Organic Chemistry, University of Food Technologies
Bulgaria

Prof. Atanas Pavlov
Department of Analytical Chemistry, University of Food Technologies
Bulgaria

Laboratory of Applied Biotechnology
Stephan Angeloff Institute of Microbiology, Bulgarian Academy of Sciences
Bulgaria



Chapter 1

Alkaloids in Plant Cell Cultures

Diah Ratnadewi

Additional information is available at the end of the chapter
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Abstract

Alkaloids are natural substances used largely for human medication. Destruction of
natural habitat of various alkaloid-producing plants has led to cultivation. But large
areas of cultivation are required due to very low content of the substances, which
presents a consequence of high production cost. Cell cultures, undifferentiated or
differentiated, have exhibited the capacity to synthesize alkaloids in vitro, which may
be developed as alternative source of phytochemicals. The discoveries of biosynthetic
pathways, sites of stepwise synthesis, and accumulation of alkaloids in plant and
cultured cells, also factors involving in or influencing those mechanisms, are all
mosaics that build an increasingly obvious picture of the case. Despite enhancement
in alkaloids production in in vitro culture through many kinds of manipulation,
variability in the yield still occurs. Improvements on the basic knowledge of cell
mechanisms, including metabolomics, along with genetic engineering are expectable
to solve the problems.

Keywords: alkaloids, cell culture, in vitro production, accumulating structures

1. Introduction

Many alkaloids are pharmacologically active and have been used since decades as valuable
medicines. They are produced by a large variety of organisms such as bacteria, fungi, plants,
and animals. People in many parts of the globe used to extract natural substances from plants
that actually contain alkaloids to cure them against certain diseases or to maintain their health.
Alkaloids are known as having antimicrobial and pharmacological activities such as analgesic,
antipyretic, antihypertensive, cardiac antiarrhythmic, antimalarial, and anticancer [1-5].
Nevertheless, only few of those natural alkaloids have been investigated through a proper
pharmacological test, while we are being run after by massive deforestation and physical

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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2 Alkaloids — Alternatives in Synthesis, Modification and Application

development in many countries. Moreover, natural production of alkaloids is quite vulnerable
vis-a-vis the climatic condition and produced in very low level. Therefore, one of the efforts to
save any invaluable plants’ substances from extinction and at the same time to increase and
stabilize the production is by culturing plant cells and tissue in vitro. A suitable term for this is
cell farming,.

Secondary metabolites biosynthesis and accumulation are associated with a variety of cell
types in different plants, including epidermis, endodermis, pericycle, phloem parenchyma,
phloem sieve elements and companion cells, specialized mesophyll, and laticifers. There have
been many evidences that plant cells cultured in vitro are capable to synthesize secondary
metabolites, then people tried to culture tissues or organs of the plant from which a desirable
phytochemical used to be highly accumulated, for instances roots for ginsenoside, seeds of
Trigonella spp. for diosgenine, or leaves of Catharanthus roseus for vinblastine. However, the
case is not always true, since some alkaloids are synthesized in one plant organ and then
translocated to another one for accumulation [6]. Contrarily, plant tissues isolated from
different parts of the naturally producing plant have been reported as being capable to
synthesize the substance in in vitro cell culture; the cells are either undifferentiated or differ-
entiated. Due to this fact, choosing the type of plant tissue is of critical importance for the
success. Once a phytochemical production is established in vitro, it is subject to upscale the
production, particularly of substances which have high commercial value. Through various
ways, thatis, chemically, technologically, and genetically, some of them have reached industrial
cost-benefit level. Metabolic along with genetic engineering work together or in parallel to
improve the cells” yields.

This chapter describes in vitro production of alkaloids and factors that may influence the
synthesis and storage in cultured cells which were found in some cases different from those
discovered in plant. It also reports the existence of specialized structures in in vitro cell cultures
compared to natural secretory cells that occur in intact plant.

2. Alkaloids in in vitro cell cultures

Secondary metabolites are generally synthesized in very low level in plants (only up to 1% of
total carbon) as they have specific functions. Mostly, they serve in plant protection against
biotic and/or abiotic stresses. The use of biotechnology strengthens the efforts to improve the
yield of a desired compound. Cultured plant cells can be considered as factory cells that
produce secondary metabolites due to their capability for bio-transformations. Thus, some
processes such as hydrogenation, dehydrogenation, isomerization, glycosylation, hydroxyla-
tion, and addition of carbon atoms might be performed in plant cell cultures.

The biosynthesis pathways of indole alkaloids and the others have been investigated for many
years, but the whole process is not completed yet. Good knowledge on the mechanism of
alkaloids biosynthesis in cell cultures and cultural condition will considerably enhance the
production of natural alkaloids for medication. In plant, the tissue of synthesis is not always
the same as the tissue of accumulation. Certain substance is derived from a precursor that
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presents in one organ, and then the whole pathway from one intermediate to subsequent ones
is performed in different organs/sites, each with its specific enzyme. When this is the case, the
substance must be synthesized in differentiated plant where translocation takes place from
one plant part to another. That substance might not be found in in vitro cells culture. Another
case is that alkaloid biosynthesis and storage are in a particular organ or tissue; then perform-
ing in vitro cultures of a specific organ or tissue is likely to get the desired substance. When
biosynthesis and accumulation occur in any cells of a plant, the alkaloid of interest can be
produced in the culture [6].

It was suggested that the synthesis and storage of quinoline alkaloids in Cinchona plant is
determined by the extent of differentiation. Experiments with hairy roots culture of Cinchona
[7, 8] resulted in an increased yield of the alkaloids. In mature plant of C. roseus, genes
expression for tryptophan decarboxylase (TDC) and strictosidine synthase (STR), both are
among the key enzymes for terpenoid indole alkaloids (T1As) biosynthesis, were detected
much higher in roots than in the aerial part of the plant [9]. The research results led to the
integration of Cinchona officinalis hairy roots with fdc and str genes originated from C. roseus,
in an attempt to increase the alkaloid production [10]. Indeed, the transformed hairy roots
culture produced higher level of quinoline alkaloids, suggesting that in Cinchona spp., roots
may be the main site for those two enzymes. Many other researchers reported that undiffer-
entiated cultured cells of Cinchona exhibited quinine alkaloid in control medium [11, 12] as
well as in elicitors treated medium [12]. This means that all Cinchona cells can synthesize the
alkaloids in some ways.

Similar stories also applied to reserpine biosynthesis in Rauwolfia serpentina. Reserpine was
found in cells or callus culture of the plant [13, 14] as well as in its shoots culture [15], while
naturally people collect reserpine from its roots. Dimeric TIAs, vinblastine and vincristine,
have been detected in higher level in new-formed roots and callus-roots cultures of C. roseus,
compared to that existed in its petiole [16]. Those examples suggest that Rauvolfia spp. and
Catharanthus spp. are capable to synthesize alkaloids regardless of the tissue type as biosyn-
thetic site.

Regenerated shoots of Papaver bracteatum contain much higher thebaine/morphine alkaloids
than meristemoids or callus. The shoots have laticifer-like cells and tracheids, whereas mer-
istemoids and callus occasionally do not show the presence of laticifer [17]. It was reported
also that only greenish callus with tracheary elements produced thebaine and codeine in P.
somniferum [18]. Ginsenoside is specifically produced in ginseng roots; therefore, in vitro
root culture is required. Similarly, herbal plants such as Hypericum perforatum (St. John's
wort), which accumulates hypericins and hyperforins in foliar glands, have not demon-
strated the ability to accumulate the phytochemicals in undifferentiated cells [19]. Those
cases indicate that cytodifferentiation has correlation with alkaloids synthesis, and most
presumably cells culture of those certain plant species cannot produce the corresponding
alkaloids. Table 1 summarizes some alkaloids that have been successfully synthesized in in
vitro culture.
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Alkaloids Plant source In vitro culture Yield (%) References
Indole alkaloids
Serpentine Rauvolfia serpentina Cells suspension 0.03-0.06 [13]
Plantlets 4.02-5.76 [15]
Catharanthus roseus Regenerated roots 0.06 [16]
Vinblastine Catharanthus roseus Regenerated roots 0.0005 [16]
Vincristine Regenerated roots 0.01 [16]
Ajmalicine Catharanthus roseus Compact callus 0.003-0.005 [32]
Cells suspension 0.16-0.7 [31, 36, 40, 57]
Reserpine Rauvolfia tetraphylla Callus 0.09-0.21 [14]
Rauvolfia serpentina Callus 0.1 [53]
Quinoline alkaloids
Quinine Cinchona ledgeriana Hairy roots 0.058-0.23 [7,8]
Cells suspension 0.12-10.90 [12, 26]
Cinchona officinalis Hairy roots 0.05 [10]
Isoquinoline alkaloids
Thebaine/codeine Papaver bracteatum Callus 0.01/0.0033 [17]
Papaver somniferum Embryogenic callus 0.0025/0.012 [84]
Berberine Coscinium fenestratum Cells suspension 0.004-0.02 [85]
Thalictrum rugosum Cells suspension 0.0015 [86]
Tropane alkaloids
Atropine Datura metel Hairy roots 0.13-0.26 [60]
Anisodus acutangulus Hairy roots 0.0004-0.0007  [44]
Scopolamine/hyosciamine Brugmansia candida Hairy roots 0.24/0.06 [45]
Hyosciamine Hyosciamus muticus Callus 3.72-4.25 [61]
Terpenoid alkaloids
Aconitine Aconitum napellus Cells suspension 0.035-0.043 [62]
Amaryllidaceae alkaloids
Galanthamine Leucojum aestivum Plantlets 0.068-0.05 [41, 42, 58]
Shoots 2.0-9.7 [37,43]

Table 1. Report on some alkaloids produced in in vitro culture.

2.1. Biosynthesis pathway of alkaloids: different facts in cell cultures

TIAs are derived from amino acid tryptophan. Figure 1 shows the branching pathways of
many TIAs biosynthesis. Tryptophan combines with secologanin to form strictosidin. It
seems that strictosidin is the intermediate base for many TIAs. From this stage, reserpine is
synthesized. Strictosidin which is de-glycosylated to strictosidine aglycoside will convert to
dehydrogeissoschizine. This compound in separate way via corynantheal will become cin-
chonidinone that by a reductive reaction forms cinchonidine and then quinine. Two
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NADP-dependent enzymes specific to cinchona quinoline biosynthesis have been identified
[20]. On the other hand, Alahmad et al. [21] reported that quinine is detected in some
plants experiencing biotic stresses where quinine is presumably derived from phenolic
compounds through the activity of polyphenol oxidase and/or phenol oxidase.
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Figure 1. Biosynthesis pathways of terpenoid indole alkaloids (TIAs).

Dehydrogeissoschizine through six further steps via tabersonine pathway would arrive to
form vindoline, with which catharanthine will be converted to bisindole alkaloids vinblastine
and then vincristine. Dehydrogeissoschizine via cathenamine pathway produces yohimbine
and ajmalicine. By oxidation, the latter compound becomes serpentine [20, 22, 23]. Figure 2
demonstrates the basic molecular structures of strictosidine and its essential alkaloid deriva-
tives.

The initial source for berberine biosynthesis is L-phenylalanine. From phenylalanine, through
reticuline, coulerine, and canadine consecutively, berberine is produced. It belongs to the group
benzyl isoquinoline alkaloids. The biosynthesis of atropine starting from r-phenylalanine too
firstundergoes a transamination forming phenylpyruvic acid which is then reduced to phenyl-
lactic acid. The latter compound combines with co-A to become tropine. Following many
further steps, it converts to hyoscyamine which is then racemized to atropine [24].
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Figure 2. Strictosidine as central basic molecule of TIAs and its derivative molecules.

The biosynthesis of galanthamine also starts with enzymatic conversion of L-phenylalanine.
The enzyme phenylalanine ammonialyase (PAL) converts it to protocatechuic aldehyde, and
L-tyrosine, which includes the enzyme tyrosine decarboxylase producing tyramine. The
junction of the tyramine and the protocatechuic aldehyde results in Schiff’s base, which is
converted to norbelladine. Norbelladine or related compounds undergo an oxidative coupling
in Amaryllidaceae plants. 4-O-methylnorbelladine is considered as a key intermediate. The
biosynthesis of galanthamine involves the phenol oxidative coupling of O-methylnorbelladine,
and then following further steps, galanthamine is produced [25].

By identifying the pathway, the application of a precursor in culture media is a common
practice. In C. pubescens cells, tryptophan as a precursor, fed in the culture media, did not
improve quinoline alkaloids level [11, 12], but C. ledgeriana cells successfully increased the
synthesis of cinchonidine by tryptophan feeding [26]. Culture media, with or without Cin-
chona cells in it, treated with tryptophan accumulated p-carboline alkaloids and indole-3-
aldehyde [11, 27]. It indicates that tryptophan does not go along the pathway to quinoline
alkaloids biosynthesis in Cinchona-cultured cells. Moreover, it was reported by [28] that simple
[-carboline alkaloids such as tetrahydro-f3-carboline-3-carboxylic acid and 1-methyl-tetrahy-
dro-f-carboline-3-carboxylic acid are readily formed from tryptophan as well as from trypta-
mine by Pictet-Spengler reaction in food and beverages.

Feeding geraniol, 10-hydroxygeraniol, or loganin to a C. roseus hairy root culture resulted in
significant increases in the accumulation of tabersonine [29], but the addition of tryptophan
or tryptamine separately had no effect. It is presumed that only the early parts of the pathway
are present in the hairy roots cultures where certain enzymes involved considerably in alkaloid
production. An elicitor, jasmonic acid, combined with feeding either loganin or tryptamine
did not further enhance the accumulation of indole alkaloids [30]. Precursors loganin, trypta-
mine, or their combination were fed to noninduced and methyl jasmonic acid (MeJA)-induced
cultures. TIA production was not significantly enhanced in either noninduced or MeJA-
induced cultures with precursor feeding. It seems that in noninduced cells, steps downstream
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of loganin and tryptamine were disturbed because of the accumulation of loganin or trypta-
mine in the cells with precursor feeding.

An increase in reserpine content was observed in 50 mg L™ tryptophan fed callus culture than
in other concentrations in R. tetraphylla callus [14]. Addition of secologanin increased the
alkaloid ajmaline production 10-folds in C. roseus [31]. More results were reported [32] that
succinic acid, tryptamine, and tryptophan feedings also significantly increased ajmalicine and
catharanthine production by compact callus cultures of C. roseus, while geraniol feeding
inhibited biomass and alkaloid accumulation. Treatment on the whole plant culture of R.
serpentina with tryptamine (1.0 mg L™) alone resulted in enhanced reserpine production while
the highest reserpine yield was obtained after 36 days of elicitation in cultures treated with 0.1
mmol salicylic acid and enriched with 1.0 mg L™ tryptamine [15]. Research on the utilization
of precursor to upscale in vitro production of other alkaloids is still limited, probably due to
limited revelation of the biosynthesis mechanism.

2.2. Factors affecting alkaloids in vitro production

2.2.1. Propagules as the initial plant material

Theoretically all plant parts are capable of producing callus which then grows undifferentiated
or differentiated. We have discussed above that some alkaloids are synthesized in particular
organelles or organs, meaning that cytodifferentiation is required. An identification process
for the most productive cell clones or propagules is important to be done, as the initial cultured
plant material.

Cell type-specific localization applies also for berberine biosynthesis and accumulation which
are temporally and spatially separated. In a berberine-producing plant, Thalictrum flavum, it
was reported that the transcripts of its nine biosynthetic genes were confined to the pericycle
and adjacent cortical cells of roots, and protoderm of leaf primordia, whereas berberine
accumulation occurred in the root’s endodermal cells, also in pith and cortex of rhizomes [33].
Based on this report, the use of root tissues or transformed hairy roots can be considered.

2.2.2. Plant growth regulators

Increasing or lowering the growth regulators in culture media gives impacts in alkaloids
production. Growth regulators determine secondary metabolites biosynthesis as well as
biomass production. It is well known that growth promoters such as auxins and cytokinins
have important roles in plant growth and differentiation. However, it is also recognized that
secondary metabolites are synthesized when the plant growth rate is decreasing, meaning
when the plant starts to senesce or becomes stressed due to biotic or abiotic environment,
secondary metabolites, including alkaloids, will appear. Based on this contradiction, a
balanced treatment between growth promoters and stress-creating substances (growth
inhibitors) has to be taken into account.

It was reported that auxins negatively influence alkaloid biosynthesis and accumulation at all
levels in C. roseus cell culture [34]. Subculturing cells on an auxin-free medium results in

7
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increased Tdc and Str mRNA levels, while the addition of auxins rapidly decreases the Tdc
mRNA. During the growth phase, 2,4-D strongly inhibits alkaloid production, but it recovers
during the stationary phase. This is the reason that auxins are commonly added to the medium
for callus induction, but they are added at a low concentration or omitted for the production
of secondary metabolites. By contrast, the addition of cytokinin zeatin to an auxin-free C. roseus
cell cultures resulted in an increase in ajmalicine alkaloid accumulation [35]. It was reported
[36] that cytokinins and ethylene increased alkaloid accumulation in periwinkle callus or cell
suspension cultures. It was mentioned that either exogenously applied cytokinins or ethylene
(supplied by ethephon) greatly enhanced ajmalicine and serpentine accumulation in cells
subcultured in a 2,4-D-free medium. Ethylene precursor, 1-aminocyclopropane-1-carboxylic
acid, amplified galanthamine and lycorine content to sixfold in Leucojum aestivum while
ethylene was reducing [37].

Abscisicacid (ABA) regulates various aspects of plant growth and development including seed
maturation and dormancy, as well as adaptation to abiotic environmental stresses [38]. A
report [39] stated that ABA stimulated accumulation of catharanthine and vindoline in C.
roseus. Treatment of precursors fed C. roseus cells with ABA did not induce the accumulation
of alkaloids but it delayed the catabolism of strictosidine [40]. In C. ledgeriana cell culture, ABA
(1-3 mg L) exhibited a growth promotion compared to the control medium containing
picloram as an auxin source and BA, while the quinine content is comparable to that of ABA-
free medium [12, 26], whereas paclobutrazol (PBZ) reduced the cell growth but induced
significantly the quinine production [12].

There were variations in the accumulation of galanthamine in L. aestivum in vitro cultures
grown in media with various combinations of growth regulators. In the absence of growth
regulators, the amount of galanthamine was 0.0011% (DW). When cultivated in media with 10
UM a-naphthyl acetate and 0.5 uM BA, the highest yield was obtained, 0.0068% (DW) [41].
Cytokinin thidiazuron demonstrated better effect in L. aestivum shoot culture in which
galanthamine biosynthesis achieved maximum yield of 0.05% (DW) [42].

2.2.3. Culture conditions

2.2.3.1. Nutrient and pH of culture media

Mineral and organic substances that are commonly incorporated in culture media are subject
to modification. For galanthamine, the optimization of nitrate, ammonium, phosphate ions,
and sucrose concentration increased the production in L. aestivum shoot culture [43]. The
nitrogen concentration and NH,*/NO;” molar ratio of the culture medium often influence the
synthesis of alkaloid. In Anisodus acutangulus hairy roots culture, cell growth and alkaloid yield
were inhibited at low or high total nitrogen concentrations and the most favorable concentra-
tion of nitrogen for the maximum biomass and the highest tropane alkaloid yield was found
tobe 90 mM (NH,/NO; =4:1). Regarding carbon source, medium containing sucrose, glucose,
fructose, and galactose was compared; 3% sucrose gave the best yield in terms of cell growth
and metabolism resulting in alkaloid productivity among different carbon sources used [44].
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Medium component is not only the ingredients, but also pH. At pH 5.5 and at certain concen-
trations of acetic acid, the content of scopolamine and hyoscyamine increased in root cultures
of Brugmansia candida and also promoted the release of both alkaloids into the medium.
Lowering the pH to 3.5 and 4.5 reduced the accumulation of both alkaloids, but at a pH of 4.5,
their release increased significantly. Acetic and citricacid stimulated the release of scopolamine
and hyoscyamine, presumably due to permeability change of cell membrane [45]. A hairy root
line, which was induced from leaves of A. acutangulus, was subjected to pH variation in the
culture medium [44]. The biomass yield of hairy roots grown at pH 6.5 was two times higher
than that at pH 4.5. However, the maximum production yield of tropane alkaloid was reached
at pH 4.5.

2.2.3.2. Light

Light is an environmental factor most frequently reported having significant effect in secon-
dary metabolite biosynthesis. Light can affect plant differentiation, morphology, and metabolic
activities. Cultures that need certain stage of shoot differentiation to produce a secondary
metabolite require light, indicating that some enzymes for the biosynthesis will be activated
by light exposure. It was reconfirmed [46] that in lupine (Lupinus spp.), enzymes of quinolizi-
dine alkaloids (QAs) and the precursor lysine are localized in the chloroplast. Consequently,
the alkaloid formation requires cell differentiation to greening tissue and is governed by light.
The conversion of ajmalicine to serpentine involves the role of peroxidase. Light-grown cell
cultures of C. roseus had a 20-fold higher vacuolar peroxidase activity compared to those of
dark-grown cells and the accumulation of serpentine in light-grown cells was higher [47].
Vindoline biosynthetic pathway is also regulated by light as proven with callus culture of C.
roseus [32,48]. Maximum galanthamine production was achieved in cultures grown under light
conditions. Galanthamine in the cultures under light is more than twice (73.8 ug g* DW) than
those cultivated under dark conditions (38.5 ug g*! DW) [25].

It seems that alkaloids biosynthesis in Cinchona, at least partially, is light regulated. In contrast
to the abovementioned cases, transformed cells of C. ledgeriana grown in the dark produced a
remarkable enhancement of alkaloid accumulation, 50 times greater than those cultured under
the light [49]. Blue light was found detrimental to alkaloid accumulation, but red or green light
has the same effect with the darkness. Furthermore, alternating the dark and light periods for
every 28 days resulted in alternate high and low alkaloid productivity, suggesting that this
was not simply an adaptation effect.

2.2.3.3. Temperature

Cultivation of C. roseus hairy roots at different temperatures was found to have an effect on
growth rate and indole alkaloid content. When lowering the temperature, the roots responded
by increasing the degree of unsaturation of cellular lipids, which was mainly due to an
increased proportion of linolenic acid. The modifications in lipid composition might be
necessary for the roots to retain the proper cell membrane fluidity at each temperature.
Although changes in membrane lipids might happen, the distribution of indole alkaloids
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between the roots and the medium was undetectable. Instead, the level of alkaloid accumula-
tion in the roots increased significantly with lowering temperature [50].

2.3. Improvements to enhance in vitro alkaloids production

Plant alkaloids are usually produced in very low level, both in intact plant and in cell cultures.
It depends greatly on the physiological and developmental stages of the plant or the plant cells.
There are an increasing number of reports that plants and endophytic fungi produce secondary
metabolites through mutualistic symbiosis. This issue is attracting, but the aseptic method of
in vitro culture has to consider some modifications to benefice the involvement of endophytic
microbes. Fungal endophytic Curvularia spp. and Choanephora infundibulifera have been
found in C roseus enhancing vindoline content by 229-403% [51]. An example of producing a
non-alkaloid substance, paclitaxel, has been reported [52]. Suspension cells of Taxus chinensis
var. mairei was co-cultured with its endophytic fungi, Fusarium mairei, in a 20-L co-bioreactor
for paclitaxel production. By using co-bioreactor that consists of two-unit tanks (10 L each)
separated by a membrane, and then culturing Taxus suspension cells in one tank and the fungi
in another, a desirable yield of paclitaxel was obtained in Taxus cell cultures. The co-cultured
Taxus cell cultures produced 25.63 mg L™ of paclitaxel within 15 days or equivalent to 1.71 mg
L per day and 38-fold higher than that by uncoupled culture (0.68 mg L™ within 15 days).

Many other metabolic manipulations can be applied along with genetic engineering in
attempting a higher production of desirable alkaloid compounds. To achieve an industrial scale
of production, one has to obtain a stable, high-producing cell line of the plant of interest. At
least two approaches of metabolic manipulation are being considered: (a) metabolic improve-
ments such as screening and selection for high-producing cell lines and the stimulation of
biosynthetic activities through various methods, and (b) optimization of growth and produc-
tion medium.

2.3.1. Metabolic improvements

2.3.1.1. Cells screening

Screening of germplasm and selection methods to obtain highly productive cell clones is
suggested. R. serpentina callus culture was divided into two cell strains of different fluorescence
under 365-nm UV light [53]. The results indicated that the yellow-green fluorescent cell strain
produced much more reserpine than the blue-white strain. Screening on the slow-growing
cells of 13-year-old cultures of R. serpentina through four successive subcultures into a liquid
medium has revived the cells. After three further generations, the cells recovered their growth
rate and enhanced reserpine production [13].

Transformed hairy root cultures of C. roseus established approximately 150 transformants from
four different cultivars. They were screened for desirable traits in growth and indole alkaloid
production. Five hairy root clones grew well in liquid culture. The levels of alkaloids ajmalicine,
serpentine, and catharanthine in these five clones were higher compared with cell suspensions
reported elsewhere; the experiment also indicated the presence of vindoline in two clones at
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levels over three orders of magnitude, greater than the minute amounts reported in cell
culture [54]. It was observed [55] from 11 cell lines of C. roseus derived from protoplast, 2 cell
shapes, spherical and cylindrical. The production of ajmalicine and catharanthine was
significantly greater when the cell aspect ratio (cell length/width) was more than 2.8.

2.3.1.2. Elicitors

In nature, a wide range of environmental stresses are threatening the plants. Secondary
metabolites are frequently increased when the plant encounters to environmental stresses,
biotic or abiotic. The phenomena found led us to believe that specific secondary metabolite
functions as protective agents against the stresses. Based on those reasons, the use of artificial
stresses or elicitors is common in in vitro cultures to enhance a desirable compound production.
The most frequently used elicitors are high or low temperature, drought, medium salinity,
growth retardants, microbial toxin, fungal carbohydrates, yeast extract, MeJA, and chitosan.

Polyethylene glycol (PEG) as a drought-creating agent incorporated in the callus culture
media of C. roseus did not affect the production of vinblastine nor vincristine [56]. In contrast
with ajmalicine, C. roseus cell suspension cultures treated with cadmium [57] resulted in the
enhancement of ajmalicine content as well as TDC enzyme activity. Treatment with 250 mM
mannitol and 4 g L' KCI as growth-stressing agents in compact callus culture of C. roseus
yielded ajmalicine about four-fold higher than the control [32]. For quinine, paclobutrazol
combined with mannitol in the media of C. ledgeriana suspension cultures significantly
improved quinine content [12]. Galanthamine and lycorine were 1.36- and 1.67-fold higher
compared to the control, respectively, achieved after elicitation with jasmonicacid in L aestivum
cell culture [58]. The addition of MeJA at the start of the cultivation resulted in a two-fold
increase in the concentration of galanthamine. Among the given elicitors, copper sulfate, silver
nitrate, salicylic acid, and MeJA in L. aestivum shoot cultures [59], it was found that MeJA
increased galanthamine biosynthesis the most.

Biotic (Bacillus cereus and Staphylococcus aureus) and abiotic (AgNO, and nanosilver) elicitors
were added to the hairy root cultures of Datura metel [60]. All the elicitors influenced biomass
accumulation and atropine production. Among the tested elicitors, nanosilver was the most
effective in enhancing the hairy roots” atropine content. Chitosan increased the content of
scopolamine and hyoscyamine in transformed roots of B. candida [45].

2.3.1.3. Optimization of culture conditions

Generally after having basic conditions required by cell cultures in regard to obtaining an
acceptable cell growth rate containing certain level of alkaloids, it is necessary to optimize the
culture media as well as the culture conditions to reach the maximum and consistent produc-
tion of the desired substance. Some examples are given below.

Full-strength MS medium was the best for nourishing the growth of Hyoscyamus muticus
cell cultures. The equal combination ratios of BA and NAA at 1.0 mg L™ gave the highest
biomass accumulation and alkaloid production of hyoscyamine. Culture grown under light
was higher in their growth rate than that grown in the dark, but the alkaloid content was

11
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relatively higher under dark condition. Furthermore, low inoculum density of cell suspen-
sion cultures (25 g L' (FW) presented a shortest doubling time (2.93 days), while those
obtained with a high inoculum (100 g L™ (FW) reached 13.47 days. At inoculum density of
50 g L' (FW), the highest dry cell weight and alkaloid content were attained [61].

To increase aconitine alkaloid production in cell culture of Aconitum napellus, liquid MS
medium supplemented with 1 mg L™ and kinetin 0.1 mg L™ gave the best growth rate and
aconitine yield. Cell density of 3 g (FW) per flask resulted in the highest amount of cell biomass,
and the addition of salicylic acid and yeast extract combined with 5% sucrose improved the
alkaloid level 2.5-3-fold higher compared to that from the control media [62].

By modification of a standard MS culture medium and further optimization with the in-
clusion of lactose as the carbohydrate source, NAA and kinetin as growth regulators, a
system has been developed for C. roseus cell suspension cultures to elevate both the
growth and catharanthine alkaloid accumulation in a single-stage culture of 14-21 days
[39].

Basic practices related to metabolic production process of any substance is pre-requisite for
scaling-up by using of bioreactor. This means that certain level of alkaloids productivity has
been achieved in general with particular method of cells/tissue cultures. A laboratory scale of
bioreactor or biofermenter is a large vessel, 10 L of maximum capacity. Culturing cells
suspension in bioreactor for a substance production needs a balanced combination of technical
design and internal culture conditions that may be created. Control of medium pH, dissolved
oxygen, flow rate of gas exchange, nutrient supply, cells density, agitation speed, as well as
temperature are among the factors of custodian importance [63, 64].

2.3.2. Genetic engineering

Many achievements have been made in modifying various metabolic pathways by using
specific genes encoding biosynthetic enzymes or regulatory proteins. Full-length cDNAs
namely CrRR2 and CrRR3 originated from a C. roseus cDNA library have been introduced into
cell suspension culture of C roseus. CrRR2 gene was expressed at a very low level, if any, that
treatment by cytokinins did not trigger its transcription. The CrRR3 gene expression is root-
specific and the transcripts are transiently up-regulated. In cells suspension, transcript
amounts of CrRR3 remained unchanged even by the treatment with NaCl, abscisic acid, or
jasmonic acid, but was increased with 10 M trans-zeatin [65].

In C. officinalis hairy roots [10], a binary plant vector construct whose T-DNA region contained
constitutive-expression versions (CaMV35S promoter with double enhancer and rnos termina-
tor) of tdc and str cDNA clones was used from C. roseus. It was then combined with an intron
possessing the (3-glucuronidase (gus-int) reporter gene and a hygromycin phospho-transfer-
ase (hpt) selection gene. The products of TDC and STR, tryptamine and strictosidine, were
found in high amounts, 1200 and 1950 mg g™ (DW), respectively. Quinine and quinidine levels
were found to rise up to 500 and 1000 mg g™ (DW), respectively. However, the genes were not
expressed anymore one year after. They had completely lost their capacity to accumulate
alkaloids.
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Based on the knowledge of biosynthetic pathways, a logic strategy can be made. Some efforts
to induce up-regulation of the transcript levels of key pathway genes are also commonly
performed, but the successes are not universal. In cultures of C. roseus elicited with MeJA (250
uM) on day 21, g10h, tdc, str, and sgd expression increased by three- to nine-fold after 24 h. Up-
regulation of the gene expression was followed by a 160, 440, and 420% increase in strictosidine,
ajmalicine, and tabersonine levels, respectively, after 5 days [30].

Genetic engineering is still promising for elaboration since the real problems encountered in
stabilizing the alkaloids production after transformation or induction rest to be elucidated.

3. Alkaloids accumulation in cultured cells

The fact is that alkaloids are synthesized and accumulated in plants to cope with unfavorable
environment. They hold adaptive significance to survive in diverse ecological situation. But a
quite number of these compounds are toxic and can be dangerous to the producing plant itself
[66]. Consequently, to maintain homeostasis, feedback inhibition of certain enzymes in the
biosynthesis pathway can occur in particular cell compartment that leads to cease further
alkaloids production. As a prerequisite for the defense function, however, the sequestration of
arespective alkaloid to a critical amount is necessary, then the compound is frequently confined
in vacuoles of specialized cells, as a means of detoxification.

3.1. Secretory structures

Plants have various specialized cells where a wide variety of products are often synthesized
and/or stored, namely secretory cells. External secretory structures include trichome, gland,
and nectary, but alkaloids are found mostly in internal structures such as idioblast, laticifer, or
secretory cavity and canal [67]. They are isolated cells that differ from the surrounding cells.

@ - "..

Figure 3. Spheric and elongated laticifers containing alkaloids among the cell aggregates cultures (left); idioblasts
(open arrowheads) and laticifer (solid arrowhead) in an intact leaf (right) of Catharanthus roseus (left: courtesy of Iskan-
dar and Iriawati [56]; right: with permission of the American Society of Plant Physiologists from [48]).
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It was reported [48, 68] that vinblastine and vincristine are confined in idioblast and laticifer
cells located among the palisade and spons cells, whereas catharanthine is found in leaf cuticle,
and specialized cells of cortex [69]. According to [70], the capacity of alkaloid synthesis in C.
roseus depends on the number of cells accumulating the alkaloid compounds. The genes for
the enzymes involved in the final stages of those two bisindole alkaloids synthesis, D4H and
DAT, are only expressed and activated within the idioblast and laticifer. Those cells are also
the site of the secondary metabolite accumulation [48, 71, 72]. Figure 3 demonstrates the
existence of secretory cells of C. roseus in callus culture and in intact leaf, suggesting that in in
vitro cultures, such a structure can be regenerated.

In Papaver somniferum, three different sites have been identified; benzylisoquinoline alkaloids
were stored in laticifers, the biosynthetic gene transcripts were restricted to companion cells,
and the enzymes were detected in sieve elements [73].

Cinchona bark does not exhibit any specialized structure that may be the site of biosynthesis
and/or storage of quinoline alkaloids. It was suggested [74] that quinoline alkaloid is located
most probably in intercellular spaces of the bark, which are schizogenous, lysigenous, or
schizo-lyzigeneous secretory ducts or canals. These are tube-like structures containing and
producing secretions. No report on secretory structures in cultured Cinchona cells is found so
far.

3.2. Alkaloids accumulation and harvest

Three factors affecting the yield of secondary metabolite should be considered, for example,
biosynthesis of the product, accumulation of the product, and breakdown of the product. The
actual yield will be the result of biosynthesis minus breakdown of the product, which provides
storage in a certain cellular compartment as a mechanism of avoiding autointoxication of the
producing cells [75].

Isoquinoline alkaloids, for example, berberine, are also synthesized in small vesicles which
later fuse with tonoplast to release the alkaloids content into the vacuole. Both Coptis japonica
and Thalictrum flavum cells, which have an ability to synthesize berberine, took up exogenous
berberine from the culture medium to accumulate it exclusively in vacuoles. By contrast, T.
minus cells, which excrete indigenous berberine mostly into the medium, did not take up
exogenously supplied berberine [76]. Vacuole seems to serve as particular compartment to
store high concentration of secondary metabolites, since some of them might be toxic for the
producing plant itself when they exist in higher amount than needed for particular function,
for instance in the defense or signaling [6]. A study on C. ledgeriana reconfirmed this [77]. The
toxicity of cinchona alkaloids to cell cultures was related to alkaloid uptake from the medium
with the purpose for selecting high-yielding cell lines. Quinine, the strongest, was completely
toxic at 5.5 mM. Both quinine and quinidine were more toxic than their unmethoxylated
precursors, cinchonidine and cinchonine.

Elimination of feedback inhibition of metabolic enzymes and inhibition of membrane transport
can be made by certain products newly synthesized in a second phase introduced into liquid
culture medium. Organ culture often demonstrates separate sites of synthesis and storage of
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secondary metabolites [78] which facilitates to avoid a saturated condition of a substance. Some
in vitro—cultured cells have also different subcellular compartments for biosynthesis and
storage of secondary metabolites. Increasing the permeabilization of vacuolar and cell
membranes would let the metabolites excretion to occur into the medium or into the apoplast.
Some chemicals have been used to alter membrane permeabilization,. Cd ranging from 0.05
to 0.4 mM for 2448 h increased ajmalicine production and excretion into culture medium,
particularly for cells at the mid-exponential growth phase [57], Tween 20 added for 24 h to the
medium, after 2-4 weeks, the hairy roots line of D. metel culture excreted scopolamine into the
culture medium, from 8.7 to 70% [79], or Tween 80 in roots culture of D. inoxia elevated
hyoscyamine release in the medium [80].

3.3. Industrial-scale production of alkaloids by cell cultures

The high production cost to extract a secondary metabolite that creates the consequence of
high price of the product has been described. The small taxol yield of Tuxus species requires
10,000 kg of bark to produce 1 kg of taxol [81]. In 1993, it was reported that quinine and
quinidine were produced at 300-500 metric tons yearly, which were extracted from 5000 to
10,000 metric tons of Cinchona bark [75]. Concern was raised about the environmental impact
of the sourcing, leading to search for alternative sources of the alkaloid. In the end, an
alternative environment-sustainable approach using plant cell culture has been developed.

Large-scale production of plant secondary metabolites through plant cells culture in bioreac-
tors is technically feasible [64, 75]. However, the cost-benefit of such a production is still the
major barrier. For some pricey products, it is still feasible. Another obstacle is that unfortu-
nately some of the most interesting products exist only in very small amounts or are not at all
produced in plant cell cultures. Hence, for industrial production, two crucial questions were
raised [75], whether plant cells can be grown in large fermenters and whether the price of a
product from such a large-scale plant cell culture will be competitive with conventional
production methods. The questions are still relevant nowadays for some extent. The answers
remain case-dependent, as during these 30 years several industrial-scale productions of
secondary substances indeed have been developed [64].

In another group of secondary metabolite paclitaxel, Phyton Biotech [81] and Samyang Genex
Corporation [82], both are the largest paclitaxel producer, have successfully increased the
productivity of taxanes by using plant tissue culture in large scale fermenters and through the
application of several strategies. By selecting high-yielding cell lines, Mitsui group produced
berberine on a large scale with a productivity of 1.4 g L™ over 2 weeks [83].

4. Conclusion

The facts that plant alkaloids can be produced by cultured cells have proven that cell culture
system is feasible to produce enhanced yield of desirable substances as an alternative for
natural sources. Plant cells have plasticity in some extent and are subject to manipulations.
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Therefore, substantial advanced and continuous researches still need to be established,
particularly in the biosynthetic pathway, the enzymes involved and their properties, the sites
of each reaction step, the factors affecting those steps of biosynthesis and accumulation, and
the consistency, as well as factors affecting the respective genes’ expression in cultured cells.
Specific cell type of a plant species necessitates a detailed exploration for its requirements to
produce certain alkaloids.

Collective reports from all over the world will be likely to improve the basic knowledge as well
as the technical approaches that will promote the development of a stable cells system serving
as technological matter. Industrial production of secondary metabolites in bioreactors is not
an impossible matter in the near future. It has been developing with steady progress, partic-
ularly for certain alkaloids.
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Abstract

Ephedra compounds are well known due to their biological activity. They have been
widely used in asymmetric synthesis during the last decades. Recently, we have pre-
pared reviews about the synthesis of acyclic and heterocyclic ephedra derivative com-
pounds reported in the literature. In this chapter, the synthetic methodology to access
acyclic and heterocyclic compounds derived from ephedra alkaloids and its structural
analysis are discussed, included those due to the substitution of the hydroxy group by
chlorine, sulfur, selenium, or nitrogen atoms. Biological activity analysis of some synthe-
sized compounds was done, and some of them have displayed biological activity.

Keywords: ephedrines, chirality, configuration, biological activity, stereoespecificity

1. Introduction

Chirality in biological systems is of main significance since in enzymes and drug receptors,
the active sites are chiral, and they only interact with molecules of specific configuration.
This has synthetic chemists became convinced to accept that all compounds used as pharma-
ceuticals must be in one of their enantiomeric forms. As a consequence, in the 1980s decade,
the Food and Drug Administration (FDA) required pharmaceutical industry to acquire drug
candidates in details of the toxic effects of the enantiomers. By this, chemical substances to be
used as drugs candidates must be synthetized as optically pure compounds or to be highly
enriched.

Biologically active chiral molecules have been extracted from natural products has plants.
Extracts from the Ephedra sp. genus have been traditionally used in Chinese medicine as nasal

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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descongestives, cardiac stimulant, and antiasthma agents. The active principle from this plant
was first extracted in 1885, isolated, and then purified in 1887 by Nagai [1] who called it ephed-
rine. The herb, “Ma-Huang” is the best source of ephedrine, up to 1% bulk weight has been
obtained from this material. Amounts of pseudoephedrine, N-methylephedrine, N-methylpseu-
doephedrine, norephedrine, and norpseudoephedrine were found from this herb [2]. Since phar-
macologycal studies done by Chen and Schmidt in 1924 [3], the chemists have been interested
in the synthesis of physiologically active analogous of ephedrine derivatives [4]. At the present
time, large quantities are used in Western medicine to relieve mucous membrane congestion

[5]-

Today, ephedrine is a pharmaceutical classified as sympathomimetic agent, weaker but lon-
ger acting than adrenaline. It acts as cardiac stimulant, hypertensive agent, hyperglycaemic,
and bronchodilator. Ephedrine has been clinically used against hay feber, bronchial asthma,
myasthenia gravis, whooping cough, Heart block (Stokes-Adam syndrome), and dysmenor-
rhea. Because ephedrine crosses the hematoencephalic and placentary barriers, have effects
on the central nervous system, in consequence, decrease fatigue, sleep (insomnia), and hun-
gry sensations (anorexia) [4].

The no-polar structure of ephedrine makes this substance more liposoluble than catecholamines.
It is thermodynamically more stable, in consequence, it is not a substrate for monoamineoxi-
dase (MAO) or the catechol-O-methyltranspherase. Thus, it is a diffusible pharmaceutical that
has a more prolonged effect as catecholamines [6].

On the other hand, the modern chemistry is interested in the development of new synthetic meth-
ods to produce drugs, antibiotics, alimentary additives, etc., with high optical purity. Asymmetric
synthesis design requires catalysts, chiral auxiliaries, and reagents able to control the stereochem-
istry of the reaction products and to be efficiently recycled [7]. Ephedrines, norephedrines and
its derivatives, have been broadly used as chiral auxiliaries in asymmetric synthesis [8]. Thiols,
sulfides, and disulfides obtained from ephedrines have been proven to be very good chiral cata-
lysts [9]. It has been found the use of polymer-supported catalysts applied to organic synthesis
with emphasis given to the use of ephedrine chiral catalyst to promote asymmetric reactions [10].

2. Structure of ephedrines

The structure of ephedrine and pseudoephedrine was studied by Ladenburg and Oelschégel.
They suggested the formula PhCH(OH)CH(CH,)NHCH, now accepted for the alkaloids [11].
Studies that support this formula were provided by Schmith and Biimming [12]. The more
important fact that ephedrine and pseudoephedrine are stereoisomers is easy with which
ephedrine can be isomerized to pseudoephedrine by acylation or by boiling with HCl (25%)
[13], this change has been found to be reversible [14, 15].

Freudenberg and Leithe investigated the configuration about C1 and C2 for ephedrine and
pseudoephedrine [16-18], and represented the distribution about these centers of asymmetry,
for ephedrine by structure 1a and for pseudoephedrine by structure 2a, Figure 1.
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CH3 CH3
H—T—NHCHj3 H—T—NHCH3
H—7—OH HO—7T—H

CeHs CeH s
la (-)-ephedrine 2a (+)-pseudoephedrine

Figure 1. Freudenberg and Leithe representation of ephedrine 1a and pseudoephedrine 2a.

Zhu et al. analyzed the relationship of the substituents of the stereogenic center and to the specific
optical rotation. The variables used as matrix elements include (1) the substituent masses (m), (2)
radii (r), (3) symmetries (s), and (4) electronegativities (x) of the atoms or groups bounded to the
stereogenic center. For ephedrine and pseudoephedrine, the calculated values were approximate
to the observed rotation values [19]. The preferred conformation of ephedrine 1 and pseudoephed-
rine 2 was theme of controversy [20-25]. The questions could be answered by the X-ray technique.

Several crystal structures of ephedrine salts were reported: the hydrochloride by Bergin [26]
and the hydrogen and the di-hydrogen phosphates by Bugg [27, 28] showed the conformation
1b. On the other hand, in an X-ray study, Mathew et al. demonstrated the conformation 2b in
structures of (+)-pseudoephedrine and (+)-pseudoephedrine hydrochloride [29]. There was found
one strong intermolecular hydrogen bond OH N in pseudoephedrine which links the molecules
into infinite chains around the screw axis. An intramolecular contact N—H---O was observed,
but the angle of 108° is not favorable. On the other hand, the C(2)—N bond is nearly parallel to
the C(1) —C(ipso) bond. This conformation was also found in a bis-(+)-pseudoephedrine complex
of Koper II [30], (-)-noradrenaline [31], and dopamine [32]. Similar conformations for norephed-
rines were found [33] but the difference in energy levels between the various possible conforma-
tions in the nor-series is less than in the ephedrine series, and interconversion is carried out with
ease. This was explained because of the hindering effect of the N-methyl group, Figure 2 [34].

Finally, ephedrines 1,2 and norephedrines 3,4 have the (3-aminoalcohol structure where the phe-
nyl and methyl groups create two chiral centers on each carbon atom and generate four opti-
cally active stereoisomers, Figures 4 and 5. Freudenberg et al. [16] and Leithe [17] established

H3C\ H3C\
H NH H NH
Hi%Q—OH H3C€€%—OH
Ph CHjy Ph ¢

1b 2b

Figure 2. Stable conformations of ephedrine 1b and pseudoephedrine 2b.
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the relative configuration about the asymmetric centers for (-)-ephedrine and its optical isomers,
hence the configurational relationship between ephedrines 1a,b and pseudo-ephedrines 2a,b series
is well known. The stereoisomers with methyl on nitrogen atom are I-(1R,2S)-ephedrine 1a and
d-(15,2R)-ephedrine 1b; d-(15,25)-pseudoephedrine 2a, and I-(1R,2R)-pseudoephedrine 2b, Figure 3.

The I-ephedrine 1a is the stereoisomer that produces a more pronounced stimulus on the
central nervous system, compared with other drugs [35].

The stereoisomers without methyl on nitrogen atom are called norephedrines: I-(1R,2S)-
norephedrine 3aand d-(1S,2R)-norephedrine 3b; d-(1S,25) norpseudoephedrine 4a, and I-(1R,2R)-
norpseudoephedrines 4b, Figure 4.

. [
H;C™ NHy(CI H;CY " NH,CI
CH; CIl;
(IR, 25)-(-)-ephedrine (1S, 2R)-(+)-ephedrine
la 1b
C¢Hs,, _OH CeHs o _OH
,[ + L
H;C" NH,CI H;C' NH,CI
CH; CHj;
(18, 285)-(+)-pseudoephedrine (IR, 2R)-(-)-pseudoephedrine
2a 2b

Figure 3. Ephedrine stereoisomers.

Cells - OH Cels,, OH
:[ F [ +
H3C NH2C1 HBC\ NHzCl
I i
(IR, 28)-(-)-norephedrine (IS, 2R)~(+)-norephedrine
3a 3b
Cels,, _OH CeHs  OH
/'[ l o v -
H;C” " NH,Cl H;C"  NHyCI
3 H
(1S, 28)-(+)-norpseudoephedrine (1R, 2R)-(-)-norpseudoephedrine
4a 4h

Figure 4. Norephedrine stereoisomers.
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Physical properties of some optical isomers of ephedrines as free bases or as acidic salts have
been summarized, Tables 1-4 [36].

Characteristic mp (°C) [ad,

Free base (B) 37-39 -41°

Hemihydrate 3943 -6.3° (EtOH)
+11.2° (H,0)

Hydrochloride 216-220 -34° (H,0)

Hydrobromide 205 -

Sulphete 243 -30° (H,0)

Oxalate 249 (dec) Insol. H,O

Aurichloride 128-131 -

Platinichloride 186 -

Table 1. (1R, 2S)-(-)-ephedrine forms.

Characteristic mp (°C) [al,

Free base (B) 118-120 -51°(EtOH)

Hemihydrate - -

Hydrochloride 185-188 -62. (H,0)

Hydrobromide - -

Sulphete - -52.5° (H,0)

Oxalate 218 (dec) Insol. H,O

Aurichloride 126.5-127.5 -

Platinilchloride - -

Table 2. (1R, 2R)-(-)-pseudoephedrine forms.

Characteristic mp (°C) [al, )

Free base (B) 51-54 -14.56(EtOH)

Hemihydrate - -

Hydrochloride 172-175 -33° (H,0)

Hydrobromide - -

Sulphete 285-286 (dec) -31.99 (H,0)

Oxalate 245 (dec) -

Aurichloride 188 -

Platinichloride 221 (dec.) -

Table 3. (1R, 25)-(-)- norephedrine forms.
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Characteristic mp (°C) [al,

Free base (B) 77-8 (corr.) -37.9 (MeOH)
Hemihydrate - -
Hydrochloride 180-183 (corr.) -41.7° (H,0)
Hydrobromide - -

Sulphete 295 (dec.) -48.7° (H,0)
Oxalate 235 (dec.) -
Aurichloride 137-138 -
Platinilchloride 198 -

Table 4. (1R, 2R)-(-)- norpseudoephedrine forms.

4. Biological activity of ephedra heterocycles

A wide approach for the synthesis of new compounds that possess some kind of biologi-
cal activity is the cyclization of substituted phenethylamines as ephedrines into heterocycles,
such as morpholine (phenmetrazine) [37] and 2-amine-oxazolines (4-methylaminorex and
3,4-dimethylaminorex) [38], in such a way that the ephedrine skeleton becomes part of the
heterocyclic ring, Figure 5.

Some other heterocycles as oxazolidine [39], di- and tetrahidro-1,3,4-oxadiazines
[40, 41], 2-thiazoline [42], thiazolidine [43], dihidro-1,3,4-thiadiazine [44], tetrahydro-
triazine [45], and imidazolidine [46] derived from ephedrines and norephedrines have
been reported. Certain of these heterocycles exhibit different biological effects as central
nervous system, stimulating, appetite-depressing [37, 38], monoamine oxidase inhibiting
antidepressant [40g, 44b], central nervous system depressant [40e, £, 41, 45], analgetic [45],
hypocholesterolemic [41], anti-inflammatory [41], antimicrobial [41, 44b], or catechol-
amine-potentiating [43] activities. On the other hand, 3,4-dimethyl-5-phenyl-oxazolidine
is used as a prodrug [47].

2-aminoxazolines

CeH
H;C( } CeHs H %GHS
_ )ﬁ 0) H;C 0 3 O\
H Iﬁj [ N—NH, N\ H
H g H H H CH;
Morpholine ) )
(Fenmetracine) 4-methylaminorex  3,4-dimethylaminorex

Figure 5. Some heterocyclic compounds with biological activity.
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5. Reactions to get chlorodeoxyephedrine derivatives

The bromination reaction of ephedrine hydrochloride 2a with PBr, produce the bro-
modeoxy-derivative [48]. On the other hand, ephedrine 1a or norephedrine 3a or its
hydrochlorides reacts with SOCI, to give chlorodeoxypseudoephedrine 5a or chlorode-
oxynorpseudoephedrine 5b. The same reaction with pseudoephedrines 2a or 4a give a 60:40
diastereomeric mixture of threo:erytho 5a:6a, Scheme 1 [49]. In order to improve the stere-
oselectivity, chlorination reaction of pseudoephedrine stereoisomers 2 at 0°C was carried
out. In these conditions, only the corresponding threo chlorodeoxystereoisomers 3 were
stereoselectively obtained (S_i mechanism), Scheme 1, the X-ray diffraction structure of 5a
is depicted in Figure 6.

CgHsr,, Cl SOCl, OH SOCh CHe €l CgHeo Gl
s I R.T. CﬁH’I RT.. ©° ’[ L0 "’I
+ + - + =
HyC” “NH,Cl  evire  g.o” “RNHCI threo H;C” "NH,Cl H3C™ “NH,Q1
R W a R R
5 R 2..4“‘ R=CH; H 5 6

Scheme 1. Chlorodeoxyephedrine hydrochlorides from chlorination reaction of ephedrines 2.

O X
@

Figure 6. X-ray diffraction structure of Chlorodeoxyephedrine hydrochloride 5a.

6. Heterazolidines-2-heterounsaturated from ephedrines

In 1950, Close reported the solvent-free dehydration of ephedrine hydrochloride 1 in the pres-
ence of urea at 180-200°C to afford the imidazolidinone 11a-(t) and oxazolidinone 15a-(c),
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Scheme 2 [34]. In that work, it was proposed that urea is converted into ammonium oxo-
cyanate at 180-200°C, which in the presence of hydrogen chloride, ammonium chloride and
oxocyanic acid are produced. Finally, ephedrine reacts with oxocyanide acid to produce the
nonisolated urea intermediate 7a-(¢), which cyclization by dehydration affords the trans-imid-
azolidone 11a-(t). On the other hand, in a simultaneous manner, cyclization of urea 7a-(¢) by
nucleophylic attack of the oxygen atom of ephedrine to the ureidic carbonyl and ammonia
elimination produces the oxazolidone heterocycle 15a-(c).

The same reaction was revisited with the use of K'NCO" instead of urea, and the study was
extended with thiocyanates and pseudoephedrine 2a-(th), norephedrine 3b-(¢), and norpseu-
doephedrine 4b-(th), as stereoisomers to produce a series of optically active 1,3-heteroazoli-
dine-2-heterounsaturated compounds 9-15, Scheme 3.

H
-H,0 CeHsri. ~N
0 | | =0
J( ; ey
CiHsaOH HN  NH,  CoHsay -OHO CH;
I o 1a-()
H,C” 0l 180-200°C  HiCT N NH,
CH; CH; -NH; Cells I 0>= 0
1 Ta-(e) H;C
CH,

c =cis, t = trans l‘ia-(c)

Scheme 2. Dehydration of ephedrine 1a-(¢) with urea according to Close.

+o+
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Z-0.5 9 S NH,NCS
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CgHs-_-OH M NCZ 6 5:[ >=Y 11 NH O
+ = T180-200°C H;C 128 §
R R= CHg H 9_15 14 O S
1-4 15 O (0]

Scheme 3. 1,3-heterazolidines-2-heterounsaturated from ephedrines.

6.1. Reaction of ephedrines with oxocyanate

Urea intermediate 7a-(e), proposed in the Close’s reaction, was isolated when K*NCO- is
reacted with ephedrine hydrochloride 1 in refluxing ethanol for 72 h (78% yield). The reac-
tion was also performed with pseudoephedrine 2, norephedrine 3, and norpseudoephedrine to
afford, the urea derivatives 7a-(th), 7b-(e), and 7b-(th) in 83, 80, and 86% yield, respectively
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(Scheme 4). In the case of the reaction of Na'NCS™ with ephedrine stereoisomers series 1-4,
only chloride by thiocyanate anion was exchanged to give the corresponding hydrothiocya-
nates 8a,b (¢,th) (Scheme 4). The urea intermediate 7a-(¢) derived from ephedrine could be
crystallized from ethanol and its structure studied by X-ray diffraction (Figure 7).

+ .
CeHs +-  CeHls k neo  Cells~-OF0
I M Etanol v )J\

ﬁHTrtl H:C” °N° "NH.
H;C” "NH, SCN 'étﬁ?}" 3 A Reflux '3 | 2
R
1,4
Ea.h-(f,ﬂ Tab-(e.l)

Scheme 4. Reaction of K'NCO™ and NH,"NCS~ with ephedrines 1a,b-(¢,th) in refluxing ethanol.

An intramolecular hydrogen bonding interaction between the hydrogen atom of the hydroxyl
group and the ureidic oxygen atom to form a seven membered ring was observed. The
O1H1--06 distance of 1.820(24) A [angle of 166.72° (2.25)] represents a strong interaction [50].
The formed hydrogen bond forces the NH, group to adopt a syn conformation to the N-Me
group [C8N4C5N7 angle of —6.00 (0.26)°]. In addition, both N—CO bond distances are of inter-
mediate value between a single (1.469 A) and a double (1.279) N—C bond (1.35 A mean) [51].

When the intermediate 7a-(e) was free of solvent heated at 180-200°C for 1 hour, an equi-
molar mixture of imidazolidone 11a-(c) and oxazolidone 15a-(c) was formed (Scheme 5).
Imidazolidinone 11a-(c) was separated by precipitation from a CHCI, and purified by recrys-
tallization from ethanol. The structure of cis (c) isomer instead of the expected trans (t) iso-
mer [52] was observed on the '"H and *C NMR spectra and confirmed by X-ray diffraction
analysis. The formation of an aziridinim isocyanate I then the isocyanate II as intermediates

Figure 7. Molecular structure of ephedrine-urea 7a-(e).
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Scheme 5. Mechanistic pat way for the cyclization of ephedrine-urea 7a-(e) to get imidazolidinone 11a-(t).

are proposed to explain the retention of C1 configuration in the formation of the cis-imidazoli-
done 11a-(c) (Scheme 5) [53]. On the other hand, the oxazolidone 15a-(c) is formed in accord
to the Close’s idea (Scheme 2). The in situ formation of amides from aminoalcohols involved
in oxazolidine formation has been reported in the literature [34, 54].

On the basis of these previous findings, the free of solvent reaction of ephedrines 1,4 with
sodium or ammonium thiocyanates were performed.

6.2. Reaction of ephedrines with thiocyanate

In the direct heating of one equimolar of Na*NCS™ with ephedrine 1 at 180-200°C during 0.5 h,
ephedrine hydrothiocyanate 8a-(e) from the aqueous phase and trans-thiazolidine-2-imino
hydrothiocyanate 9a-(f) from the chloroform phase (10% yield) were separated, after CHCL,/H,O
partition, Scheme 6. Deamination of ephedrine hydrothiocyanate 8a-(¢) proceeded to give
Ethylphenylketone as lateral product.

The reaction with two molar equivalents of NH,SCN for 4 hours afforded the thiazoli-
dine-2-imino hydrothiocyanate 9a-(t) in 50% yield as precipitate from CHCI,. The use of
NH,SCN instead of NaSCN salt, avoided deamination, due to its lower melting point (153°C).
Compound 9a-(t) was identified on comparing the structure obtained from chlorodeoxypseu-
doephedrine [55]. On the other hand, several heterocycles were separated when the remaining
chloroform mixture was eluted in a chromatographic column. The mass spectrometry of the
separated fractions showed the presence of heterocycles summarized in Table 5.

As described above for ephedrine 1, two molar equivalents of NH,'NCS™ were heated with
pseudoephedrine 2, norephedrine 3, and norpseudoephedrine 4. The identified compounds are
listed in Table 5.

The reaction mixture of pseudoephedrine hydrochloride 2 was treated with a 50:50 of CHCL,/
H,O mixture. The chloroform phase was eluted in a column chromatography. Using chloro-
form as eluent, the imidazolidine-2-thione 10a-(c) was separated in 40% yield as first fraction.

CeHs M._ 6 5I N /E >:NH2 SCN  (Hs 0
_180-200°C + - o” N .
H;C %H;ECI 4.0 Hr H;C I':JHZ SCN 3
CH3 CH; CH; H;C
1 8a-(e) 9a-(1)

Scheme 6. Heating reaction of ephedrine 1 with NaSCN.
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Heterocycle 9 10 11 12 13 14 15
Ephedrine X S NH NH S S O O
Y NH,SSCN S O S @) S @)
1a-(e) Cis 184 (2) 163 (3) 196 (7) 172 (4) 160 (2)
[190(27)]  [223 (100)] [191 (19)]
Trans 168(50) 183 (7) 162 (7) 195 (2) 171(7) 191 (23)
[206(98)] [223 (100)]
1a-(th) Cis 169(15) 184 (40) 163 (5) 196 (6) 172 160 (5)
[206(15)] [206 (100)]  [190(27)]  [223 (100)]  [207(64)] [191 (19)]
Trans 162 (2) Traces 171 159 (20)
[223 (100)]  [207(41)] [191 (23)]
1b-(e) Cis Traces 200 (5) 176 (5) 189 (2) 160 (40)
[192 (100)] [209 (100)]  [193(16)] [193(35)] [177 (8)]
Trans Traces 199 (2) 175(40)
[209 (100)]  [193(25)]
1b-(th) Cis 173(40) 183 (10) 200 (15) 175(10) 160 (3)
[192(62)] [192 (100)] [209 (100)]  [193(16)]
Tans 172(10) 174 (5) 159 (3)

Table 5. Carbonyl carbon chemical shift in ppm, proportion (%) and mass spectrometry data [M* (%)] of heterocycles
9-15.

Imidazolidones 11a-(c) and 11a-(t), thiazolidinedione 12a-(c), and thiazolidinones 13a-(c) and
13a-(t) were separated in small quantities in the subsequent three remaining fractions, respec-
tively. On the other hand, after evaporation of the aqueous phase, thiazolidine-2-imino hydro-
thiocyanate 9a-(c) and oxazolidinones 15a-(c) and 15a-(t) as solid mixtures were identified by
mass spectrometry. NMR spectral data of compound 10a-(c) show a broad signal at 6.32 ppm
('H) and at 183 ppm (**C) of the N—H and C—S groups, respectively. The molecular ion
[z/e = 206 (100%), M'] and X-ray diffraction analysis confirmed the structure, Figure 8. The
bond distances C2—N1 [1.345(14) A] and C2—N3 [1.332(13) A] show an intermediate value
between a single and a double bond [51], due to a conjugation through the N1—C2—N3
fragment.

From the reaction mixture of norephedrine hydrochloride 3, compounds 13b-(c) and 13b-(t)
in a 1:8 proportion were separated by chromatography. Compound 13b-(t) (40% yield) was
separated from 13b-(c) in a second column using CHCI,. The spectra data, molecular ion
[z/e = 193 (25%), M"], and the X-ray diffraction structures of compound 13b-(¢) confirm the
trans configuration (Figure 9). A conjugation through the N—C2—S fragment is observed
because the bond distances C2-N [1.332(3) A] and C2-S [1.775(2) A] are shorter than the cor-
responding single bonds.

The reaction mixture of norpseudoephedrine hydrochloride 4 was separated in a chromato-
graphic column and each fraction analyzed by mass spectrometry, Table 5. The fourth frac-
tion contained thiazoline-2-amine hydrothiocyanate 9b-(c).
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Figure 9. Structure oftrans-thiazolidinone 13b-(t).

At least four competitive mechanisms are proposed to explain the formation of heterocy-
cles 9-15a,b in the heating reaction of NH,SCN with ephedrines 1,2 and norephedrines 3,4
(Scheme 7). In general, with exception of heating reaction of norephedrine 3, a S 2 dehydra-
tion mechanism by the thiocyanate =isothiocyanate anions as nucleophiles and the subsequent
cyclization of the ephedrinethiocyanate (IV) and/or ephedrineisothiocyanate (III) intermedi-
ates formed operate to give the corresponding thiazolidine-2-imino hydrothiocyanates 9a,b
and/ or imidazolidinetiones 10a,b. The product from thiocyanate predominate in the heating
reaction of ephedrine 1, and for pseudoephedrine 2, the product from isothiocyanate predomi-
nate. A stable alkyl ephedrinethiocynate analogue to IV has been isolated, which support the
proposed mechanism [56].

In the heating reaction of norephedrine 3, the H,S obtained by hydrolysis of thiocyanate acts
as nucleophyle in competitive S 1 and S 2 mechanisms to form the thiolephedrine thiourea
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Scheme 7. Proposed mechanisms to explain the formation of heterocycles 9-15.

VI-(e,th), which cyclization afford thiazolidinethiones 12b(c,f). A desulphurization by hydro-
lysis of thiazolidinethiones 12b-(c,t) explains the formation of thiazolidinones 13b-(c,t). A
mechanism through thioureidic intermediate V operates simultaneously, its cyclization
affords oxazolidinethione 14b-(c), which desulphurization gives oxazolidinone 15b-(c).

Desulphurization of the oxazolidinethione 14a-(t) explains the formation of oxazolidinone
15a-(t) (20%) in the heating reaction of pseudoephedrine 2, Scheme 6, this mechanism is
favored when one molar equivalent of NH,'NCS" is used. In this case, oxazolidinone 15a-(t)
(40%) and imidazolidinethione 10a-(c) (20%) were obtained as the major products. Similar
results were observed in the heating reaction of norpseudoephedrine 4. If NH,'NCS- is changed
from two to one molar equivalents, thiazoline-2-amine hydrothiocyanates 9b-(c) decreased
from 40 to 15% and oxazolidinone 15b-(t) increased from 3 to 45%.

In general, in the "H NMR spectral data of ephedracycles, the C—CH, group of the cis isomers
appears at low frequency shifts in the range between 0.9 and 0.7 ppm, compared with the
same group of the trans isomers, appearing between 1.1 and 1.4 ppm, this is due to the shield-
ing effect of the phenyl group.

37
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7. Heterazolidines-2-heteroinsaturated from chloropseudo ephedrines

In continuation with our investigations on the design of new heterocycles derived from
ephedrines 1, in this work, we revisited the cyclization reactions of chlorodeoxypseudo-
ephedrine hydrochloride 5a-(th) (R = Me) with one or two molar equivalents of potassium
oxocyanate, sodium thiocyanate, and potassium selenocyanate nucleophiles as cyclizing
agents in refluxing ethanol. In addition, the results of the reaction of chlorodeoxymnorp-
seudoephedrine hydrochloride 5b-(th) (R = H) with the above mentioned nucleophiles
are reported. An interesting finding of this study was the synthesis of the trans isomer of
1,3-oxazolidine-2-iminium chloride 18a-(t) through the in situ chlorinated urea intermedi-

ate 7a-(e¢), Scheme 8.

; OH cl 20a,X=0
(-6"5:]: KOCN C6H5:I _socl,_ 6“5:1 0 21a. X =5
CHs™ i, ahanol - ¢y, CH; J.LNII« 228, X=Se
14 Reflux v ’ A : R = C11; Collsm—X
R 7R R A I =N,
80Cl, X=0 e NN
- NaOl R
. al MXCN - CgHsrmn—X
("‘"5:]: FOH C“H5:]:U X=S.Se_ 5:[ >=§|12?/ ; Cets
L= _ | R=1
CH; NH,Cl Reflux | Cpl; $II2XCN H;C [\l{' Y =XCN.Cl —.-“ . />_\'Hz
+C
5 R 16 R 18,X=0 (o) — cis zuh X=0
a b (e)=erythro 9. X=5 )~ trans 21b, X =8
R=CHs, H (th) — threo 19, X =S¢ 22b, X =Se

Scheme 8. Reactivity of chlorodeoxypseudoephedrine hydrochlorides 5 with heterocyanates.

7.1. Reaction of chlorodeoxypseudoephedrine hydrochlorides 5 with potassium oxocyanate

Chlorodeoxypseudoephedrine hydrochloride 5a-(th) was reacted with two molar equiva-
lents of KOCN in stirring ethanol at room temperature. The reaction was monitored at 24,
48, and 72 h by 'H NMR. Two compounds, in 80:20, 60:40, and 40:60 proportions, respec-
tively, were observed. The NMR tube of the 40:60 proportion in DMSO-d, was heated at
92°C during 1 h, to quantitatively transform the minor proportion compound into the
1,3-oxazolidine-2-iminium oxocyanate 18a-(c) identified as the only product. The N-(1-
chloro-1-phenyl-2-methyl-ethyl)-N-methyl urea 17a-(th) in the 80:20 mixture with 18a-(c)
was identified as the intermediate. The use of one molar equivalent of potassium oxocya-
nate in the same reaction in refluxing 16 h afforded the hydrochloride of the oxazolidine-2-
imine 18a-(c), which was crystallized from ethanol to be analyzed by X-ray diffraction, the

structure is shown in the Figure 10.

The reaction is general; the reaction of one molar equivalent of KOCN with chlorodeoxynorp-
seudoephedrine hydrochloride 5b-(th) (R = H) in refluxing ethanol 8 h afforded the chlorourea
derivative 17b-(th). The proposed mechanistic pathway represented in Scheme 9 explains

why the reaction is carried out with inversion of the Cl configuration to get the cis isomer.
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Figure 10. Molecular structure of hydrochloride compound 18a-(c).
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Scheme 9. Mechanistic pathway involved in the synthesis of compounds 18a-(c) and 18b-(c).

Chlorourea compound 17b-(th) could be isolated and characterized by NMR. Two signals are
observed in the '"H NMR spectrum 6.04, (d, */ = 8.5 Hz) and 5.55 ppm (s, broad) in a 1:2 propor-
tion, respectively, assigned to NH and NH, urea hydrogen atoms, respectively. The NH coupling
constant value proposes a hydrogen bonding NH---Cl interaction, which makes this hydrogen
and H2 to be in an antiposition. In addition, the small H!, H? coupling constant (*] = 5.28 Hz)
supports this proposed interaction, Figure 11. The *C NMR spectrum shows the carbonyl car-
bon signal at 159.6 ppm, according to the proposed structure.

The chlorourea derivative 17b-(th) was refluxed in ethanol during 24 h. The 'H NMR
spectrum of the solid precipitated showed a 80:20 mixture of two heterocycles. The 'H
NMR chemical shift of the 'NH, group appears in 9.65 ppm as a broad signal, H5 and H4
appear at 6.49 (d) and 4.56 ppm (dq), for the major compound. For the minor compound,
H5 and H4 appear at 5.26 (d) and 5.41ppm (dq), respectively. In both compounds, the
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Figure 11. Hydrogen bonding interaction proposed in compound 17b-(th).

coupling constants are of the same value. In addition, the multiplicity of these signals
are interchanged for the minor compound, which are correlated with *C NMR signals
at 65.9 (C4) and 84.6 (C5) ppm, respectively. These results allowed us to assign the cis-4-
methyl-5-phenyloxazoline-2-ammonium chloride 18b-(c) as the major compound the
cis-5-methyl-4-phenyl-oxazoline-2-ammonium hydrochloride 23b-(c), as the minor com-
pound, whose formation is explained due to the participation of an aziridine intermedi-
ate III, Scheme 10 [52].

It is known that in chlorination reaction of ephedrine derivatives with thionyl chloride,
the C1 configuration is retained through a S i mechanism, when ephedrine bears a bulky
group as oxamide or sulfonamide on the nitrogen atom [57]. In this sense, we obtained
the erythro isomer of ephedrineurea intermediate 7a-(¢) by the reaction of ephedrine hydro-
chloride 1a-(e) with KOCN [58]. This ephedrineurea was chlorinated with thionyl chlo-
ride in CHCI, to get, in situ, 1-(2-chloro-1-methyl-2-phenyl-ethyl)-1-methyl-urea 17a-(e).
Compound 17a-(¢) was refluxed in ethanol during 8 h. 'H and *C NMR spectroscopic
data of the solid obtained after solvent removal allowed us to identify the trans isomer
of 3,4-dimethyl-5-phenyl-oxazolidine-2-iminium chloride 18a-(f). This result showed
that chlorodeoxyephedrine urea 17a-(¢) was obtained with retention of C1 configuration,
which was cyclized with the inversion of C1 configuration to obtain 18a-(t). In a similar

C5H51-, N + _ C H 0
N 6515 + =
[ »—NH;Cl I D>—NH,Cl

0 H;C™ N

1 / 1000 \

,. Cl
CeHsi, 4 H CeHs. ~C1 poen Cets M
NCO_/\ JA/ N, Condcnsation
HsC H HyC” NH H;C™ N} NH,
H H
m 17 b-(1h)

Scheme 10. Mechanistic pathway proposed to explain the formation of compound 23b-(c).
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manner, the same reaction with norephedrine hydrochloride 1b-(e) is stereoselective to
get the cis isomer of the oxazoline-2-ammonium chloride 18b-(c). In contrast, the same
procedure for pseudoephedrine 1la-(th) and norpseudoephedrine 1b-(th) hydrochlorides
gave a mixture of oxazolidine-2-iminium chlorides 18a (60:40, c:t) and oxazoline-2-ammo-
nium chlorides 18b (75:25, c:t), respectively [59].

7.2. Reaction of chlorodeoxypseudoephedrine hydrochlorides 2 with sodium thiocyanate

It is known that the condensation reaction of chlorodeoxypseudoephedrine hydrochloride
5a-(th) with two molar equivalents of NaSCN in refluxing ethanol for 8 h stereoselectively
affords the trans-thiazolidine-2-iminio thiocyanate 9a-(t) [51].

The reaction of chlorodeoxynorpseudoephedrine hydrochloride 5b-(th) (R = H) with two molar
equivalents of KSCN in refluxing ethanol, only chloride is interchanged by thiocyanate anion
to give chlorodeoxynorpseudoephedrine hydrothiocyanate 16b-(th) (v =2057 cm™, "SCN), even
at 24 h of reflux. If hydrothiocyanate 16b-(th) in DMSO-d, is heated (90°C) 1 h in a NMR tube,
a 50:50 cis/trans mixture of 1,3-thiazoline-2-ammonium thiocyanate 9b was detected in the 'H
NMR spectrum. However, only the cis isomer of 9b-(c) was stereoselectively produced if the
reaction is solvent free heated at 170°C during 3 hours, Scheme 8.

7.3. Reaction of chlorodeoxypseudoephedrine hydrochlorides 2 with potassium
selenocyanate

As previous result reported for chlorodeoxypseudoephedrine hydrochloride 5a-(th) [51], the
reaction of chlorodeoxynorpseudoephedrine hydrochloride 5b-(th) with two equivalents of
KSeCN in refluxing ethanol for 10 hours affords trans-selenazoline-2-ammonium selenocya-
nate 19b-(f). On the other hand, if only one equivalent of KOCN, NaSCN, or KSeCN is used in
the reactions, the corresponding hydrochloride salts of the 2-aminoheterocyles are obtained.
Both XCN~ (X =0, S, Se) and CI salts were liberated with aqueous NaOH to give the cor-
responding imine 20-22a or amine 20-22b compounds. Compound 20b-(c) and 22b-(f) were
crystallized from ethanol and chloroform, respectively. The structures could be established
for X-ray diffraction analysis, Figures 12 and 13, respectively.

~:/ L g

e

Figure 12. X-ray diffraction structure of 20b-(c).
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Figure 13. X-ray diffraction structure of 22b-(t).

8. CIS-thiazolidinethiones from chloropseudoephedrines

In 1995, we reported the reaction of chlorodeoxypseudoephedrine.hydrochloride 5a-(th) with
33% aqueous solution of sodium trithiocarbonate (Na,CS,) in refluxing ethanol to give cis-
thiazolidinethione 12a-(c) (53% yield), Scheme 11 [60]. However, the same reaction with chlo-
rodeoxynorpseudoephedrine 5b-(th) failed to give the corresponding cis-thiazolidinethione
derivative 12b-(c).

By this, we encourage us the goal to selectively obtain cis- or trans-thiazolidinethiones 12a,b
from either chlorodeoxynorpseudoephedrine 5b or chlorodeoxypseudoephedrine 5a derived
from ephedrines 1,3.

To get thiazolidinethiones 12a,b, the chlorhydrates of chlorodeoxypseudoephedrines 5a or 5b
were reacted with one molar equivalent of sodium dithiocarbonate in ethanol solution at room
temperature. In the case of chlorodeoxynorpseudoephedrine-HCl 5b, a white powder solid was
precipitated in stirring ethanol for 6 h. The cis and trans relationships between the phenyl
and the methyl groups in thiazolidinethiones 12b was deduced from the analysis of their 'H
and *C NMR spectral data and are in agreement with data reported [49d]. On this bases, the
product represented a mixture of cis:trans-thiazolidinethiones of 8 in a 9:1 proportion. A 5,2
mechanism to explain the C1 inversion of configuration, then cyclization to get the cis-isomer
is proposed to be carried out, Scheme 11. In addition, a competitive double S 2 mechanism
on C1, then cyclization in which cis-aziridine 24b-(c) as intermediate is involved to explain
the presence of the trans-isomer 12b-(f). Analogous mechanistic observations were proposed

Cl

S *N
CgHs., Cl . 1y, CcH, C.H CiHsm -5
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HLC h:I_|_J_._q]l".1ham:nl \'I
: [ ] b X B
5 R R=CH: H 1 R 11 R 12

3

Scheme 11. Mechanistic transformation to get cis-thiazolidinethiones from chlorodeoxypseudoephedrines.
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to get stereospecifically thiazolidinethiones from the reaction of viciodoalkanecarbamates
with potassium ethylxanthate [61]. When the same reaction at 0°C for 6 h was performed, only
cis-thiazolidinethione 12b-(c) was precipitated as a white powder in 95% yield. Thiazolidine-
thione 12b-(c) is stable as thione tautomer in concentrated solution (6 NH at 8.3 ppm). However,
in a diluted solution, the thiol tautomer is present (6 SH at 1.6 ppm).

The reaction of chlorodeoxypseudoephedrine-HCI 5a at 0°C was performed, and after 3 days
off, white orthorhombic crystals of cis-thiazolidinethione 12a-(c) precipitated in 81% yield.
The X-ray diffraction structure showed the cis-isomer.

To confirm that the cis-aziridine is responsible of the trans-thiazolidinethione formation, the
Kelloggs method was used with the previously obtained cis-aziridine 24a-(c) and 24b-(c) [62]
from chlorodeoxypseudoephedrines 5a or 5b. The corresponding cis-aziridine was reacted
with CS, in stirring ethanol by 48 h at 0°C. In the case of the reaction of cis-aziridine 24b-(c),
two compounds in a 70:30 mixture were observed in the '"H NMR spectra. The CH, groups of
the two compounds were in 1.35 and 1.44 ppm, respectively. After comparison with reported
data, both compounds were identified as trans isomers of thiazolidinethiones [63]. The major
heterocycle was the trans-thiazolidine-thione 12b-(t) and the minor heterocycle, the trans-iso-
thiazolidinethione 25b-(t). The ring opening on C3 and C2 of the aziridinium by the aziridi-
nethiocarbamate anion of the intermediate III explains the formation of both heterocycles,
Scheme 12. This aziridinium opening reaction has been observed elsewere [59, 62].

When cis-aziridine 24a-(c) was reacted with CS,, in the same reaction conditions, cis-thia-
zolidinethione 12a-(c) was stereoselectively obtained instead of the expected trans-isomer in
agreement with the Kellog’s method, Scheme 13. In this case, the retention of the C1 configu-
ration is explained by attack of the aziridinium thiocarbamate zwitterion VI on the benzylic
carbon, followed by the closure of the intermediate VII to recover the initial C1 configuration.

Crystals of Cis-thiazolidinethione 12a-(c) were separated from ethanol and its structure studied
by X-ray diffraction analysis, Figure 14. The N3—C2(52)—S1 conjugated system is proposed
since the distances are of an intermediate value between a single (1.469 A)and a double (1.279 A)
N—Cbond (N3—C2=1.35 A) and a single (1.789 A) and a double (1.600 A) C—Sbond (S1—C2
=1.741A and S2—C2 =1.659) [51]. Conjugation makes N3 to be in a sp? hybridation, as the angles
C(4)—N(3)—C(12) = 119.9(3), C(2)—N(3)—C(4) = 116.2(3), and C(2)—N(3)—C(12) = 121.6(3)
show values close to 120°. On the other hand, the five membered ring is almost planar since
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Scheme 12. Mechanistic transformation of cis-aziridine 4c into a mixture of trans-thiazolidinethione 8t and trans-
isothiazolidinethione 10t.
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Scheme 13. Mechanistic transformation of cis-aziridine 24a-(c) into cis-thiazolidinethione 12a-(c).

Figure 14. X-ray diffraction structure of cis-tiazolidinethione 12a-(c).

the torsion angles N(3)—C(2)—S(1)—C(5) of 5.3(3)°, S(2)—C(2)—N(3)—C(12) of -1.8(5)° are
very close to 0°, and S(2)—C(2)—S(1)—C(5) of -177.4(2)°, S(1)—C(2)—N(3)—C(12) of 175.1(3)
are close to 180°. An intramolecular contact between a hydrogen atom of the N—CH, group and
the sulfur atom of the thiocarbonyl group occurred to form a five member ring. The C12H12--52
distance of 2.72(4) A [angle of 111(3)°] is in the range for a strong interaction [50].

9. Thiazaborolidines from thioephedrines

The synthesis of N-alkyloxazaborolidines 26-28 derived from ephedrines has been reported
(Figure 15) [64]. In 1995, we reported the analogous compounds made from thioephedrines,
and herein, we report several borohydrides derived from thioephedrine (compounds 12a,
29-37) following the syntheses depicted in Scheme 14.

Hydrolysis of thiosulfate 29 obtained with retention of Clconfiguration from the substitution
reaction of chloride 5 give the disulfide 30, Scheme 14. The disulfide 30 reacts with BH_-THF
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Scheme 14. Thiazaborolidines from ephedrines.

to give a mixture of the stable N-epimers disulfide amine boranes 31 and 32 detected by "B
NMR. This N-epimers are comparable with the N-BH, adducts of pseudo-ephedrines.

Heating the N-epimers mixture of 31 + 32, affords the borinic ester 33 as the only product,
which in the "B NMR spectra appears as a triplet [(6 = -6.4 ppm, J(BH) = 103 Hz, in CDCI, or
0 =-4.5 ppm, in THF-d.]. Two methyl groups in trans position was found for borinic ester 33
on the 'H and ®C NMR data. This allows us to assign the configuration at the nitrogen atom.
No borinic esters with a BH, group derived from ethanolamines as stable compounds have
been observed. Borinic ester 33 was distilled in vacuo, and on the "B NMR spectra of the dis-
tillated, a mixture of thiazaborolidine 33, 10%, and thiazaboroline 34 were observed. Slowly
elimination of H, transforms borinic ester 33 into thiazaboroline 34. In the ''B NMR spectrum,
compound 34 shows a doublet (6 =+40.8 ppm, J(BH) = 154 Hz). From the distilled, a crystal of
compound 33 was separated and its X-ray diffraction structure obtained (Figure 16). The thia-
zaboroline 34 reacted with BH,-THF to afford the N—BH, adduct 35 (Scheme 1). The struc-
ture has been deduced from the "B NMR data, which indicated a N—BH, bond (quadruplet
at 0 =-22.0 ppm, J(BH)=71 Hz) and a doublet which is strongly shifted to lower frequencies
(6 =-7.0, J(BH)= 148 Hz). A diborane group in which a hydrogen atom from the N—
adduct is bridging the boron atom of the heterocycle was found. These findings are similar to
that found in the pseudoephedrine oxazaborolidine [64a].
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Figure 16. X-ray diffraction structure of borolidine 33.

Thiazolidine-2-thione 12a-(c) obtained from compound 5a with sodium trithiocarbonate has
been isolated and its reactivity towards BH,-THF studied, Scheme 14. The reaction was fol-
lowed by "B NMR, and a S—BH, adduct 36 (6 =-23 ppm, broad signal) was first detected. The
analysis of 'H NMR spectrum of compound 36 indicates that BH, is linked to the thione sulfur
atom. Heating the S—BH, adduct 36 afforded the thiazaborolidine 37 which is a triplet at
0=-3.8 ppm (J(BH)=111.5Hz) in "B NMR spectra. This compound 37 is obtained pure when
12a-(c) is reacted with 3 equivalents of BH,-THF. The "H and "C NMR were recorded. The
diasterotopic N-methyl groups show that the nitrogen has a stable configuration, the assign-
ment of the 'H and “C signals was done by comparison with similar compounds [64b, 65].

Compound 33 has the C-5 atom out of the plane of an envelope conformation of the five member
ring. The N—B bond distance is 1.58(1) A and B—S of 1.922(9) A. Boron and nitrogen atoms are
tetrahedral. The nitrogen atom was found to be of “S” configuration, as deduced from the "H and
BC NMR data. The methyl groups are trans position. The angles on the nitrogen atom are close to
a sp® hybridation, C4—N3—C13 112.3(5)°, B2—N3—C13 111.3(5)°, and C4—N3—B2 112.0(5)°.

10. Biological properties of ephedrines and their derivatives

10.1. Ephedrines

Mao (Ephedra sinica Stapf), which provides similar effects to ephedrine [66, 67], is used as
a component of several herbal medicines. It has been utilized in the treatment of cold and
allergy [68, 69]. Clinically, it is utilized to lower fever, relieve pain and headaches, control
body weight, relieve inflammatory responses [70, 71], and also rheumatoid arthritis [72].

Ephedrine 1a and pseudoephedrine 2a are also used to treat cancerous diseases in modern
clinical practice, they combined with other preparations relieve arterial spasms, neurotoxic
reactions after radiation therapy and chemotherapy [73, 74].
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Since 1938, ephedrine was regulated as a drug; however, the herbal source was regulated as a
food. However, after the Dietary Supplement Health and Education Act of 1994 (DSHEA) [75]
was passed, the herbal products escaped drug regulation. As a consequence, ephedra extracts
remains available as a “dietary supplement.” However, after years of battling, stimulant com-
bination products (e.g., ephedra and caffeine) are yet available.

10.2. Chloroephedrine derivatives

Previously was demonstrated that N-p-chloroalkylamine derivatives 5a,b (Figure 17) possess a
different spectrum of anticancer activities [76]. On the other hand, cytotoxic and antitumor activ-
ities of ephedrine and N-f3-chloroalkylamine derivatives 5a(1-3), 5b(1-3) were determined [77].

It was found compounds 5b1, 5b2, and 5b3 were active in the cytotoxicity test for *H-thymi-
dine incorporation. The concentrations causing 50% cytotoxicity were in the range 11.0-45.0
mg/mL. However, derivatives 5al, 5a2, and 5a3 were more active.

Compounds 5a2, 5b2, 5a3, and 5b3 investigated in vitro suppressed growth of EAC and S-180
tumor strains to various degrees.

It has been shown that the introduction of phosphorus-and sulfur-containing fragments con-
siderably lowers the toxicity of the alkaloids.

With respect to substances 5al and 5b1, they had similar toxicity to I-ephedrine, while the other
substances were less toxic. It has been found that the replacement of the oxygen atom in the
structure of a thio salt of/l-ephedrine 5a3 by a second sulfur atom led to a slight rise in toxicity.

10.3. Dithiocarbamate derivatives

N-methyl-l-ephedrinedithiocarbamates derived from [-ephedrine 1a and d-pseudoephedrine
2a has been obtained. Dithiocarbamic acid derivatives exhibit a broad-spectrum physiologi-
cal activity [78]. They were found to act as fungicides, herbicides, insecticides, acaricides,
zoocides, nematocides, growth regulators, bactericides, etc. Such dithiocarbamic acid deriva-
tives as Carbathion, Cineb, Vegadex, and Cyram have found practical application in agricul-
ture as pesticides.

10.4. Oxazolidines derivatives

Due to the reversibility of the reaction of ephedrines 1-4 with aldehydes or ketones to get oxa-
zolidine heterocycles (Scheme 15), these compounds could be used as prodrugs [79]. Some

R cH; 1a X=0H, R=H 2a 1;[ 111
H N 5al X=Cl, R=CH,CH;  5b1 @_(I;_IC_CHF
@—C-C—CH,_ 5a2 X=Cl, R=CH,CH,Cl 5h2 Ly
% {  5a3 X=Cl, R=NO 5b3 & CH

Figure 17. Structures of N-p-chloroalkylamine derivatives 5a,b.
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Scheme 15. Oxazolidines from ephedrine.

of these compounds significantly increased locomotor activity in rats at 50-mg/kg dose. The
formaldehyde derivative had similar activity as ephedrine. All other compounds were less
active.

Four such compounds were tested in rats for ephedrine-like activity using the hyperthermia
and anorexia models. The results showed that all of the compounds decreased food intake
significantly, but only the acetone and the salicylaldehyde derivatives caused a significant
elevation of body temperature [80].

On this bases, we probed the antioxidant and antimicrobial activity of some heterocyclic com-
pounds derived from ephedrines 1-4 previously synthetized.

11. Determination of biological activity of ephedracycles

Ephedrine is a very good pharmaceutical but it acts as central nervous system stimulant, and
ephedrine and their derivatives have been used as drugs of abuse so its prescription has been
restricted, we proposed ephedra heterocycles as new derived compounds as pharmaceutical
candidates with low central nervous system. We decided to prove the antioxidant and anti-
biotic activities of several heterocycles synthetized in our laboratory represented in Tables 6
and 7, respectively.

CeHsam S CoHsm —S, CeHsm—S. o _ CgHsm—S
)—NH, B-H Y=NH,SCN T )=NH
N HyC" N
|

HyC'" ™N H,C N HyC |
CH, CH; CHs
21b(NA) 34 (3.2x107%) 9¢ (NA) 21a (NA)
CgH S
Cells Se CgHs Se C¢Hs S>=S 6 5:[ \‘F S
J=NH,SeCN L [ HyC™ N
- : H;C" N H3C" N 3
HyC' N 3 ) | !
- I CH H CH3
CHs ’ 12¢ (8.2x107) 12ac (NA)
19¢ (5.5x10%) 22a (NA) ' ]

Table 6. Antioxidant activity (IC,, mol/L) of some synthetized heterocyclic compounds.
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Compuesto Salmonella typhi Staphylococcus aureus Escherichia coli Bacillus subtilis
21b NA NA NA NA

34 20 8 10 20

9t NA NA NA NA

21a NA 6 NA 9

19t NA NA NA NA

22a NA NA NA NA

12t NA NA NA NA

12ac NA NA NA NA

Inhibition in mm.
No actividad found (NA).

Table 7. Antibiotic activity of some synthetized heterocyclic compounds derived from ephedrine 1-8.

11.1. Antioxidant activity

The DPPH radical scavenging activity of plants was estimated according to the method
explained by Cheung, with some modifications. Aliquots of 2 ml of 6 x 10° M DPPH methanol
were mixed with 50 uL of the extracts. The mixtures were vigorously shaken and left to stand
for 10 min under subdued light. The absorbance at 540 nm was measured against methanol
as a blank. The decolorization was spectrophotometrically measured at 517 nm. The radical
scavenging activity (RSA) was calculated using the equation:

%RSA = 100x (1-A,/AD)

A, is the absorbance of the solution containing antioxidant extract, whereas AD is the absor-
bance of the DPPH* solution.

Compounds 34, 19t, and 12t showed antioxidant activity, Table 6.

11.2. Antimicrobial activity

Disk diffusion assay: extracts were tested for antibiotic activity against Escherichia coli, Salmonella
thypi, Staphylococcus aureus, Bacillus subtilis, and Candida albicans. About 50 pL of extract was
solubilized in ETOH and placed on the surface of the inoculated agar and incubated at 30°C,
using antibiotic no. 1 medium, and the antibiotic activity was recorded as the diameter of clear
zones of inhibited microbial growth around the paper disk.

The antimicrobial activity was determined using strains S. aureus, B. subtilis, S. thypi, and
E. coli using sensidiscs. The antioxidant activity was measured by the radical 2-2-diphenyl-1-
picrihydrazil. Compound 34 presented antimicrobial activity against all microorganisms
used and the compound 21a showed activity only against S. aureus and B. subtilis, Table 7.
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Abstract

Alkaloids have been known for several centuries and have been mainly obtained from
natural sources that presented important properties with biochemical, pharmacologi-
cal, and medical effects in living organisms. Alkaloids are derived from amino acids like
other important molecules in the functioning of life in our body. Hence, alkaloids are
considered as pharmacologically important. Alkaloids are secondary metabolites widely
distributed in leaves, stem, root, and fruits of plants which synthesize them. However,
administration and consumption of them at right doses are beneficial in terms of health;
excess doses will be definitely poisonous and may cause even death. The pharmacological
activities of alkaloids are quite diverse. They are important natural products with a wide
range of medicinal properties including relief of pain (e.g., morphine), analgesic (e.g.,
codeine), antiarrhythmic (e.g., quinidine), antibacterial (e.g., chelerythrine), antiasthma
(e.g., ephedrine), cholinomimetic (e.g., galantamine), and vasodilatory (e.g., vincamine).

Keywords: alkaloids, local anesthetics, pain relief, analgesia, natural products, mechanism
of action, bioorganic chemistry

1. Introduction

MERGEFORMAT plants have been used from ancient times as an excellent source of phar-
maceutical compounds in the treatment of diseases and have solid impact on human health.
Modern chemistry and material sciences have identified the compounds with pharmacologi-
cal properties for the development of new drugs. Hence, they have played a major role in
drug discovery as natural products and synthetic materials which do not exist in the nature
and can only be produced.

I m Ec H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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The presence of some chemical substances in plant tissues produces a physiological action on
the body and regulates the metabolic activity. For example, these chemicals give plants their
color or act as defense system based on their toxic effects. Alkaloids have been known for
several centuries and have been mainly obtained from natural sources that presented impor-
tant properties with biochemical, pharmacological, and medical effects in living organisms.
Alkaloids are secondary metabolites widely distributed in leaves, stem, root, and fruits of
plants which synthesize them. However, administration and consumption of them at right
doses are beneficial in terms of health; excess doses will be definitely poisonous and may
cause even death. Many alkaloids extracted from plants showed anticholinesterase activity
[1, 2] and antioxidant [3], anxiolytic [4], antimicrobial [5], anti-HIV [6], antiparasitic [7], anti-
inflammatory [8], and antidepressant [9] properties. After the recognition of vital importance
of these nitrogenous secondary metabolites, they are found in animals too [10]. In spite of the
investigations on the biological activity of some alkaloids, only a few could be produced com-
mercially due to their complex chemical structures. The synthetic production of some impor-
tant alkaloid is more common than their isolation from plants. In addition, there are other
synthetic compounds that are closely related to the natural alkaloids but lack of some typical
properties (e.g., homatropine) [11].

Alkaloids display antimicrobial and antiparasitic properties, act as narcotics, can alter DNA,
have an important role in the immune systems, and treat cardiovascular and metabolic dis-
orders, inflammation, infectious diseases, and miscellaneous problems [10, 12-19]. Therefore,
modern medicine tends to produce pharmaceuticals on the basis of natural alkaloids and
alkaloids with modified structure such as aconitine, ajmaline, berberine, morphine, caffeine,
theophylline, ephedrine, atropine, scopolamine, reserpine, and pilocarpine. There are several
morphine-containing drugs that are used in cases of surgical operations and postoperative
treatments (i.e., Morphalgin, Spasmofen, and Morphin) [20, 21].

2. History

The human race has used alkaloids in the scope of medicinal and pharmaceutical importance
even before their discovery as chemical molecules. There are records from the Babylonian,
ancient Hebrew, Egyptian, Chinese, Greek, and Assyrian times, such as Sanskrit writings and
the works of Hippocrates, showing that they were all familiar with medicinal plants and alka-
loids to improve the health in the early 5000 BC. The most prominent examples of medicinal
plants based on the earlier beliefs and knowledge were myrrh, opium, cannabis, aloes, cas-
sia, and hemlock. For example, native people of America and tribes in the Amazon used the
alkaloid quinine in herbal before its official use in the cure of uncomplicated malaria in 1638.
The latex of opium poppy (Papaver) was already in use in the Middle East and Greece at 1200
BC. The roots of the mandrake plant were used because of sedative properties from the time
of Hippocrates (ca. 400 BC). All alkaloids cause a physiological effect on the human body,
and different poisonous alkaloids such as the ergot alkaloid, aconitine, and tubocurarine have
been used for toxic purposes in ancient time. The poisonous alkaloids were prepared from
plants (also from animal sources) and used as poisons for arrows by hunters in different parts
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of the world. Literature also refers that some alkaloids including aconitine, atropine, colchi-
cine, coniine, ephedrine, ergotamine, mescaline, morphine, strychnine, psilocin, and psilocy-
bin have been used in executions. Philosopher Socrates was sentenced to death by consuming
a cup of hemlock which contains the alkaloid coniine in 399 BC [11, 22-31].

Despite the fact that alkaloids have been in use for ages, actual studies on isolation from
plants as relatively pure compounds occurred only in the beginning of the 1800s. In the late
1700s, Lavoisier and others introduced the new developments in chemistry that leads many
chemists to try to isolate the active ingredients in plants. The German pharmacist’s apprentice
Friedrich Sertiirner discovered the morphine in opium poppy by dissolving it in acid and
neutralizing it with ammonia in 1804 for the first time in history. Morphine is considered
for clinical purposes primarily a safe and effective way of pain relief. Although morphine is
used clinically, drug addiction began with morphine and related substances. When Sertiirner
proved that the substance (morphine) he had isolated was indeed responsible for the actions
of opium, chemists had isolated several other medically important substances such as qui-
nine, strychnine, and caffeine around that time. While the first use of the name “alkaloids”
was in 1819 by a German chemist Carl F.W. Meissner, the term had an extensive usage after
the publication of an article in the chemical dictionary of Albert Ladenburg in the 1880s [11,
22-24, 32-37].

3. Properties

An exact and precise definition is somewhat difficult because of differences between the
research fields of biology, medicine, and chemistry. The term alkaloid (alkali + oid) means
alkali-like substance, and names of alkaloids end in -ine (e.g., atropine, cocaine, and mor-
phine). Many methods have been proposed for the classification of alkaloids such as phar-
macological, taxonomic, chemical, and biosynthetic classification. Although chemical
classification based on the carbon skeleton is the most accepted way of classification, here we
will use the pharmacological one depending on the physiological response. Alkaloids are a
class of organic compounds that is made up of carbon, hydrogen, oxygen, and nitrogen. In
addition, sulfur and rarely other elements such as chlorine, bromine, and phosphorus are
also included in the alkaloids. Primary nitrogenous metabolites including amino acids and
polymer of amino acids serve as precursors for alkaloids and are usually largely retained in
the structure where the nitrogen in the alkaloid molecule is derived. In particular, alkaloids
are synthesized from amino acids mostly derived from four different amino acids: lysine,
phenylalanine, tyrosine, and tryptophan. To this respect alkaloids show similar structural
features to the originated amino acid (shown in Figure 1). Alkaloids usually have one or more
heterocyclic ring structure which includes at least one nitrogen atom in the ring. Nevertheless,
the nitrogen atom is not within a carbon ring in some alkaloids such as mescaline. They are
alkaline in nature due to the nitrogen content that they can absorb acid or hydrogen ions
making them a base; however, some do not exhibit alkaline properties. The fact remains that
the precise position of the nitrogen atom in the carbon ring or molecule varies with different
alkaloids that determines the properties of them [24, 38—40].
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Figure 1. The amino acids used for alkaloid biosynthesis.

From the first impression, the term “secondary metabolite” looks like it is used to describe lit-
tle importance to plant metabolism or unrelated compounds, although they have broad func-
tional spectrum of specialized metabolism such as defense mechanisms and serve as bioactive
compounds for drug discovery, and also other roles have not yet been clearly understood in
the plant. It is a matter of controversy among scientists how alkaloids as secondary metabo-
lites make contribution to plants. Some believe that the presence of alkaloids discourages
insects and animals from eating plants. Nonetheless, the general properties of alkaloids could
be listed as colorless, crystalline solids and nonvolatile, optically active, bitter taste, soluble
in organic solvents (i.e., alcohol, ether, chloroform). On the contrary their corresponding salts
are highly soluble in water. There are a few liquids such as coniine and nicotine and even a
few colored such as berberine is yellow [24, 40, 41].

Alkaloids can form ionic bonds with phenolic hydroxyl groups; hydrogen bonds with
hydroxyl groups, carbonyl, or keto groups; and van der Waals and hydrophobic interactions
with lipophilic compounds. These interactions will lead a conformational change in the pro-
tein structure that is usually associated with a loss or reduction in the bioactivities of proteins
(enzymes, receptors, ion channels, hormones, etc.). Apart from other secondary metabo-
lites, alkaloids more specifically interact solely with a single particular target. For example,
neurotransmitters and alkaloids both derive from amino acids as a consequence consist of
structural similarities and are considered as analogs of each other. Alkaloids can bind to neu-
roreceptors, either activate (agonists) or inactivate (antagonists) them, and inhibit or activate
ion channels such as the Na*, K*, and Ca*" channels. Alkaloids have shown significant action
for the treatment of such dangerous human diseases as cancer, AIDS, and lung diseases [22,
40, 41]. Neurodegenerative diseases (ND) such as Alzheimer’s (AD) disease and dementia
primarily affect the neurons in the human (central nerve system) which control many direct
body functions and the behavior. The alkaloids show promising pharmacological activities
for the treatment of neurodegenerative diseases such as Alzheimer’s disease. Clinical stud-
ies of galantamine, which is an alkaloid obtained from daffodil (Narcissus tazetta), snowdrop
(Galanthus nivalis), and snowflake (Leucojum aestivum), report the capability of stimulating
nicotinic receptors that further enhance cognition and memory [42-49].
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4. Plants as a source of alkaloids

There is an enormous range of chemical compounds present in plants where alkaloids take
place as a content of secondary metabolites. Alkaloid content is inhomogeneous and usu-
ally within a few percent over the plant tissues. Further, most plants produce a few types of
closely related alkaloids, whereas some of them may contain several alkaloids in different tis-
sues of the same plants. Therefore, firstly there is a need on the extraction of their mixture and
then separation of individual alkaloids. Medicinal bioactive compounds from raw extracts
of the plants can be isolated by acid-base extraction. Pure alkaloids are not readily soluble in
water, but found to be fairly soluble in organic solvents (ether, chloroform, alcohol, and oils),
relatively nonpolar solvents (hexane, benzene, petroleum ether). On the contrary, alkaloids
are mostly present in the corresponding salt form in the plant and almost freely soluble in
water, mostly insoluble or relatively less soluble in many of organic solvents. As a group,
alkaloids are easily extracted in acidic forms because of their basic and lipid properties and
separated from other water-soluble materials [32, 33, 38, 49-52].

Usually, the dried and powdered plant source is extracted with lipophilic or nonpolar
organic solvents such as 1,2-dichloroethane, chloroform, diethyl ether, benzene, or petro-
leum ether. Since the alkaloids present in the plant sources as the salt of acids, they are
exposed to an alkaline medium to convert the alkaloid salts to the corresponding alkaloid
bases. The extraction of the alkaloid bases from the bulk of the crude alkaloid solution is
achieved again with a nonpolar solvent. The impurities from the plant in solution are dis-
solved by dilute aqueous acid and are washed away with water. Alkaloids have different
solubilities in certain solvents and different reactivities with certain reagents because of the
structural diversity [22, 53, 54].

The alkaloid-based drugs used today are of plant origin, and screening of plant extracts for
alkaloids and other pharmacologically active compounds is still in progress for new drug
discoveries. Chemists extensively investigated production of alkaloids in plants on a large
scale, to make many derivatives of these natural compounds and improve technologies cor-
related to chemical preparation. The discoveries of high-value chemical compounds in plants
serve as model structures for synthetic drugs and allow the large-scale production of them
with improved properties. Recently, the deep sea bioenvironment is considered an extremely
rich source of novel bioactive alkaloids since marine natural products represent a fascinating
example of the large variety of secondary metabolites [22, 40, 55].

5. Fundamentals of alkaloid pharmacology

The most useful portion of the plant (e.g., roots and seeds, stem, leaves, bark, milky exudate,
etc.) has gathered as drug which is called as crude drugs and has a long-standing place in
medicine. In fact, the comprehensive knowledge on the crude drugs is the basis of pharmaceu-
tical sciences. A number of alkaloids are used as drugs owing to the important pharmacologi-
cal bioactivity in human bodjies. In addition to natural alkaloids, synthetic and semisynthetic
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alkaloids are discovered by chemical synthesis and modifications of natural alkaloids. Thus,
synthetic and semisynthetic alkaloids are biologically more active with improved proper-
ties. For example, morphine potency has been dramatically increased via the addition of a
14-hydroxy group to the morphine alkaloid structure. Moreover, scientific achievements
have allowed discrimination of chemical structural differentiations (angle of valence of C, N,
H, and moiety) of the alkaloid molecules that can lead into considerable changes in biologi-
cal activities. Therefore, the interdisciplinary research of bioorganic chemistry, biology, and
pharmacology is becoming more important [41, 56-58].

For many years, scientific research has been tried to understand the nature and the function
of alkaloids in plant metabolism. The role of alkaloids can be explained based on the func-
tions of these compounds inside and outside the organism producing them. Alkaloids play
a protective or chemical defense role in interaction with other organisms. However, it is not
entirely clear if this ecologically important role is a basic function of these compounds. New
researches suggested this role may be a secondary function of alkaloids in connection with
the regulation of metabolism as the result of gene expression. Moreover, alkaloids have a
fundamental role inside the organism in which they occur and produced by the activity of the
organism’s genes, enzymes, and proteins (i.e., quinolizidine alkaloids). Alkaloids are able to
self-regulate by changing their structural chemical configurations and biological activity in
different cell conditions according to pH changes.

Alkaloids and alkaloid-containing drugs became critical components of the pharmacology
for clinical applications due to the tremendous healing capability [30]. Many methods have
been proposed for the classification of alkaloids as pharmacological, taxonomic, chemical, and
biosynthetic classification. Although chemical classification based on the carbon skeleton is
the most accepted way of classification, here we will use the pharmacological one depending
on the physiological response. In medicine, alkaloids mainly exhibit marked pharmacological
activity in some serious disorders like cardiovascular and metabolic disorders, cancer, blood
pressure, inflammation, infectious diseases, neurodegenerative diseases, and miscellaneous
problems. They have been used as bronchodilator, cardiac stimulant (quinidine), muscle
relaxant, pain killer, analgesic (codeine), antioxidant, anticancer (berberine), antimicrobial
and amebicidal, anti-inflammatory, central nervous system stimulants or depressants, sym-
pathomimetics, purgative, vasodilator (vincamine), etc. Various pharmacological alkaloids
are used in medicine with some examples as listed: atropine is widely used as an antidote to
cholinesterase inhibitors and also used in drying cough secretions; morphine and codeine are
narcotic analgesics, and codeine is also an antitussive agent; colchicine is used as a gout sup-
pressant; caffeine is a central nervous system stimulant further used as a cardiac and respira-
tory stimulant and as an antidote to barbiturate and morphine poisoning; emetine is used in
the treatment of amebic dysentery and other protozoal infections; epinephrine or adrenaline is
used as a bronchodilator and cardiac stimulant and antiallergic, anesthesia, and cardiac arrest;
vincristine is used as anticancer drug; and ephedrine is used in blood pressure. Galantamine
plays a vital role in treating cognitive disorders that cognitive dysfunction is a major health
problem in the twenty-first century, by influencing the function of receptors for the major
inhibitory neurotransmitters [22, 30, 54, 55, 59, 60].
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6. Alkaloids with anesthetic effects and the related mechanisms

Local anesthetics are the most effective drugs used for the provision of anesthesia and analgesia
both intra- and postoperatively in medicine. They are also used to decrease temperature, touch
proprioception, and skeletal muscle tone. Alkaloids in local anesthetics have been used in a vari-
ety of clinical situations such as topical application to the skin or mucosa membranes; injectable
agents for peripheral, central, or spinal nerve block; and also anorectal or ophthalmic use. Local
anesthetics consist of a lipophilic (soluble in lipids) aromatic ring connected to a hydrophilic
amine ring (amide group) in the molecular structure. In all clinically used local anesthetics (except
cocaine), these lipophilic and hydrophilic groups bind via an amide or ester, and the nature of
this bond determines many of the properties of the agent (Figure 2). Cocaine, procaine, tetracaine,
chloroprocaine, benzocaine, and amethocaine can be given as examples to esters, whereas lido-
caine (also known as lignocaine), bupivacaine, mepivacaine, prilocaine, etidocaine, dibucaine,
ropivacaine, and levobupivacaine for amides. As can be noticed, the suffix “-caine” is a common
ending for drugs containing alkaloids. The ester bond is less stable than amide bond so it can
easily be broken in solution and cannot be stored for as long as amides. Amino esters undergo
hydrolysis to derivatives of para-aminobenzoic acid (PABA) during the metabolic process in the
blood which cause allergic reactions that range from urticaria to anaphylaxis. In contrast, amino
amides are metabolized by enzymes in the liver, have long duration of activity, are heat stable,
also rarely trigger an allergic reaction, and therefore are more commonly used than esters.

When using the local anesthetics, it should be adjusted according to the duration of the sur-
gical procedure and the anticipated degree of pain. For example, a short-acting agent (e.g.,
mepivacaine) will be useful for creation of excellent intraoperative conditions with minimum
postoperative pain for a short operation. On the other hand, a long-acting anesthetic (e.g.,
ropivacaine) selection will be appropriate for a rotator cuff repair which involves a greater
degree of postoperative pain. A given local anesthetic has different block durations and onset
depending on the nerve or plexus blockade.
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Figure 2. Para-aminobenzoic derivatives of local anesthetics (hydrolyzed by pseudocholinesterase in plasma).
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All local anesthetics (except cocaine) are vasodilators where vasodilation occurs via direct
relaxation of peripheral arteriolar smooth muscle fibers. The enhanced vasodilator activity
of a local anesthetic agent results in shorter duration of action because of faster absorption.
A vasoconstrictor counteracts this vasodilatation by providing delayed vascular adsorption
of local anesthetics and increases the duration of contact with nerve tissues. Epinephrine
vasoconstricts arteries, in concentrations of 5 mcg/ml (1:200,000), and is commonly used to
decrease the adsorption of lidocaine when combined with local anesthetics solution. This dos-
age of epinephrine will significantly reduce nerve blood supply of lidocaine regardless of
the site of administration. Decrease in the absorption provides increased neuronal uptake,
enhanced quality of anesthesia, and prolonged duration of action [22, 23, 41, 56, 59, 61].

The first local anesthetic used in the clinical practice was cocaine, an alkaloid from the leaves of
Erythroxylum coca. The natives of South America have chewed the leaves of E. coca which grows
wild in the Andes Mountains in Peru for the stimulant effect, and the systemic effects of chew-
ing these leaves had reached Europe from the time of the Spanish conquest. In 1860, Niemann
isolated the pure alkaloid responsible for the properties of the coca leaves and produced pure
white crystals which he named cocaine. He noted that it had a bitter taste and produced numb-
ness of the tongue, rendering an almost devoid sensation. A Russian physician Vassily von
Anrep in 1880 demonstrated that subcutaneous injection of cocaine produces sensory block
where the skin is insensitive to the prick of a pin. This had attracted the attention of Sigmund
Freud, and he conducted a study of the anesthetizing properties of cocaine with assistance of
his friend Carl Koller. Koller introduced its topical use into ophthalmology and found that
cocaine is able to block signal conduction in nerves which led to its rapid medical use as a
“local anesthetic” in both dentistry (1884) and in surgery (1885) in spite of its dangers (danger-
ous effect on the central nervous system, drug of addiction, mydriasis in eye surgery) [62-64].

In 1885, Leonard Corning produced spinal anesthesia both in a dog and a patient and pro-
duced block of the lower half of the body. Even though he suggested its feasibility, it could
be performed in surgery several years after that. Quincke showed that lumbar puncture was
a practical procedure in 1891 and the first spinal blocks for surgery was performed by August
Bier in 1898.

The early use of cocaine was largely limited to topical application because of the toxicity of
cocaine, difficulties in sterilization, drug addiction, and short duration of action. Later on, oth-
ers have been discovered with less abuse potential, low toxicity, and safer drugs like procaine
and procainamide. The latest is lidocaine (synthetic local anesthetic considered prototype)
where all new local anesthetics like amino amides have been introduced into clinical practice
(Figure 3) [46, 47, 65].

6.1. Mechanism of action

Local anesthetics block the generation and the conduction in peripheral nerves by disruption
of ion channel function within the neuron cell membrane preventing the transmission of the
neuronal action. This is achieved by specific binding of alkaloids in anesthetics reversibly to
sodium (Na+) channels, preventing the passage of Na+ through Na+ channels, and interaction
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Figure 3. Chemical structures of ester and amide local anesthetics.

with receptors, holding them in an inactive state so that no further depolarization can occur.
Local anesthetics primarily have the ability to bind to sodium channel pore when it is in acti-

vated state, although may bind during the resting inactivated state to make it impermeable
to Na+ [62, 66-68].
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Sodium influx through these channels is necessary to function within the neuron cell mem-
brane for the transmission of the neuronal action potential and subsequent propagation of
an impulse along the course of the nerve. Thus, the loss of sensation in the area supplied by
the nerve provides loss of pain, temperature, touch, proprioception, and then skeletal muscle
tone, respectively. When local anesthesia is used, people may still feel touch but not pain.

Physiologic activity of alkaloidal local anesthetics depends on lipid solubility, affinity for pro-
tein binding, percent ionization at physiologic pH, and vasodilating properties. Lipid solu-
bility is directly in correlation with the potency of the local anesthetic where the nerve cell
membrane is composed of lipid and a depot of drug forms in the perineural lipid-rich tissues.

Through the lipid solubility, lidocaine penetrates in nerve membranes and binds to acute-
phase protein of al-acid glycoprotein (AAG) which is responsible for binding lidocaine and
other basic drugs. Although lidocaine can bind to albumin (low affinity, high capacity), AAG
(low capacity, high affinity) is the major drug-binding macromolecule even with lower plasma
concentration. Albumin is considered as the principal binding protein for acidic compounds,
and AAG is the principal binding protein for basic drugs [69-72].

Alkaloids are weak bases and exist in ionized and nonionized forms which are defined by the
dissociation constant (pKa) of a weak base and the pH of the tissues (usually at range 7.6-8.9).
Alkaloids are able to self-regulate by changing their structural chemical configurations and
biological activity in different cell conditions according to pH changes. The neutral base form of
the local anesthetic is more lipophilic that makes pKa greater than 7.4 for most local anesthetics.
A decrease in pH increases the proportions of ionized form and results the delayed onset of
action. In the presence of inflammation, local anesthetics are less effective, and onset of action
is slow. On the contrary, an increase in pH results increased nonionic form, and nonionized
drug form is more ready to pass through the lipid cell membrane. Therefore, more nonionized
drug at physiological pH will reach its target site more quickly and will have a faster onset of
action. This explains why lignocaine has an enhanced onset of action than bupivacaine [69-72].

Local anesthetic is exposed to the more acidic axoplasmic side of the nerve when passed in the
cell membrane. This leads to ionized form of the molecule which binds the sodium channel
for blockade. Local anesthetics bind to serum al-acid glycoproteins and other proteins. The
duration of action for local anesthetics is based on high affinity against protein. As long as local
anesthetic remains bound to nerve membranes, it provides an increased duration of action.
Thus, the availability of free drug in the blood decreases which reduce the potential for toxicity.

Clinically, sodium bicarbonate is used to increase the pH of local anesthetic solutions.
Nevertheless, it should be avoided from precipitation of anesthetic molecules over with alka-
linization. Protein binding is also correlated to enhance continued blockade that alkaloid
more firmly binds to the protein of the sodium channel. All local anesthetics are vasodilators
(except cocaine) where the vasodilator activity leads to faster absorption and thus shorter
duration of action. Addition of different alkaloids in local anesthetic solutions, i.e., mostly
preferred epinephrine or norepinephrine and phenylephrine, produces vasoconstriction and
provides less absorption through vascular beds. Thus, more local anesthetic will be available
for neural blockade.
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Local anesthetic sensitivity of nerve fibers differs to block generation and the conduction of
nerve impulses. Small nerve fibers tend to be blocked more easily than larger fibers, and
myelinated fibers are blocked sooner than non-myelinated fibers of the same diameter [22, 24,
40, 56, 57, 59, 73, 74].

6.2. Cocaine

Cocaine is a natural alkaloid produced from leaves of the coca that blocks nerve impulses and
local vasoconstriction secondary to inhibition of local norepinephrine reuptake. However, it
has a limited clinical use because of its toxicity and the potential for abuse. In modern medi-
cine, cocaine is used primarily in topical anesthesia of the upper respiratory tract, where it’s
combined with vasoconstrictor and local anesthetic properties [56, 59, 75].

6.3. Lidocaine

Lidocaine was developed by Lofgren after procaine, the most widely used cocaine deriva-
tive with a low pKa (7.7). Lidocaine is a local anesthetic of the amide type as well as cardiac
depressant (antiarrhythmic) which has an ingredient of lidocaine hydrochloride alkaloid
(C,,H,,N,O-HCI). Lidocaine hydrochloride is a white powder freely soluble in water where
injection of sterile, nonpyrogenic solution of it is indicated for production of local or regional
anesthesia by infiltration techniques (percutaneous injection) and intravenous regional anes-
thesia by peripheral nerve block techniques (brachial plexus and intercostal) and by central
neural techniques (lumbar and caudal epidural blocks). Further, it has been administered by
continuous intra-articular infusion (to control postoperative pain). Lidocaine binds to neuro-
nal membrane to stabilize and inhibit voltage-gated sodium channels for the initiation and
conduction of impulses. Lidocaine has a very rapid onset of action that typically begins work-
ing within 4 min and an anesthetic half-life of about 1.6 h (30 min to 3 h). Therefore, lidocaine
is suitable for infiltration, block, and surface anesthesia where its actions are more intense and
its effects are more prolonged (when compared to procaine). Subdural and epidural anesthe-
sias bupivacaine or prilocaine are preferred as longer-acting substances [37, 57, 58, 76].

The rapid metabolism by the liver enzymes leads to biotransformation of lidocaine in some
pathways including oxidative N-dealkylation, ring hydroxylation, cleavage of the amide link-
age, and conjugation. The pharmacologically active metabolites monoethylglycinexylidide
and inactive glycinexylidide are produced as a result of N-dealkylation biotransformation
that is a primary metabolism. Monoethylglycinexylidide has a longer half-life but also less
potent than lidocaine. The rate of biotransformation of an amide local anesthetic significantly
influences the anesthetic blood levels where increased blood levels can potentially increase
toxicity. Approximately 90% of the dose of injected lidocaine undergoes biotransformation
and is excreted in the form of various metabolites in the kidney, whereas less than 10% is
excreted and unchanged.

The concentration of AAG and the concentration of free lidocaine affect the predictability of
lidocaine toxicity where higher doses of lidocaine can be tolerated before encountering toxicity
based on surgery type and certain disease states. For example, surgery, trauma, postoperative
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inflammation, cancer, and myocardial infarctions cause an increase in al-acid glycoprotein
and lidocaine binding, thus reducing the free lidocaine plasma concentration [77].

Through the lipid solubility, lidocaine penetrates in nerve membranes and binds to acute-
phase protein of al-acid glycoprotein (AAG) which is responsible for binding lidocaine
and other basic drugs. Although lidocaine can bind to albumin (low affinity, high capac-
ity), AAG (low capacity, high affinity) is the major drug-binding macromolecule even with
lower plasma concentration. Albumin is considered as the principal binding protein for
acidic compounds, and AAG is the principal binding protein for basic drugs [37, 57, 58,
76,78, 79].

Cocaine is a natural alkaloid produced from leaves of the coca that blocks nerve impulses and
local vasoconstriction secondary to inhibition of local norepinephrine reuptake. However, it
has a limited clinical use because of its toxicity and the potential for abuse. In modern medi-
cine, cocaine is used primarily in topical anesthesia of the upper respiratory tract, where it’s
combined with vasoconstrictor and local anesthetic properties [26].

6.4. Procaine

Procaine, the first synthetic derivative of cocaine, was created in 1904 with the trade name
of Novocaine, from the Latin nov- (new) and -caine, a common ending for alkaloids used
as anesthetics. Procaine, an amino ester, is a short-acting local anesthetic that is used as an
injection for local infiltration and peripheral nerve block during surgery and other medical
and dental procedures. Low potency, slow onset, and short duration of action are the char-
acteristics of procaine. Although its clinical use is largely confined to infiltration anesthesia
and peripheral nerve block as sterile solutions in concentrations of 1 and 2% for injection, this
drug is no longer available in the United States.

Procaine has a pKa of 8.9 where commercially prepared solutions have a pH of 5.5 to 6.0.
Due to rapid hydrolysis by plasma cholinesterase, it has very short plasma half-life that is
thought to be approximately 20 seconds. It has a very short duration of action based upon
extremely poor protein binding. While toxicity associated with the use of procaine is quite
a little, the use of procaine produces metabolite para-aminobenzoic acid which is associated
with an increased rate of allergy [57, 80].

6.5. Benzocaine

Benzocaine is an amino ester that is a derivative of procaine with a pKa of 8.5 and pH in
preparation between 4.5 and 6.0. Benzocaine binds to sodium channels and reversibly depo-
larizes the neuronal membrane, consequently blocking the initiation and conduction of
nerve impulses. It has a slow onset, short duration, and moderate toxicity. Benzocaine is
considered an oral anesthetic because it numbs the mouth by dulling the nerve endings in
painful areas [81].



The Local Anesthetic and Pain Relief Activity of Alkaloids
http://dx.doi.org/10.5772/intechopen.69847

6.6. Chloroprocaine

Chloroprocaine is a short-acting amino ester which is a chlorinated derivative of procaine.
Because it is the most rapidly metabolized local anesthetic (by cholinesterase), it has an
extremely short plasma half-life. Chloroprocaine has a pKa of 8.9, whereas prepared solu-
tions have a pH of 2.5 to 4.0. Although it has a high pKa value, characterized by rapid onset of
action, it also has the least toxicity in the central nerve system and/or cardiovascular system
among current agents in use.

Chloroprocaine has clinical usage mostly in epidural anesthesia and also in peripheral blocks
with short duration, whereas combined usage with other long-acting, slow-onset local anes-
thetics such as bupivacaine and tetracaine to achieve rapid onset with prolonged duration is
common.

Owing to the short duration of spinal chloroprocaine, it is a strong alternative to lidocaine for
surgical blocks and short or ultrashort surgical procedures for outpatient anesthesia. Its use
in a dose ranging between 30 and 60 mg for procedures lasting >60 min has been suggested
in the literature [82].

6.7. Tetracaine

Tetracaine is a long-acting amino ester with a pKa of 8.6, and commercially prepared solu-
tions have a pH between 4.5 and 6.5. It has been used in spinal anesthesia if long duration
of action is needed and also in various topical anesthetic preparations. When compared to
the other commonly used ester local anesthetics, tetracaine is more slowly metabolized and
considerably more toxic. It is significantly more potent and has a longer duration of action
than procaine or chloroprocaine. Tetracaine is not recommended for peripheral nerve blocks
owing to its slow onset and potential for systemic toxicity (may be greater if used with epi-
nephrine). It has clinical use in spinal anesthesia with and without the use of epinephrine
leading in a considerably reliable and long-onset spinal anesthetic [80].

6.8. Mepivacaine

Mepivacaine is an intermediate-duration amino amide local anesthetic with a pKa of 7.6. In
terms of pharmacologic properties, mepivacaine is often compared to lidocaine where mepi-
vacaine has similar onset of action with a slightly longer duration for infiltration anesthesia.
When an intermediate-duration blockade is desired for peripheral nerve block techniques,
1.5% mepivacaine is an attractive local anesthetic, particularly in high-risk cardiac patients.
Low toxicity, rapid onset, dense motor block, and excellent diffusion properties through tis-
sue can be listed as characteristic of mepivacaine. Mepivacaine is clinically used as a local
anesthetic for an epidural or spinal block and also used as an anesthetic for dental procedures.
Some addictive people try to obtain this drug and inject it themselves because large doses of
mepivacaine cause sedation, immobility, confusion, dissociation, and amnesia [83].
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6.9. Bupivacaine

Bupivacaine is introduced in 1963 since then it has been one of the most commonly used
long-acting local anesthetics in regional and infiltration anesthesia. The structural differ-
ence of bupivacaine from lidocaine is the amine-containing group that is a butylpiperidine.
Bupivacaine is capable of producing prolonged anesthesia and analgesia, thus reduc-
ing the need for repeated administration and rarely required the addition of epinephrine.
Epinephrine can be prolonged even further duration of blockade. Bupivacaine produces more
sensory than motor block where anesthesia duration is from 4 to 16 h depending upon the site
of injection and the concentration used. Bupivacaine stabilizes the neuronal membrane and is
widely used both in neuraxial and peripheral nerve blockade. Bupivacaine hydrochloride has
higher lipid solubility (logDpH 7.4 = 2.54) and a much decreased rate of hepatic degradation
when compared to lidocaine. This characteristic makes bupivacaine more cardiotoxic than
lidocaine. Because of its greater tendency to produce cardiotoxicity, large doses of bupiva-
caine should be avoided and is not recommended for intravenous regional analgesia. 0.5%
bupivacaine is as effective as 2% lignocaine. Bupivacaine is widely used both in neuraxial and
peripheral nerve blockade, infiltration anesthesia, spinal anesthesia, and epidural and caudal
anesthesia. It is not recommended for intravenous regional analgesia because of cardiotoxic-
ity which is much more than other local anesthetics. When bupivacaine is used, the smallest
effective dose is aimed to administer [84-86].

6.10. Ropivacaine

The studies on reducing the cardiotoxicity of bupivacaine resulted to development of ropi-
vacaine with similar physicochemical properties of onset, potency, and duration to those of
bupivacaine. Ropivacaine is used in concentrations of 0.5% or higher and produces dense
blockade with a slightly shorter duration than bupivacaine. The onset of blockade is almost as
fast as 1.5% mepivacaine or 3% 2-chloroprocaine in concentrations of 0.75%. Having less car-
diotoxicity and central nerve system toxicity, reduced motor block, and an absolute difference
in potency are mentioned in the literature as the advantages of ropivacaine over bupivacaine.
However, it can be suggested that there may be no more than slight differences in onset, but
no difference between ropivacaine and bupivacaine in duration of block. For these reasons,
both drugs have been used as an effective long-acting local anesthetic in peripheral nerve
blockade [84, 87, 88].

6.11. Levobupivacaine

Despite the effectiveness of bupivacaine as anesthetic, there are safety concerns related to
cardiovascular and/or central nerve system toxicity. As a result levobupivacaine is being
associated with a lower risk of toxicity alternative to bupivacaine. Levobupivacaine contains
a single enantiomer of bupivacaine hydrochloride (the S-(-)-enantiomer of (+)-bupivacaine)
where dexbupivacaine (R-(+)-enantiomers) is the other enantiomer of bupivacaine. The route
of administration and concentration effects the onset and duration of sensory and motor block
where levobupivacaine, dexbupivacaine, or bupivacaine has similar potency as an anesthetic.
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However, levobupivacaine is consistently less toxic than bupivacaine. The clinical use of
levobupivacaine includes surgical anesthesia or pain management during labor, postopera-
tive analgesia, lumbar epidural or intrathecal anesthesia, thoracic epidural anesthesia, periph-
eral nerve block, and infiltration anesthesia that have mostly investigated and compared with
bupivacaine [84, 88].

6.12. Opiates

Opiate describes any of the narcotic opioid alkaloids found in opium plant (Papaver som-
niferum) that are morphine, codeine, thebaine, and papaverine or synthetic opioids that are
derived from morphine and thebaine (oxycodone and hydrocodone). Opiates and its syn-
thesized derivatives are prescribed in medications used for pain relief with even stronger
analgesic properties than their predecessors do. Opium itself contains over 25 different alka-
loids, whereas only morphine and codeine are used as opiate analgesics from the point of
view of clinical significance. The majority of drugs appearing on a synthetic opioid list are
derivatives of these medications. The list of opiate drugs includes natural opiate drugs from
natural opium alkaloids and synthetic (synthetic and semisynthetic) opiate drugs, also called
as opioids, made by chemical synthesis in the laboratory according to the chemical structures
found in natural alkaloids.

Natural opiate drugs can be listed as morphine, codeine, thebaine, and oripavine. Synthesized
versions of natural opiate drugs are Demerol, Fentanyl, Dilaudid, Norco, Lortab, Atarax,
Methadone, and Buprenorphine. Semisynthetic medications are derived from the naturally
occurring alkaloids where small concentrations of natural opium alkaloids go into the making
of semisynthetic opiates, thus, a part of synthetic opiates. Semisynthetic opiate drugs include:

¢ Oxymorphone—contains the natural alkaloid, thebaine.

* Hydrocodone—contains the natural alkaloid, codeine.

* Oxycodone —contains the natural alkaloid, thebaine.

* Hydromorphone—contains the natural alkaloid, morphine.

The studies in the laboratory were focused on eliminating the risk for addiction of natural opi-
oid alkaloids and make even more effective than opium itself for relatively safe alternatives
for treatment. However, opiates in any form always carry a risk for addiction. Fully synthetic
alkaloids are synthesized from other chemicals and molecules that do not come from alka-
loids found in plants [61, 89].

Both of these natural and synthetic types of drugs bound to the active site on the receptors
(called opioid receptors) from certain nerve cells in the brain, spinal cord, and gastrointestinal
tract. Once the opioids injected into the epidural or subarachnoid space to manage acute or
chronic pain, bound to the specific nerve cells in the brain, block a specific receptor site and
sent inaccurate measures of the severity of the pain so that the person who has taken the drug
will experiences less pain. Thus, opiate is used in combinations with a local anesthetic to
both enhance the blockade and prolong analgesia in neuraxial blockade. Nevertheless, opioid
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receptors do not exist in peripheral nerve so opiates do not have an effective clinical role in
peripheral nerve blockade. Taking drugs in these classes also affect how the brain feels plea-
sure, in other words addictive [21, 90-94].

Completely synthetic alkaloid molecules called opioids are originally synthesized by phar-
maceutical companies because of their potency as an analgesic for the treatment of severe
pain. As opposed to an opiate (natural opium alkaloid), they are very similar in structure
to morphine, whereas the exact geometry of the molecule largely effects on determining the
painkilling activity. For example, the drugs Levorphan and Dextrorphan are both mirror
images of one another with quite similar structure to morphine. Levorphan, the left-handed
molecule like naturally left-handed morphine, is several times more potent than morphine
and is strongly addictive, while Dextrorphan, the right-handed molecule, has no analgesic
ability and is also nonaddictive [21, 90-94].

6.12.1. Morphine

The main alkaloid morphine in opium poppy is a naturally occurring analgesic opioid and
one of the most potent pain relievers. One of the most important uses of morphine in today’s
clinical practice is relief of pain caused by heart attack or myocardial infarction. Morphine
helps to ease the pain particularly before, during, and after major surgeries and acts as an
anesthetic without decreasing consciousness. Morphine is a weak base with the pKa of about
8.0 and has relatively low lipid solubility at physiological pH (Figure 4). Morphine exists
mostly in ionized form that does not favor passage through the lipid membrane; thus, onset
of action is relatively slow (15-30 min). The basic mechanism depends on the shape of the
morphine molecule and its binding to the active site on the receptor protein. The ability of
morphine to fit into the active site and block a specific receptor site on a nerve cell gives its
analgesic properties. In this way the action of the pain receptor rules out and intercepts the
pain signals reaching the brain. The specific opiate receptors are classified mainly as mu (p),
kappa (i), and sigma (0). In terms of analgesia effects, the mu (p) is the most important recep-
tor type including at least two subtypes, pul and p2, in which ul probably mediates analgesia.
Morphine produces relaxation and sedation by depressing the nervous system [91, 93, 95].

Figure 4. Morphine structure, replacing the —OH group shown in red with —OCH,, produces codeine where heroin
derives from replacing both the red and blue —OH groups with OCOCH,,.



The Local Anesthetic and Pain Relief Activity of Alkaloids
http://dx.doi.org/10.5772/intechopen.69847

Hydromorphone is synthesized from morphine that is much stronger than morphine but has
less side effects and a lower dependency rate. It is prescribed to treat severe pain or dry
coughing (Dilaudid and Palladone).

Completely synthetic alkaloid molecules called opioids are originally synthesized by phar-
maceutical companies because of their potency as an analgesic for the treatment of severe
pain. As opposed to an opiate (natural opium alkaloid), they are very similar in structure
to morphine, whereas the exact geometry of the molecule largely effects on determining the
painkilling activity. For example, the drugs Levorphan and Dextrorphan are both mirror
images of one another with quite similar structure to morphine. Levorphan, the left-handed
molecule like naturally left-handed morphine, is several times more potent than morphine
and is strongly addictive, while Dextrorphan, the right-handed molecule, has no analgesic
ability and is also nonaddictive.

6.12.2. Codeine

Codeine is another powerful analgesic derived from morphine (although it is less potent
than morphine) by replacing one of the —OH groups with a methoxy group (—OCH,) and
was first used as a therapeutic antitussive (see structure below in Figure 5). When codeine is
metabolized, the —OCH, group converted back to —OH and regenerates morphine. Although
morphine, heroine, and codeine are all derived from opium, codeine has a slight difference
in chemical structure from morphine and heroine. It is often sold as a salt in the form of
either codeine sulfate or codeine phosphate, while codeine hydrochloride is more common
worldwide. In therapeutic doses, codeine is much less effective as an analgesic than morphine
therefore often combined with other medications including Empirin with codeine, Fiorinal
with codeine, and Tylenol with codeine. The prescription medications of codeine is available
in pill form but also can be injected into the muscle. It is not given through IV as it can cause
convulsions. Codeine is used for its analgesic, antitussive, antidiarrheal, antihypertensive,
anxiolytic, antidepressant, sedative, and hypnotic properties [21, 96].

0 OH

Figure 5. Replacing the —OH group of morphine shown in red with —OCH, produces codeine.
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6.12.3. Heroin

Heroin was synthesized from morphine to be used as a nonaddictive cure; however, it was turned
out that heroin is highly addictive and more potent than morphine. Heroin exhibits euphoric,
anxiolytic, and analgesic central nervous system properties so classified as a Schedule I drug that
possession or trading of it is illegal. Heroin (diacetylmorphine or diamorphine) is derived from
the morphine alkaloid by acetylation of the two hydrogen-bonding hydroxyl groups (—OH) with
acetyl chloride (—OCOCH,) (Figure 6). Acetylation makes heroin more soluble in nonpolar sol-
vents (i.e., oils and fats) and provides rapid pass through the blood-brain barrier which makes
heroin much more potent than morphine because heroin is converted back to morphine in the
brain. Patients with heroin addiction should seek advice from healthcare providers [91, 93, 95].

6.12.4. Thebaine

Thebaine is a natural alkaloid that is extracted from the opium poppy plant, due to its origin
classified as opiates. Though thebaine is toxic and unsuitable for use as drug, pharmaceu-
tical companies use thebaine alkaloids to create semisynthetic therapeutic drugs including
Naloxone, Naltrexone, and Buprenorphine by breaking down it into smaller metabolites and
also alter the chemical structure such as oxycodone. In spite thebaine binds to opioid recep-
tors in the central nervous system, it stimulates the nervous system, while morphine and
codeine produce relaxation and sedation by depressing the nervous system.

Thebaine is used to create semisynthetic pain relievers, such as oxymorphone and oxyco-
done. Oxycodone is synthesized from thebaine and used to treat moderate to severe pain for
patients after surgery. Oxycodone is usually prescribed in tablet forms (Percocet, Percodan,
or OxyContin) and widely combined with other drugs such as aspirin. Hydrocodone is syn-
thesized from either codeine or thebaine and prescribed to treat moderate to severe pain and
heavy coughs (Vicodin, Lorcet, Dolorex, Forten, and Anexsia).

Figure 6. Chemical structure of heroin derived from morphine.
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6.12.5. Oripavine

Oripavine is not produced by traditionally cultivated varieties of opium poppy where a chain
of chemical processes are used to extract oripavine from the opium poppy plant. First of all
opium is broken to major alkaloid metabolites, codeine, morphine, and thebaine. Oripavine
is the major metabolite of thebaine that is produced by altering the chemical structure of the-
baine for more effective or safer medications. Despite its development based on high thera-
peutic value and low-abuse potential compounds, it has severe toxicity and low therapeutic
index. Even though oripavine is a strong pain reliever with comparable analgesic potency to
morphine, it does not have clinical use. It is used as convenient source for the production of
several synthetic opioid pharmaceuticals [97].

6.12.6. Fentanyl

Fentanyl is one of the most lipophilic opioids with rapid onset of action (10-15 min) and short
duration (2-5 h) that found a wide usage epidural and intradural for postoperative pain. The
clinical studies also focused on the beneficial effect of the combination of intrathecal fentanyl
as lipophilic opioids with intrathecal local anesthetic in ambulatory surgery. Intrathecal bupi-
vacaine is commonly preferred for local anesthesia in ambulatory surgery due to neurologi-
cal toxicity of lidocaine. The fact remains that a high level of the sympathetic block can take
place in high doses of intrathecal bupivacaine. The combination of intrathecal opioids added
to low-dose local anesthetics provides a faster onset of blockade and better intraoperative and
immediate postoperative analgesia that prevents increasing the degree of motor blockade or
delaying discharge [98-100].

6.13. Other anesthetic alkaloids

Tropane alkaloids are synthesized from the amino acids ornithine, putrescine (decarboxyl-
ated ornithine), and proline or obtained by extraction from plants. The important drugs and
alkaloids in this group are atropine, hyoscyamine, and scopolamine. These alkaloids have
effects on the central nervous system, including nerve cells of the brain and spinal cord that
may also affect the autonomic nervous system. The chemical structure of these includes a
methylated nitrogen atom N—CH, at one end of the molecule which is also found in the
neurotransmitter acetylcholine. Hence, they are capable of blocking or inhibiting nerve
impulses between nerves in the brain and neuromuscular junctions. Atropine is an alka-
loid which stimulates the central nervous system. Its sulfate salt is injected intramuscularly
prior to induction of anesthesia. Reduction in pulse range and cessation of cardiac action
are attributable to increased vigil activity administered intravenously during surgery.
Scopolamine or hyoscine is an alkaloid that has a depressant activity on the central nervous
system. Thus, scopolamine hydrobromide is used for preanesthetic sedation in conjunction
with analgesics. Diterpenoid alkaloids (DAs) isolated from Delphinium and Aconitum plant
species possess local anesthetic activity by suppressing sodium currents of excited mem-
branes [22, 59, 101, 102].
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6.14. Alkaloids for pain and pleasure

Despite alkaloids and other psychoactive chemicals came from nature act as defensive mol-
ecules for the organisms that made them, these types of molecules can be quite addictive
drugs to humans. Many alkaloid substances like cocaine, caffeine, nicotine, opium (mor-
phine, heroine), etc. act on the peripheral nervous system with the psychological side effects
that produce a state of relaxed, mental excitement, and euphoria which are referred to
addiction.

Medically useful alkaloids morphine and codeine are the pain relievers but also addictive
drugs. Morphine is stronger than codeine, while codeine is often prescribed for moder-
ate pain and also an effective cough suppressant. Heroin is another abused alkaloid drug
derived from morphine by a simple chemical modification. However, heroin is metabolized
to morphine once it enters the body; thus, these two alkaloids drugs are considered com-
pletely equivalent.

Cocaine is produced from the coca plant and classified as narcotic. The effects of cocaine can
be sorted, excited, and elated, an impression of enhanced physical strength and mental ability
feelings. There after elevated heart rate and blood pressure are accompanied to these feelings.
However, cocaine produces a state of euphoric hyperarousal for a short duration; hence, the
addicted person needs high dose of the drug that may lead to fibrillation and death. Cocaine
usage over time can result in paranoid schizophrenia.

Nicotine is another alkaloid that is pleasurable and addictive mainly known for tobacco
plants, whereas potatoes, eggplant, cauliflower, and tomato can be listed as nicotine sources.
Nicotine alkaloids have primarily stimulation properties and produce either relaxation or
arousal.

There are other alkaloids which are not addictive, but stimulants such as caffeine and the
analog compounds theophylline and theobromine are. Caffeine occurs naturally in coffee, tea,
cocoa and chocolate, cola drinks, and a variety of other plants. Tea contains small amounts of
theophylline apart from caffeine, while theobromine is the major stimulant in cocoa. Cocoa
and chocolate contain neuroactive alkaloids known as tetrahydro-beta-carbolines that pos-
sibly have influences on mood and behavior [23, 24, 103-108].
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Abstract

The genus Sceletium, classified under the Aizoaceae family, is indigenous to the Western,
Eastern and Northern Cape province of South Africa. There are currently eight reported
species divided into two main “types” with five species in the tortuosum and three in the
emarcidum type. It has been observed that, in general, mesembrine-type alkaloids such as
mesembrenol, A“mesembrenone, mesembranol, mesembrenone, mesembrine and epime-
sembranol as well as some non-mesembrine type such as Sceletium A4, tortuosamine
and joubertiamine occur in the tortuosum type; the emarcidum type is devoid of alkaloids.
Morphological identification of species type presents a formidable challenge, where
subtle differences are found in the secondary veins that branch off from the middle vein
toward the leaf margin. In view of the fact that the plant contains a complex mixture of
closely related compounds, in particular alkaloidal components, separation techniques
and their application to evaluate specific chemical components are an important aspect
which permits accurate characterization and quantification. In addition, the develop-
ment of appropriate analytical methods for chemotaxonomic studies has provided valu-
able information to confirm specific plant identity. Importantly, these methods are also
required for the quality control of plant material used to manufacture complementary
and traditional medicines containing Sceletium.

Keywords: Sceletium tortuosum, Sceletium emarcidum, alkaloids, mesembrine,
chemotaxonomy, HPLC-MS

1. Introduction and background

Sceletium alkaloids have been studied over a century when their presence was first reported
in1896 and later by Zwicky in 1914. In a detailed study by Zwicky on about 40 species of the
genus Mesembryanthemum, more than 50% of the plants tested positive for alkaloids. Due to
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this large number of species, the genus Mesembryanthemum was abandoned and some of the
species were reassigned to genus Sceletium, family Aizoaceae [1].

These alkaloids, originating from Sceletium plants species, were widely found in the Western
and Karoo regions of South Africa. The name Sceletium is derived from the Latin word Sceletus
meaning skeleton. The derivation of the name is due to the prominent lignified leaf vein
structure that is observed in dried leaves of this genus which give a skeletal appearance.
Anecdotal evidence suggests that this plant is highly revered and held in great esteem by the
tribes who collected and bartered it frequently in exchange for cattle and other commodities.
Subsequently, the early Dutch colonists further showed commercial interest in this plant, and
many plants of this family were also introduced to European cultivation [2].

The Sceletium plants can readily be identified by its persistent dry “skeletonized” leaves which
enclose the young leaves during the dry season (Figure 1a), to protect them from adverse
environmental conditions [3]. The specimens of two main types of Sceletium plants: Sceletium
tortuosum and Sceletium emarcidum are depicted in Figure 1b and ¢, respectively.

Figure 1. (a) Skeletonized leaves of S. tortuosum. (b) Sceletium tortuosum. (c) Sceletium emarcidum (with skeletonized leaves).

2. Sceletium species

Sceletium species occurs in the Eastern, Northern, Western Cape provinces of South Africa
and the genus Sceletium, belongs to the family, Aizoaceae [1].
2.1. Identification of Sceletium plant species

The specimens were studied and identified using the identification key of Gerbaulet [1].
Based on the identification key, the venation pattern which differs between species is one of
the important taxonomic identification features.

There are currently eight reported species [3] of this genus, divided into two “types” with five
species in the fortuosum type and three in emarcidum type as follows:

Tortuosum type: Sceletium tortuosum; Sceletium crassicaule; Sceletium strictum; Sceletium expan-
sum and Sceletium varians.

Emarcidum type: Sceletium emarcidum; Sceletium exalatum and Sceletium rigidum.
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The main differences are found in the secondary veins that branch off from the middle vein
toward the leaf margin. Based on the venation type, the species is mainly classified as either
emarcidum or tortuosum types (Figure 2). In the emarcidum type, the leaf is more flat and the
dried leaf venation pattern shows a central main vein with the curved secondary vein which
branches off the main vein, reaching the leaf margins.

In plants of the tortuosum type (Figure 2), the dry leaves are more concave and usually show
about three to five or sometimes up to seven major parallel veins. The secondary veins run
straight up to the apex on both sides of the middle vein.

5. emarcidum S. tortuosum

Figure 2. Venation pattern of skeletonized leaves in Sceletium species. mv =middle vein, csv=curved secondary vein,
ssv =straight secondary vein.

3. Chemistry of Sceletium alkaloids

Preliminary studies on Sceletium were done by Meiring in 1896, suggesting that the presence
of alkaloids and this was confirmed by Zwicky in 1914. Further studies on S. expansum and
S. tortuosum reported by Zwicky in 1914, yielded a noncrystalline alkaloid which was named
“mesembrin” with the reported molecular formula, C,;H ;NO, [4]. Rimington and Roets [5]
reinvestigated this plant in 1937, and attempts to crystallize the alkaloid as a free base or
hydrochloride salt were unsuccessful. In their experiments, they managed to obtain a crystal-
line picrate and platinichloride from the methylated free base and the molecular formula was
deduced based on combustion analysis. The molecular formula for “mesembrin” was reas-
signed as C;H NO, and is presently known as mesembrine, suggesting that the molecule
belonged to the tropane ester alkaloid group.

Bodendorf and Krieger [6], in their work in 1957, revisited the molecule and successfully
crystallized the mesembrine base to its hydrochloride salt, along with isolation of two more
bases, namely “mesembrinine,” presently known as mesembrenone, which has two hydro-
gen atoms less, and the structure is closely related to mesembrine. The other base was called
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“channaine,” which was described as a phenolic base, and it was also reported that all these
three compounds were purported to be optically inactive.

Popelak and Lettenbauer [7] in 1967 reported the incidence of Sceletium alkaloids in the plants
they studied as 1 to 1.5%, which consisted of approximately 0.7% mesembrine and 0.2%
“mesembrinine.” The structure of mesembrine, deduced from their study, was reported as
N-methyl-3a-(3',4"-dimethoxyphenyl)-6-oxo-cisoctahydroindole, which provided the founda-
tion for continued studies on this group of alkaloids [4].

Jeffs et al in 1974 [8] worked further on S. namaquense and S. strictum and reported five new
alkaloids, namely Sceletium alkaloid A4, N-formyltortuosamine, 4-O-demethylmesembre-
none, A’mesembrenone and sceletenone. It was also reported that in a concurrent study by
Wiechers et al on S. tortuosum, another base, tortuosamine, was isolated and had a close struc-
tural relation to Sceletium alkaloid A4.

Arndt and Kruger in 1970 [9] reported three new alkaloids, joubertiamine, dihydrojouber-
tiamine and dehydrojoubertiamine from S. joubertii, where their basic skeletons were bioge-
netically closely related to mesembrane (Figure 3) and not related to the mesembrine —like of
alkaloids. The above alkaloids were also isolated and reported in another Sceletium species, S.
subvelutinum, by Herbert and Kattah 1990 [10].

Whereas the phytochemical content of Sceletium species has been studied since 1896 [4], the
reported alkaloidal content has been constrained to tortuosum-type species only, and related
information on the emarcidum species has been conspicuously absent from the literature.
However in 2013, Patnala and Kanfer reported the complete absence of mesembrine as well
as other alkaloids usually found in the tortuosum type in their investigations involving three
emarcidum species: S. emarcidum, S. exalatum and S. rigidum [11].

The alkaloids which have been isolated from Sceletium species are broadly classified into four
structural classes. The major subgroup being the 3a-aryl-cis-octahydroindole skeleton which is
referred to as the mesembrine group (Table 1) which includes A* series and A’ series based on
the double bond at position 4-5 (Table 2) and 7-7a (Table 3), respectively. Sceletium alkaloid A4
(Table 4) constitutes the lone member of the second subgroup. The third subgroup is closely
related to the second, which is the alkaloid, tortuosamine type (Table 5), and the fourth group
is the joubertiamine type (Table 6), which is closely related to the mesembrine series [10].

Of the above subgroups, the mesembrine type is the largest, consisting of about 15 alkaloids.
The class derives its name from mesembrine, which was the first structurally characterized
alkaloid molecule [4].

Figure 3. Mesembrane.
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The major alkaloid in mesembrine type is (-)-mesembrine, reported to be present in up to 1%
in S. namaquence and occurs as a partial racemate in S. strictum and S. tortuosum in smaller
amounts [8]. The reported alkaloids in this subgroup are listed in Tables 1-3 [12].

3.1. Mesembrine-type (I)

No. R1 R2 R3, R4 R3 R4 Compound

1 OMe OMe O - - Mesembrine

2 OMe OMe - OH H Mesembranol

3 OMe OMe - H OH Epimesembranol

4 OMe OMe - OAc H Mesembranol acetate

5 OH OMe - OH H 4'Demethyl mesembranol
6 OMe OMe - OMe H Mesembranol methyl ether
7 OMe OMe H - - Mesembrane

Table 1. Mesembrine-type (I) Sceletium alkaloids.

3.2. A* Mesembrine-type (II)

R1 R2 R3,R4 R3 R4 Compound

OMe OMe (@] - - Mesembrenone

OMe OMe - OH H Mesembrenol

OMe OMe - H OH 6-Epimesembrenol
OMe OMe - OAc H Mesembrenol acetate
OH OMe - OMe H -

OMe H (@] - - 4'-O-methyl sceletenone
OH H O - - Sceletenone

Table 2. A*Mesembrine-type (II) Sceletium alkaloids.

3.3. A7 Mesembrine-type (III)

No. R1 R2 R3,R4 R3 R4 Compound

15 OMe OMe (@) - - A’ Mesembrenone

Table 3. A’Mesembrine-type (III) Sceletium alkaloid.
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3.4. Sceletium A4 types (IV)

Table 4 depicts Sceletium A4 alkaloid (16) and is reported to occur in S. namaquense as an
optically active crystalline base. The other reported alkaloid [8] which is closely related to
this structure is a noncrystalline optically active compound mentioned as dihydropyridone
base (17).

No. R1 R2 Compound
16 OMe OMe Sceletium A4
R 17 OMe OMe Dihydropyridone base
Ry
= TNH

Table 4. Sceletium A4 type (IV) alkaloids.

3.5. Tortuosamine type (V)

The reported alkaloids (Table 5) in this subclass are tortuosamine (18), N-formyltortuosamine
(19) and N-acetyltortuosamine (20). Tortuosamine, a noncrystalline optically active base, was
isolated from S. tortuosum [8].

No. R1 R2 R3 Compound
R, 18 OMe OMe H Tortuosamine
Ry 9 OMe OMe CHO N-formyltortuosamine
20 OMe OMe COMe N-acetyltortuosamine

Table 5. Tortuosamine-type (V) Sceletium alkaloids.

3.6. Joubertiamine types

These alkaloids are reported to occur principally in S. joubertii and have also been reported to
occur in S. subvelutinum. These alkaloids are further classified as depicted in Tables 6-8 [8].
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3.6.1. Dihydrojoubertiamine (VI)

http://dx.doi.org/10.5772/66482

No. R1 R2 R3 Compound
OR 21 H Me (@] dihydrojoubertiamine
1
22 H Me Me O-methyldihydrojoubertiamine
AN Ry
cn/ Re

3

Table 6. Dihydrojoubertiamine-type (VI) Sceletium alkaloids.

3.6.2. Dehydrojoubertiamine (VII)

No. R1 R2 R3 Compound
OR; 23 H Me (¢] dehydrojoubertriamine
N\ Ry
CH. / Ry
Table 7. Dehydrojoubertiamine-type (VII) Sceletium alkaloid.
3.6.3. Joubertiamine (VIII)
No. R1 R2 R3 Compound
OR, 24 H Me (@] Joubertiamine
25 Me Me O-methyljoubertiamine

CH';/ R2

Table 8. Joubertiamine-type (VIII) Sceletium alkaloids.
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Structure OH OCH
OCH;
9 AN
N ° L, |
CH3/ CH; 3 Z
Alkaloid Tortuosamine Joubertiamine Sceletium A4
MW 326 325.80 324.18
MF CZOHZGNZOZ C17H25N03 C20H24NZOZ
Description - Pale white semi-solid
OR[ oz]lz)0 -32°(CHCL,)*, -30° (C,H,OH)* *+131°
BP
MP 153-154°C
References [4] *14], '[7] *[4], 8]

MW, Molecular weight; MF, molecular formula; OR, optical rotation; BP, boiling point; MP, melting point; MeOH,
methanol.

Table 10. Physicochemical characteristics of some typical non-mesembrine-type Sceletium alkaloids.

The physicochemical characteristics of various Sceletium alkaloids—mesembrine-type and
non-mesembrine-type alkaloids are compiled in Tables 9 and 10.

4. Extraction, isolation, synthesis and characterization of Sceletium
alkaloids

Natural products are known to contain complex chemical components. Hence, it is essential
that active components in such products are identified and analyzed by validated methods to
ensure product quality. The development and validation of the requisite analytical method
and procedures for QC can only be achieved by testing the product using qualified reference
substances.

Several methods have been reported for the extraction and isolation of these alkaloids from
Sceletium species. In 1937, Rimington and Roets [14] described their extraction procedure of
Sceletium alkaloids, and subsequently in 1957, Bodendorf and Krieger [6] published a dif-
ferent extraction procedures. Popelak and Lettenbauer, in 1967 [7], reported the isolation of
some alkaloid bases along with mesembrine and mesembrinine and prepared their hydro-
chloride salts. Arndt and Kruger [9] reported an extraction procedure of the aerial parts of
Sceletium joubertii to obtain those relevant alkaloids.

Herbert and Kattah [10] in their biosynthesis study of alkaloids in Sceletium subvelutinum
reported the isolation and purification of joubertiamine and related alkaloids. Jeffs et al. [8]
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reported the extraction of alkaloids from Sceletium namaquense which yielded mesembrine,
mesembrenone, Sceletium A4, N-formyltortuosamine, A’mesembrenone, tortuosamine and
some unidentified alkaloids. Smith et al. [15] extracted mesembrenol (Table 2, No. 9) {incor-
rectly designated as 4’-O-demethylmesembrenol and labeled (1) in their paper}, mesembrine
and mesembrenone from Sceletium plant material. Gericke et al. [16] in their US patent appli-
cation described the extraction of mesembrine-type alkaloids with a yield of between 15 and
35 mg per gram of “dry leaves.”

Subsequently, Patnala [17] developed a relatively simple and inexpensive extraction and iso-
lation procedure for Sceletium alkaloids. In general, Sceletium plant powder was extracted
using ethanol by soxhlet extraction followed by alcohol removal and acidification. Hexane
was used to wash the acidic solution and the organic phase discarded. Subsequently, ammo-
nia solution was used to neutralize and result in alkaline solution, and the latter was further
extracted with dichloromethane (DCM). The DCM fractions were collected into a round-
bottomed flask and evaporated under vacuum to yield a brown viscous liquid containing
alkaloids. Following the separation of components by column chromatography, collected elu-
ents were spotted on a TLC plate (Figure 4). The TLC plate was first observed under UV,
which showed extensive related substances (acetone-Track 3 and acetonitrile-Track 4) and fur-
ther sprayed with Dragendorff's reagent (Figure 4). The acetone fraction and the acetonitrile
(ACN) fractions were found to contain alkaloids.

The ACN fraction was tested for its UV spectrum which showed a maximum at 298.2 nm was
found to be A'mesembrenone (Figure 5), and this fraction was further purified by preparative
TLC.

In view of the fact that Sceletium species contain complex mixtures of closely related alkaloi-
dal components, appropriate analytical methods for their separation and identification are

1. DCM fraction

2. Aeetane-{ fraction

3. Acerone-2 fraction

4. ACN fraciton

5 ACN fraction purified
6, Acetone-2 purified

Figure 4. TLC plate of the column fractions by developed TLC method observed under UV, and subsequently sprayed
with Dragendorff's reagent for positive identification of alkaloids.
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Figure 5. HPLC-PDA of ACN fraction-spectrum index plot (top) and chromatogram (bottom).

essential prerequisites for chemotaxonomic profiling of these species. Furthermore, the avail-
ability of relevant alkaloid reference standards is also necessary including the use of an ana-
lytical method with required specificity for fingerprinting. These foregoing considerations are
essential to facilitate the proper identification of Sceletium species based on a chemotaxonomic
approach [11].

5. Development of analytical methodologies for identification and
quality control (QC) of Sceletium plant material and associated products

5.1. High-performance liquid chromatography (HPLC)

Chromatographic fingerprinting has been widely accepted and recommended by various
regulatory authorities such as WHO [18], US-FDA [19] and EMEA [20] to assess the consis-
tency of batch to batch dosage forms containing phytochemical components of the harvested
plants. In the current international regulatory scenario, qualitative and quantitative analytical
methods are considered mandatory.

Validated analytical methods to assay Sceletium plant material and dosage forms for relevant
alkaloidal content were reported for the first time where a simple, accurate, precise, rapid and
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Figure 6. HPLC chromatogram of relevant standard Sceletium alkaloids.

reproducible HPLC method was developed for the identification and quantitative analysis of
five relevant Sceletium alkaloids, A7 mesembrenone, mesembranol, mesembrenone, mesem-
brine and epimesembranol. This method has also been successfully used to study chemo-
taxonomy of some Sceletium species and has provided impetus for the future development
of quality monographs for plant and dosage forms containing Sceletium [21]. Subsequently,
this method has been applied for the identification [22] and quantization of two additional
alkaloids: Sceletium A4 and mesembrenol. Figure 6 illustrates the chromatographic profile of
the above-mentioned alkaloids.

5.2. LC-MS/MS

Since a number of variables including species differences, harvesting time, growing condi-
tions, storage and processing contribute to the variation in phytochemical components in
plants, it is therefore necessary to use appropriate and specific analytical methods to ensure
quality which may affect the safety and efficacy of products prepared from plant material [23].
In particular, with respect to the Sceletium plant species which contain closely related mesem-
brine-type compounds of which some are epimers and have isobaric chemistries [17], specific
methods are necessary. Since HPLC using UV detection cannot discriminate between such
compounds, detection by MS enhances the accuracy and specificity of the analytical method,
thereby reducing the risk of using an inappropriate Sceletium species for the indications on
the product label [22]. In addition, this method proved valuable to monitor the fermentation
process of Sceletium plant material [24]. Hence, the current qualitative LCMS method, and
concurrent application of the previously reported quantitative assay method [22], provides
valuable analytical procedures for the identification and QC of Sceletium plant material and its
dosage forms. The application of the LC-ESI-MS tandem mass spectroscopy provides unique
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fragmentation patterns which facilitates the identity of specific alkaloid in complex matrices
and thus provides valuable confirmatory data for chemotaxonomic studies [11].

5.3. Capillary zone electrophoresis (CZE)

Since alkaloids are relatively strong bases in general [25], they are good candidates for CE
analysis. A CZE method was developed and validated and applied to fingerprint the presence
of alkaloids in a marketed tablet product containing Sceletium plant material [26].

6. Ethnopharmacology

The use of specific herbal medicines varies depending on specific regions and ethnopharma-
cological experiences, which makes this form of treatment inconsistent. Safety and efficacy
are major concerns due to poor documentation and a dearth of scientific research on this sub-
ject. The World Health Organization (WHO) notes that of 119 plant-derived pharmaceutical
medicines, about 74% are used in modern medicine in ways that correlate directly with their
traditional use as herbal medicines [27].

The traditional preparation of Sceletium known as “Kougoed” or “Channa” is a fermented prep-
aration used by the native Bushmen of Namaqualand. Traditionally, its main use for its psy-
choactive properties involved a prior fermentation by the Khoisan tribe of southern Africa,
who purported that the psychoactive effect of this plant is greatly enhanced [2, 3]. Based
on this perception, Sceletium plants and their products are marketed with claimed improve-
ments in mood and reduction of anxiety, when the fermented plant material is used either by
chewing or smoking. In general, the fermentation process involves crushing the whole plant
material or aerial parts which are then placed in sealed containers for several days and dried
under natural sunlight. Patnala [17, 24] subsequently confirmed that the fermentation process
transforms mesembrine to A’'mesembrenone and requires an aqueous environment together
with the presence of light to facilitate such a transformation.

7. Biological activities and medicinal properties of Sceletium alkaloids

The study of the phytochemical composition of Sceletium was provoked as a result of anec-
dotal information describing the use of these plants by early inhabitants of Southern Africa
[28]. Typical examples of medicinal use have been described in the Ethnopharmacology sec-
tion above. It can be gleaned from current scientific literature that several scientific groups
working on various aspects of Sceletium plants have focused on the biological activity of these
alkaloids [29]. It should be noted that antidepressant activity of mesembrine-type alkaloids
has been demonstrated in animal models, of which, where mesembrine has been the principal
alkaloid. The antidepressant activity is reportedly based on selective inhibition of serotonin
reuptake, and mesembrine has a weak narcotic effect [30]. A recent study indicates that high-
mesembrine Sceletium extract is a monoamine releasing agent, rather than only a selective
serotonin reuptake inhibitor [31]. Zembrin® a marketed product containing a standardized
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extract of Sceletium tortuosum has been studied using human volunteers for its acute effects
in the brain, and its pharmacological activity and potential therapeutic effect are reported to
be based on the inhibiting reuptake of 5-HT and PDE4. It is suggested that a 25 mg dose of
Zembrin® has the potential of reducing anxiety in humans [32].

8. Conclusions

Although eight Sceletium plant species have been formally classified in accordance with usual
botanic taxonomy, we have observed the existence of various subspecies related to the tor-
tuosum-type plants. Furthermore, the identified alkaloidal constituents vary between each
of these plant species. In the tortuosum-type plants, mesembrenone (Table 2, No. 8), where
the double bond occurs between C4-5; A7mesembrenone (Table 3, No. 15), where the double
bond occurs between C7-7a; and the epimers, mesembranol and epimesembranol, clearly have
closely related chemical structures. Hence, accurate identification and characterization is nec-
essary to confirm the true identity of each species [22] in view of the close similarity between
such chemical structures. such relevant information provides invaluable data to confirm the
true identity of each species. These “tortuosum”-type Sceletium species contain mesembrine
as the major alkaloid along with other minor alkaloids, A'mesembrenone, mesembrenone
and mesembranol and clearly differ from the other species. However, a subspecies of tortuo-
sum type, S. strictum contains mesembrenone as the major alkaloidal component alongside
mesembrine [11]. The above-mentioned information can be gleaned from published studies
on Sceletium plants [17, 22, 24].

The advent and availability of modern instrumental techniques have provided valuable tools
to identify differences between species based on phytochemical composition. Such approaches
for taxonomical classification of plants and their species facilitate a superior and more accu-
rate method which supersedes the classical techniques based on morphological aspects.

Although plants have been used for their medicinal properties for centuries relating back to
biblical times, the interest and development of medicinal products containing plant material
have grown exponentially where such products, often referred to a complementary medicines
currently constitute and industry with sales of billions of dollars annually. However, there is
growing concern relating to quality, safety and efficacy of such products where regulatory
requirements relating to the provision of such necessary evidence currently leaves a lot to
be desired and in instances have demonstrated undesirable risks to vulnerable users. Proper
quality control requires the application of appropriate analytical techniques to assess the
identity and quality of complementary medicines containing plant material. Quality control
methods require access and availability to reference standards for each product which is mar-
keted for medicinal use. As far as Sceletium-based products are concerned, the information
relating to isolation, identification, quantification and purification of individual alkaloidal
compounds found in Sceletium species provides valuable data for use in the quality con-
trol of medicines containing Sceletium plant material. While quality control is an essential
component to ensure the quality of medicines, evidence of the safety and efficacy is further
essential components, and it is important that such data are generated through clinical trials
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in humans. Furthermore, the absorption, distribution, metabolism and elimination (ADME)
of administered products and associated kinetics should be studied. Such studies require
the development and validation of appropriate analytical techniques to monitor the active
ingredient(s) and the resulting metabolite(s) where applicable.

Modern instrumental methods such HPLC, LC-MS, CZE and associated analytical technolo-
gies have been invaluable in developing profiles for fingerprinting, identification and charac-
terization of the relevant alkaloids and their specific plant associations as well as serving as an
important tool for QC purposes of plant material and herbal medicines containing Sceletium.
In addition, such techniques are also necessary to study the safety, efficacy, ADME and kinet-
ics of medicinal products containing plant material.
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Abstract

The current study is conducted to investigate whether lupine grains can successfully
be ensiled with residual moisture contents of around 65% and alkaloid contents can
be reduced during the process of lactic acid formation by native and added lactic acid
bacteria, respectively. Based on the fermentation quality of the sampled grain meal
silage in the dry mass of 65% and further results, silaging is shown to be a suitable
method of preservation. A reduction in the alkaloid content during the silaging
cannot be assumed (statistical) due to the irregular dynamic of the observed content.

Keywords: lupines, lactic acid moist grain silaging, nutritional facts and alkaloid con-
tent, lupine debittering

1. Introduction

Atpresent, soy is the mostimportant protein feed for monogastric farm animals and also of high
importance for polygastric species, particularly in face of the ban of feedstuffs of animal origin.
To cover the high demand for animal nutrition, the European Union is dependent on the import
of soybeans and soy products. The European agricultural policy is focused on alternative protein
sources because of the ongoing debate on the import of genetically modified soy. Additional
arguments for maximum self-supply with protein fromlocal sources are the goals of sustainable
production, the fluctuation of prices in soy bean business, and the future competition between
food and energy production.

Legume grains like those from lupine species are valuable feedstuffs in this concern. Beside
the remarkable protein content, they impress by a high density of energy.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(ccY SN
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Due to the uneven ripeness of the stock (Figure 1) and particularly if harvested at moist
conditions, for example, in late summertime, a cost-intensive artificial drying of the grains is
necessary. Storing lupine grains with a residual moisture above 14% might increase the risk
for elevated counts of moulds and yeasts.

Figure 1. Uneven ripeness of lupine corns (picture: A. Gefrom, LFA MV).

The chemical conservation with soda lye, propionic acid or feed urea is possible at a moisture
of <20-25%, but demands a Hazard Analysis and Critical Control Concept. The material may
be storable up to 6 months but might be limited in their use with respect to the target animal
species or specific situation in question. Furthermore, chemical conservation of feedstuffs is
not permitted for organic farming.

Ensiling lupine grains may be an inexpensive and ecologically advantageous alternative to
produce a high-protein feed of local origin that can be used in both conventional and organic
farming. Lactic acid fermentation of fully mature legume grains with accordingly high dry
matter contents is, however, impossible because the osmotolerance of the vast majority of
lactobacilli is overused under such conditions. To create good conditions for silaging, lupine
grains can be harvested either fully mature and remoistened or before full ripeness with
accordingly high moisture content. According to technical aspects, harvesting before full
ripeness and conservation by lactobacilli have the following particular benefits:

* Preservation of the feed can be performed by the farmer himself directly after harvest.

* Independence of harvest date and dry matter content (possible with moisture contents of
up to about 35%).

* Early field clearance and therefore effective use of the land.
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* Minimisation of nutrient loss (storage and threshing loss).
* Reduced costs through elimination of the artificial drying.
* Cost-effective production of feedstuff with high energy and protein content.

* Providing high-quality feedstuffs rich in protein and energy for farm animals in both
conventional and organic farming systems.

The current study was conducted to investigate whether lupine grains can successfully be
ensiled with residual moisture contents of around 65%, and alkaloid contents can be reduced
during the process of lacticacid formation by native and added lactic acid bacteria, respectively.
Hypotheses were that high-quality silages with reduced alkaloid contents can be produced in
this way.

Alkaloids are important anti-nutritional factors limiting the use of lupine grains in the nutrition
of farm animals. Due to the very effective alkaloids, low dose could induce physiological
effects. Alkaloids damage among others the central nervous system, respiratory tract, and
liver [1, 2]. Because of that, native bitter lupine grains are not suitable as feedstuff in particular
for monogastric animals. For sweet lupine varieties provided as feed, actual guidelines
demand a maximum alkaloid content of 0.05% to exclude intoxication [3, 4]. Further, the bitter
taste can lead to a reduced acceptance and feed intake thus causing decreased performance.
Pigs are particularly sensitive in this concern. However, under the environmental conditions
of high temperatures, the accumulation of alkaloids may vary, and the alkaloid content in sweet
lupines may be higher than the alkaloid limit for using lupines as feedstuff [5].

On the other hand, alkaloids are part of the protective system of the plant against pathogens.
Alkaloids are nitrogenous combinations and attributive to some of the most toxic plant
ingredients. Because of the molecular structure, the alkaloids in lupines allocate to chinolizi-
dine alkaloide [6-8]. In corns of domestic lupines appear predominantly main quinolizidine
alkaloids like spartein, lupinin, and lupanin in aggregate relevant to the lupine genre [9]. Other
alkaloid contents in lupines are under 1%.

White lupines  Lupanin (50-80%), multiflorin (3-10%), 13-hydroxylupanin (5-15%), albin (5-15%)
Blue lupines Lupanin (50-80%), angustifolin (5-20%), 13-hydroxylupanin (10-20%)

Yellow lupines  Lupinin (40-70%), spartein (30-50%)

The alkaloids differ in toxicity. Spartein has a lower LD50 (median lethal dose) as lupanin [10].
Chinolizidine alkaloids are located are located in all plant organs, but the concentration and
variation differ in texture, seasonal and daytime [9, 11, 12]. They are accumulated in corns and
converted to proteins during maturation. They were also used as nitrogen source during
germination [13-15].

It is possible that especially at not determinated varieties, green corns of the bastard branch
have higher alkaloid content. Under the environmental conditions of high temperatures, the
accumulation of alkaloids may vary, and the alkaloid content in sweet lupines may be higher
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than the alkaloid limit for using lupines as feedstuff [5, 16-18]. A post-harvesting reduction in
alkaloids through silaging may allow future cropping decisions basing more on phytosanitary
conditions. The aim of this work was to examine whether alkaloids can be reduced in their
concentration by fermentation with lactobacilli on the precondition that preservation process
per se succeeds.

Alkaloids can be reduced by hydrolytic and oxidative enzymes during germination [13]. From
a theoretical point of view, alkaloids may be decomposed throughout silaging under the action
of native and supplemented lactic acid bacteria, respectively. A comprehensive action of plant
and microbacterial enzymes is possible due to the grinding of the grains, the setting of suitable
osmotic conditions, and a sufficiently long fermentation time.

The moisture found in grain meal allows enzymes to process the substances in suspension
freed in the fluid phase of fermentation. Phytonutrients exist in the wet phase in soluble form
and change through plant enzymes and enzymes of microorganisms occurring during
fermentation [19, 20], so that phytonutrients can turn to low molecular weight units and into
milk acid [21].

It has been demonstrated that the alkaloid content of lupine grains in milk ripeness can be
reduced through silaging [22]. On the contrary, only small success in this concern was reported
following silaging of the whole bitter lupine plant where the alkaloids seemed to be fairly
stable in the acid milieu of the silage. It is assumed that alkaloids inhibited lactic acid bacteria
during the silaging process [23].

Hopper et al. [24, 25] and Santana et al. [20], however, described a possible elimination of
bitterness in lupines, since alkaloids serve as energy source for microorganisms. In this way,
Toczko [26] and Toczko et al. [27] demonstrated the conversion of lupanin through Pseudo-
monas sp. These bacteria are representatives for natural epiphytics which are proposed to be
particularly important in the first phase of the process of fermentation. Santana and Empis [28]
reduced the alkaloid content in flour of white bitter lupine seeds by 50% by incubation with
Pseudomonas for 4 days. Camacho et al. [29] also demonstrated a reduction in alkaloids in
lupine grains by incubation with Lactobacillus acidophilus (B-1910) in a 12% total solids suspen-
sion.

Apart from the possible reduction in alkaloids during fermentation, further benefits like
physiologically effects of lactic acid silages of moist lupine grains are as follows:

* The positive effects of lactic acid in terms of nutrition physiology, for example, the acidifi-
cation of distinguished parts of the digestive tract to prevent the proliferation of clostridia
and other pathogenic microorganism.

* The improvement in the feeding value due to the reduction in other anti-nutritional factors
such as oligosaccharides [30, 31].

* Elevated contents of essential amino acids following proteolysis but only when desmolysis
can be prevented [32].

* Improved intake and digestion of the feed [33].
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* Improved digestibility of the amino acids (demonstrated for lysine and methionine by Hackl
et al. [33]).

* Enabling to elevate the quantity of lupine grains in the daily ration (broiler, 10%; weaned
piglets, 12%) and thus, elevated waiver of soy products [34].

2. Reducing of alkaloid contents during the process of lactic acid silaging

2.1. Material and method

The experiments were performed with ripe, storage-dry lupine grains (variety of sweet lupines
‘Bora’ and bitter lupine ‘Azuro’; 2002) as well as with legume grains from different years (2005
and 2006) with a high residual moisture content (~65% DM).

In crushed seeds (sieve 3 mm; Figure 2) of ripe, storage-dry lupine grains and at ~65% DM
harvested Lupinus angustifolius L. (variety of sweet lupines ‘Bora’, ‘Borlu’, and bitter lupine
‘Azuro’) were determined the nutrient contents according to the Weende feed analysis [35].
Crude starch and water-soluble carbohydrates (fructose, glucose, sucrose, and galactose) were
analysed by HPLC (Shimadzu-Germany GmbH) [36].

Figure 2. Crushed lupine seeds (picture: A. Gefrom, LFA MV).

The material was ground by ball mill (swing mill ‘MM 200" Retsch GmbH & Co. KG, 42781
Germany, grain size 0.01 mm, 5 min with frequency of 30/s) for analysis of starch and alkaloids.
The total alkaloid content (quinolizidine alkaloids) was determined by GC-MS [37]:
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Preparation To weigh ca. 0.5 g sample in centrifuge tubes, add 20 ml 0.5 N salt acid homogenize and store for 16 h at
room temperatures; centrifugalize by 4000 U/min for 30 min and by 20°C; pipette overlap (determine
volume); add 6 N NaOH for adjust pH-Wert of 12 in overlap (mix); alkaloids were determinated with
solid phase extraction with extrelut column (Merck) and dichlormethan as eluent: add 18 ml to extrelut
column (determine volume); wait 15 min; elute with 3 x 20 ml dichlormethan; solvent was evaporated
and rest is absorbed with 1 ml methanol; sample could be stored by —20°C

Analysis Alkaloids were analysed by GC-MS (Shimadzu-Germany GmbH, GC-MS QP 2010), type of column: BP-1
(length: 30 m; diameter: 0.25 mm; thickness: 0.25 pum); split proportion: 50; carrier gas: helium; passage:
94 ml/min; start temperature:120°C; end temperature: 260°C; ion source: 230°C; interface temperature:

300°C; externer standard: lupanin and spartein

The preparation of model silage (ROMOS —Rostock model silages [38]; Figure 3a and b) with
65% DM (moistened ripe, storage-dry lupines meal and ~65% DM harvested lupine corns)
followed using various biological silage additives (600 g material per plastic bag (three
repetitions per variation)):

Figure 3. (a and b) Vacuum sealer and ROMOS —Rostock model silages (picture: A. Gefrom, LFA MV).
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* Control (without additive)

* Lactic acid bacteria (LAB, homofermentative, Lactobacillus plantarum; 3 x 10° cfu/g FM; DSM
8862, 8866)

By using a vacuum sealer, the bags got evacuated and sealed and afterwards stored at 20°C
for 90 days (Figure 4). The incubation was followed by the pH-measurement (WTW MultiCal
pH 526, precision: 0.01), the analysis of ammonia nitrogen and the analysis of organic acids
and alcohol by HPLC and gas chromatograph (Shimadzu) in the silage extracts (50 g silage
+200mlaquadest.; 15h at5°C). The contents of lactic acid, fatty acid, and alcohol were analysed
by HPLC. Gas chromatograph with standard was used for analysis of acetic acid, butyric acid,
propionic acid, and alcohol (ethanol, propanol, butanol, butandiol). Parameter settings of
HPLC and gas cromatograph are as follows:

HPLC: Shimadzu-Germany GmbH; separation column: Aminex HPX-87H, Biorad, Hercules, USA; flux
10 mM H,SO,, flow rate: 0.6 ml/min, temperature: 60°C and detektion: UV index by 210 nm

Gas chromatograph: Dose 0.5 ul with split; capillary column: FFAP-DF-0.25; 25 m x 0.32 mm; carrier gas: N, purity; P1
Shimadzu with =0.75 kp/cm?; P2 =1 kp/cm? hydrogen = 0.6 kp/cm? air = 0.5 kp/cm? temperature program: 1.5
integrator min by 110°C constant, heating phase: 12°C/min by 170°C; 3 min by 170°C constant; injector
chromatpac (GC14A) temperature: 190°C; detektion: FID (Shimadzu), temperature: 190°C; detector sensitivity: 10%
split ratio: 1:50-1:70; inside standards: iso-capronic acid for volatile fatty acids, n-pentanol for

alcohol

Figure 4. Model silages after 90 days (picture: A. Gefrom, LFA MV).
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Evaluation of parameters occurs according to DLG [39].

In freeze-dried silage material nutritional parameters were analysed according to the Weende
feed analysis and alkaloids were analysis by GC-MS [37].

For statistical analysis, the computer software SPSS 14 for Windows (SPSS, Chicago, IL, USA)
was used. Duncan test was applied to examine mean differences for significance. The level of
significance was preset at p < 0.05.

3. Results

3.1. Nutrient contents of lupine seeds and silages after incubation of 90 days

The high energy and protein contents of moist harvested lupine grains from this study are in
accordance with those reported by key feed tables (Tables 1 and 2). According to Jansen et al.
[40], White et al. [41], and Wrigley [42], the crude starch in lupine corns analysed with
enzymatical method contains approximately 2.4% in DM and is lower than contents after
analysis with polarimetric method used for declarations in DLG. These authors supposed that
crude starch contents analysed with polarimetric method could include sugar and non-starch

polysaccharides.

DLG (2014 Starting material ‘Bora’,

‘Borlu’, “Azuro’; 2005/06, n = 6

Crude ash [% DM] 3.6 3.7 +0.2
Crude protein [% DM] 33.5 35.8 +0.9
UDP [% XP] 20 -
nXP [%] 21.9 -
RNB [g N/kg] +19 -
Crude fat [% DM] 55 62 +0.7
Crude fibre [% DM] 16.3 15.0 +18
Crude starch [% DM] 6.0 22 +0.2
Crude sugar [% DM] 5.6 4.0 +1.0
NEL [M]/kg DM] 8.92 8.95 +0.09
ME,, [MJ/kg DM] 14.19 14.27 +0.13
ME,,, [M]/kg DM] 15.3 144 +0.19
AMEy oy [MJ/kg DM] 8.8 8.02 +0.36

'DLG 2014 [43] nutrient digestibility ruminants and UDP (undegrable protein): DLG [44].

Polarimetric method.

*Analysed by HPLC with enzymatic method; DM: dry matter; LAB: lactic acid bacteria [Lactobacillus plantarum 3 x 10°
cfu/g fresh matter (FM), DSM 8862, 8866]; ME,,;;: metabolizable energy for pigs; calculated according to the estimation
equation from GfE [45] and digestibility from DLG [44].

*AMEy pouiry: apparent metabolizable energy for poultry (N-corrected): calculated according WPSA [46]; NEL MJ/kg
DM and MEcow MJ/kg DM: energy calculated according to DLG [44]; nXP: available crude protein calculated

according to DLG [44]; RNB: ruminal N-bilance, RNB = (XP-nXP)/6.25; UDP: undegrable protein.

Table 1. Contents of proximate nutrients and energy in grains of blue lupine from literature (mature seeds, in 100%
DM) compared to experimental data with lupine seeds harvested at ~65% DM (blue lupine).
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Blue lupine ‘Bora’ 2005, =3 Silage
Control LAB

DM [%] 67.22 +0.1 66.2° +0.6 65.9° +0.2
Crude ash [% DM] 4.0° +0.1 3.9° £0.1 3.8 £0.1
Crude protein [% DM] 35.8 +0.3 36.92 +0.6 36.6% 0.4
Crude fat [% DM] 5.8 +0.0 6.1 0.3 6.1 0.2
Crude fibre [% DM] 16.5° +0.1 15.8° 0.5 15.8° +0.2
Crude starch [% DM]! 2.4° +0.2 0.7¢ +0.3 1.2b +0.6
WSC [% DM] 4.9 +0.6 2.3 0.7 2.5° 0.6
NEL [M]/kg DM] 8.89 +0.01 8.99 +0.02 8.99 +0.02
ME,,,, [MJ/kg DM] 14.19 +0.01 14.32 +0.05 14.33 +0.04
ME,, [M]/kg DM] 14.24 +0.02 14.33 +0.08 14.37 +0.06
AMEyouiiry” [MJ/kg DM] 8.16 +0.03 8.08 £0.15 8.11 +0.09

!Analysed by HPLC; with enzymatic method; control: without additive; DM: dry matter; LAB: lactic acid bacteria
[Lactobacillus plantarum 3 x 10° cfu/g fresh matter (FM), DSM 8862, 8866]; ME,;;: metabolizable energy for pigs;
calculated according to the estimation equation from GfE [45] and digestibility from DLG [44].

*AMEy ,o1,y: @pparent metabolizable energy for poultry (N-corrected): calculated according WPSA [46]; NEL MJ/kg
DM and MEcow MJ/kg DM: energy calculated according to DLG [44]; WSC: water soluble carbohydrates: fructose,
glucose, sucrose, galactose

*bSignificant (p < 0.05) differences of means between variants starting material (lupine ‘Bora’) and silages.

Table 2. Contents of proximate nutrients and energy in grains of blue lupine harvested at ~65% DM and therefrom
produced silages after incubation of 90 days.

The content of nutritional feed value parameters is, apart from the fermentable carbohydrates
(WSC), not affected by the silaging process, and the high feed and energy content of legumes
are maintained in the grain silage.

3.2. Quality of silages

To ensure optimal osmotic conditions for silaging, lupine grains can either be harvested as
mature grains and remoistered immediately before being ensiled, or harvested immature and
ensiled as harvested. Based on the fermentation quality of the sampled grain meal silage in the
dry mass range of ~65% DM and further results, silaging is shown to be a suitable method of
preservation (Table 3). Harvest-moist grains may be stored without problems, even without
the addition of silage additives. The addition of high-performance lactobacilli ensures the
fermentation through an earlier and more comprehensive production of lactic acid. The
production of acetic acid and alcohol was reduced.
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DM pH LA AA ZAL NH,-N

[%] [% DM] [% NI
SM 66.5 0.6 592 +0.1 n. a.
CON 66.3 +0.6 4.8¢ +0.3 2.50 +1.0 0.5 +0.2 0.3 +0.2 1.0° +0.1
LAB 66.1 +0.4 4.2 0.1 5.3 +0.4 0.6 0.1 0.1° +0.0 0.7 0.1

AA: acetic acid; CON: control (without additive); control without additive; DM: dry matter; LA: lactic acid; LAB:
addition of lactic acid bacteria [Lactobacillus plantarum 3 x 10° cfu/g fresh matter (FM), DSM 8862, 8866]; n. a.: not
analysed; NH;-N: ammonia nitrogen; SM: starting material; ZAL: alcohol (ethanol, propanol, butanol, butandiol). a, b
Significant (p < 0.05) differences of means between variants.

Table 3. Fermentation parameters of silages from lupine grains (harvested at ~65% DM) 90 days of ensiling and ensiled
with or without lactic acid bacteria (LAB) as additive (own data, means of all samples from 2005 (‘Bora’, ‘Borlu’,
‘Azuro’; n =18).

Variety DM Alkaloids
n [%] [% DM]
Bitter lupine Dry seed ‘Azuro’ SM 1 650 #030 2289 +1.09

Silage Control 6 635 #0.72 2246  +0.34

LAB 18 644 +0.85 2615 +0.95

Moist grains SM 3 661 0.1 2991 142
Silage Control 6 66.6 #02 2765  +0.50

LAB 6 661 0.7 2743 022

Sweet lupine ‘Borlu’ + “'Bora’ SM 6 672 0.1 0.109° 0.02
Silage Control 12 66.1 0.7  0.079® +0.01

LAB 12 66.1 0.2  0.074> +0.02

‘Borlu’ SM 3 672 0.0 0116 =+0.03

Silage Control 6 66.1 0.9  0.082°> +0.01

LAB 6 662 02 0.078 +0.01

‘Bora” SM 3 671 0.1  0.103* +0.02

Silage Control 6 662 0.6 0.075®° +0.01

LAB 6 659 02 0.069° +0.02

Control without additive; DM: dry matter; LAB: addition of lactic acid bacteria [Lactobacillus plantarum 3 x 10° cfu/g
fresh matter (FM), DSM 8862, 8866]; SM: starting material; alkaloids: external standard at measurement with GC-MS:
lupanin and spartein; a, b significant (p < 0.05) differences of means between variants.

Table 4. Alkaloids in dry corn from year 2002 (“Azuro’) and in moist harvested grains (2005) from sweet lupines
(‘Borlu” and “Bora’) and bitter lupine (‘Azuro’) and their silages after 90 days incubation.
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3.3. Alkaloids

Table 4 shows the alkaloid content of lupine seeds (bitter ‘Azuro” and sweet variants ‘Bora’)
harvested at usual dry matter (2002) and approximate 65% DM (2005) and their silages after
incubation of 90 days. The alkaloid content in analysed corns of bitter lupines (‘Azuro’) is higher
than sweet lupines. Bitter lupines can contain high alkaloid contents of 4.5% DM [47, 48].
According to studies at the Julius Kiithn Institute, the variety of the bitter lupine ‘Azuro’
contains 1.375% alkaloids in DM [29]. Sujak et al. [49] published a variety of alkaloids in sweet
lupines between 0.05 and 0.24% in DM. Jansen et al. [16] published alkaloid contents in blue
sweet lupines between 0006 and 0068% in DM. But under the environmental conditions of high
temperatures, the accumulation of alkaloids may vary, and the alkaloid content in sweet
lupines may be higher than the alkaloid limit for using lupines as feedstuff [5, 16, 17]. In blue
sweet lupines ‘Borlu’ the alkaloid content reached a high level of 0.116% in DM and illustrated
the variability between years. Otherwise, the grains were harvested earlier than normal, and
the crop could contain more green corns with maybe high alkaloid content.

Against the statement of Camacho et al. [29], a reduction in alkaloid content in lupine silages
through the fermentation process could not initially be shown because of the low differences
and irregular dynamic in alkaloid contents. In all likelihood, the alkaloids are stabile in an acid
environment [23]. A change in toxic potential of alkaloids in lupines after silaging should be
reviewed in experimental feeding tests.

Pearson and Carr [50], Godfrey et al. [51], Bellof and Sieghart [52], and Allen [53] defined an
experimental limit of tolerance of alkaloid contents in ration for feeding monogastric animals
of 0.03%. But also contents of 200 mg alkaloid/kg could reduce feeding intake and growth of
the animals [50, 51]. Petersen and Schulz [54] analysed an alkaloid content of 0.01% that effected
the feeding intake.

4. Conclusions

Making silages of moist legume grains could be a lower-cost and ecological conservation
process for the production of protein-rich feed in conventional and organic farming.

From the results of the experiments with fermented grain meal with high moisture content, it
is possible to draw the following conclusions:

1. Harvest-moist grains at 65% DM are possible.

2. Lupine grains are a valuable feed due to their high energy and protein content and their
composition. There are no degradations of nutritional parameters when harvested at
dough-ripe stage, because dimerization is finished.

3. Despite unfavourable chemical silage properties, the preservation of legume grains is
possible even with a high amount of dry matter.
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4. The preservative effect of acid formation is primarily dependent on the moisture content.
In respect of the process safety in industrial conditions, moisture content of 35% for lactic
acid silage inputs is to be recommended.

5. Lactic acid bacteria stabilize the ensiling process and the silage quality.

6. The content of nutritional feed value parameters is, apart from the fermentable carbohy-
drates, not affected by the silaging process, and the high feed and energy content of
legumes are maintained in the grain meal silage.

7. Areduction in the alkaloid content during the silaging cannot be assumed (statistical) due
to the irregular dynamic of the observed content. The number of samples should be
considered for future investigations. Maybe other bacillus could reduce alkaloid contents.

In own studies, the alkaloid contents could decrease tendencially by additional different
lactobaccilus. A possible change in toxicity of the alkaloids during fermentation should
be investigated by feeding studies.

8. The fermentation of early-harvested legume grains with high moisture content can
therefore be recommended as a suitable method of conservation. With respect to the
economic and organisational benefits when compared to the discussed methods of
chemical conservation, the lactic acid fermentation of grains under anaerobic conditions
conforms to the requirements of organic agriculture and is therefore also interesting for
this branch. Silaging in plastic tubes is recommended (Figure 5).

Figure 5. Silaging in plastic tubes is recommended (picture: A. Priepke, LFA MV).
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